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New Naphthoquinone-Based Manganese (Il) Complexes:
Synthesis, Characterization, and Cytotoxicity

R. L. Machado,? W. T. G. Novato, ! R. S. Silva,*[! F. C. Demidoff,?! 5. H. M. Abe,[d]
M. V. Palmeira-Mello,*q! J. H. A. Neto,® J. A. Ellena,[T A. A. Batista,[d] C. D. Netto, !

and M. S. Schultz*!c]

We have synthesized and characterized two new complexes
of stilbenes-quinone hybrids with a manganese(ll) center, Mn1
[Mn(NQ1),(EtOH),] and Mn2 ([Mn(NQ2),(EtOH),], where NQ1
and NQ2 are the 2-hydroxy-3-styryl-1,4-naphthoquinone and
2-hydroxy-3-(4-chlorostyryl)-1,4-naphthoquinone in their depro-
tonated forms. FTIR and UV-vis spectroscopy analyses were
used to verify changes in characteristic bands upon the coor-
dination to a manganese center. Single-crystal X-ray diffrac-
tion analysis allowed the structural elucidation of Mn1 as cis-
[Mn(NQ1),(EtOH),] and Mn2 as cis-[Mn(NQ2),(EtOH),] isomers.
The charge distribution, dipole moments, and Gibbs free energy

1. Introduction

Naphthoquinones constitute an important group of quinones
widely distributed in nature, especially in families of higher
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of the complexes were also calculated. The in vitro cytotoxic-
ity results revealed that the coordination of quinone nucleus
into a metal center improved their cytotoxicity, highlighting the
effect of the manganese complexes on ovarian cancer cells.
Mn1, the promising candidate, was able to change the mor-
phology and inhibit the colony formation in A2780 cells. Further,
based on circular dichroism and fluorescence results, this man-
ganese complex interacts with DNA via minor groove binding. In
light of these results, Mn1 displays a promising skeleton for the
development of more cytotoxic and selective manganese-based
compounds against ovarian cancer.

plants. These structures can be considered cyclic derivatives
of naphthalene with two carbonyl groups at 1,2 or 1,4 positions
(Figure 1), resulting in different chemical and physicochemi-
cal characteristics.??! 1,4-Naphthoquinones are the most stable
and widespread naphthoquinones, and among them, 2-hydroxy-
1,4-naphthoquinones stand out as highly researched natural
substances with various applications in medicinal chemistry.[*”!
These compounds have a wide spectrum of biological activi-
ties, such as antitumor,?”! antifungal,’® antimicrobial,’®™! and
antiparasitic™? which are often attributed to their redox
properties.[+-¢!

Lawsone  (2-hydroxy-1,4-naphthoquinone),
hydroxy-1,4-naphthalenedione), plumbagin (5-hydroxy-2-
methyl-1,4- naphthoquinone) and lapachol (2-hydroxy-3-(3-
methyl-2-butenyl)-1,4-naphthoquinone) are the most well-known
hydroxy-1,4-naphthoquinones.”’ Lawsone, the bioactive con-
stituent of henna dye (Lawsonia inermis), has been extensively
studied in organic and medicinal chemistry due to its pharma-
cological potential.™®! In particular, lawsone and its derivatives
have been promising cytotoxic agents against several types
of cancer.™®! Similarly, lapachol, a natural naphthoquinone
isolated from the lapacho tree (Handroanthus avellanedae), is
recognized for its important anticancer activity. Recognized as
a key lead compound in drug design, lapachol exhibits diverse
biological activities, including antiproliferative and pro-apoptotic
properties, making it a valuable candidate for the development
of new drugs.” 22 Chemical modification of naturally occurring
structures is an alternative in the search for new drugs,®!
atovaquone and buparvaquone are examples of synthetic
hydroxynaphthoquinones clinically used as antiparasitic agents.
Atovaquone, for instance, is widely used in the treatment and

juglone  (5-
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Figure 1. Structures of naphthoquinone derivatives.

prophylaxis of malaria, while buparvaquone plays a crucial role
in combating bovine theileriosis.[+2¢!

In addition to their pharmacological potential, 2-hydroxy-1,4-
naphthoquinones are also considered good ligands for prepar-
ing coordination compounds, since the a-hydroxyketone moiety
is an efficient chelator to hard cationic sites.?28] Moreover,
complexation with transition metals often enhances their phar-
macological profile regarding activity and selectivity, also play
crucial role on the modulation of ADME (absorption, distribution,
metabolism, and excretion) properties. This strategy was recently
employed in designing and preparing promising metallodrugs
with focus on medicinal chemistry.[2-"

Molecular hybridization is an important approach in
medicinal chemistry used to obtain different molecules
with increased cytotoxicity properties.®3* Based on the
pharmacological potential of natural and synthetic 2-hydroxy-
1,4-naphthoquinones, our research group used this technique to
design a series of synthetic derivatives called stilbene-quinones
(Figure 1).353¢1 These compounds incorporate the hydroxynaph-
thoquinone moiety from lapachol, conjugated to an arylethene
group that is characteristic of another class of bioactive nat-
ural products: the naphthoquinones.’’?® This combination
resulted in a series of molecules with interesting chemical and
pharmacological properties, which have also been explored in
the preparation of transition-metal complexes with improved
anticancer activity.!¥-4

In this context, manganese(ll) compounds have emerged as
an alternative to other metallodrugs.! As a coenzyme, man-
ganese plays an essential role in various biological processes
such as gluconeogenesis, ammonia metabolism, and protection
from oxidative stress.[*?! Furthermore, manganese is critical for
antitumor immune responses and has been shown to improve
the efficacy of clinical immunotherapy.*** Considering our
ongoing interest in developing new coordination compounds
with 2-hydroxy-1,4-naphthoquinone ligands, here we report for
the first time the synthesis and characterization of two Mn(ll)

ChemistrySelect 2025, 10, 04426 (2 of 12)

lawsone

atovaquone

lapachol

(o]
OH
I
A0

stilbene-quinone hybrid

complexes containing stilbene-quinone ligands (Mn1 and Mn2).
The in vitro cytotoxicity of these compounds was investigated
on different cell lines. To obtain biological insights regarding its
action, Mn1 was further studied on A2780 ovarian cancer cells.
Morphological, clonogenic, and ROS generation assays were also
performed. Furthermore, DNA-binding properties were inves-
tigated by circular dichroism and fluorescence spectroscopies.
Overall, our results demonstrated that Mn1 is a promising cyto-
toxic compound against ovarian cancer.

2. Results and Discussion

2.1. Synthesis and Characterization

Manganese complexes Mn1 and Mn2 with the general for-
mula [Mn(NQ),(EtOH),] were prepared in ethanol medium
from MnCl,+4H,0 by replacing two chloride ligands with the
corresponding stilbene-quinone ligand (HNQ1 or HNQ2),1
which had been previously deprotonated by triethylamine
(Scheme 1).1! Both complexes were obtained as air-stable crys-
talline solids, soluble in DMF, DMSO, and DCM, and insoluble
in ethanol, hexane, and H,0. The molar conductance measure-
ments in DMF at room temperature for Mn1 (26.7 Q' cm? mol™)
and Mn2 (31.6 7' cm? mol™") corroborate the non-electrolytic
nature of the Mn(ll) complexes,“ suggesting the coordination
of two anionic stilbene-quinone ligands to the Mn(ll) ion. More-
over, the percentages of carbon and hydrogen obtained by
elemental analysis agree with the theoretical values, confirming
their purity.

The FTIR spectra of the free ligands present sharp v(OH)
stretch bands at 3312 (HNQ1) and 3260 cm™' (HNQ?2), character-
istic of the intramolecular hydrogen bond of the hydroxyl group
with the neighboring carbonyl group.””#’! These bands disap-
pear upon complexation, suggesting the complexation of the
stilbene-quinones as anionic ligands and the region becomes
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Scheme 1. Complexation strategy to produce Mn1 and Mn2.

defined by v(OH) stretches of coordinated ethanol molecules,
now producing broad bands at 3257 (Mn1) and 3203 cm~' (Mn2).
The v(C1=01) absorptions in 1647 cm~' (HNQ1) and 1645 cm™'
(HNQ2), shifted to 1533 cm™" and 1532 cm™, indicating the O,0-
bidentate coordination of the stilbene-quinones to the Mn(ll)
ion (chelate mode).””*! Finally, the v(Mn-0) stretches appear in
487 cm™' for Mn1 and 500 cm™' for Mn2.[*! These results agree
with the theoretical IR spectra calculated for HNQ1, HNQ2, Mn1,
and Mn2 (Figures S6 and S8). The electronic spectra of com-
plexes Mn1 and Mn2 (Figures S9 and S10) present typical bands
of intraligand = — x* transitions around 335 and 380 nm for
the stilbene-quinones. Moreover, an intense and broad band
was observed around 570 nm, which was attributed to both
intraligand n — 7* transitions and the metal to ligand charge
transfer (MLCT) process, which are characteristic of metal com-
plexes containing quinones as ligands.[®4°! The electrochemical
behavior of complexes Mn1 and Mn2 was evaluated by cyclic
voltammetry in CH,Cl, (Figure 2), revealing two irreversible pro-
cesses for both complexes. These processes are associated with
sequential single-electron and assigned to the Mn'/Mn" and
Mn""/Mn" processes, ranging from 0 to 1000 mV and from 1000
to 1500 mV, respectively.®°3! Since the cyclic voltammograms of
the naphthoquinone-based ligands presented redox processes
in the range 0-1500 mV,>**! it was possible to distinguish
them from their complexes, supporting the attribution of the
manganese(ll) redox processes (Figure S11).

The molecular structures of both complexes were obtained
by single-crystal X-ray crystallography (Figure 3). Complex Mn1
crystallizes in the monoclinic system, space group 12/a, while Mn1
crystallizes in the triclinic system, space group P-1 (Table 1). Both
complexes display a distorted octahedral geometry around the
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Figure 2. Cyclic voltammograms of complexes Mn1 and Mn2 measured in
CH,Cl, solutions containing 0.1 mol L' of TBACIO,. The scans were
performed in the negative direction, starting from the open circuit
potential. Electrodes: reference, Ag/AgCl; working, platinum; auxiliary,
platinum (scan rate = 100 mV-s™").

manganese(ll) ion that can be attributed to constraints imposed
by the bite angle of the stilbene-quinone ligands (£01-Mn-02
angles of 73.76° for HNQ1 and 73.55° for HNQ2). The two remain-
ing coordination sites are occupied by ethanol molecules in a
cis configuration, with £03-Mn-04 angles of 93.44° (Mn1) and
97.8° (Mn2) (Table S2). Complexes Mn1 and Mn2 show optical iso-
merism, and both A and A enantiomers were observed in the
unit cells (Figure S12).
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Figure 3. Crystal structures of complexes Mn1 and Mn2, with ellipsoids at 50% of probability.

Table 1. Crystal data and structure refinement for complexes Mn1 and Mn2.

0.18 x 0.115 x 0.077
Cu Ka (A = 1.54184)
10.256 to 140.126

Crystal size/mm3
Radiation
20 range for data collection/®

Index ranges

Reflections collected 37,791
Independent reflections 3225 [Rigma = 0.0237]
Data/restraints/parameters 3225/30/263

Goodness-of-fit on F2 1.060

R, = 0.0559, wR, = 0.1507
R, = 0.0610, wR, = 0.1550
0.55/-0.40

Final R indexes [I>=20 (I)]
Final R indexes [all data]
Largest diff. peak/hole/eA—3

Data Mn1 Mn2
Empirical formula C40H34MnOg C40H30Cl,MNn0Og
CCDC no. 2,373,330 2,373,329
Formula weight 697.61 764.48
Temperature/K 293(2) 293(2)
Crystal system Monoclinic Triclinic
Space group 12/a P-1

a/A 17.6398(4) 13.4153(4)
b/A 9.49159(19) 15.7217(6)
c/A 20.7344(5) 17.7435(3)
al® 90 91.795(2)
Br° 102.064(2) 107.422(2)
y/° 920 99.234(3)
V/A3 3394.87(13) 3511.81(18)
4 4 4
Pealcg/cm’ 1.365 1446
w/mm™1 3.611 4.912
F(000) 1452.0 1572.0

“21<h=<2, -N<k=<8 -25<1<2

0.287 x 0.085 x 0.021

Cu Ko (A = 1.54184)

9.8 to 140.146
—-16<h<16-19<k<19 -21<l<21
14,321

14,321 [Rgma = 0.0571]
14,321/0/963

1.032

R; = 0.1008, wR, = 0.2656
R; = 0.1611, wR, = 0.3193
1.14/-0.55

The presence of a chloride atom in HNQ2 has a marked
influence over the spatial arrangement of the coordination
sphere in Mn2, causing an angular difference of approximately
6° in the axial axis £Z02-Mn-O5 (from 175.05° in Mn1 to 169.20°
in Mn2) (Table S2). The same 6-degree difference was perceived
when comparing the equatorial angle Z02-Mn-06 (102.60° for
Mn1 and 95.88° in Mn2). Concerning the C—0O bond analysis
for the complexes, the carbonyl C1—O1 bond has the shortest
length (1229 A for Mn1 and 1.221 A for Mn2), due to a stronger
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double bond character that results in weaker donation to the
metal center, compared to the C2-02 (1.279 A for Mn1 and 1.282 A
for Mn2) and C5—03 bonds (1.439 A for M1 and 1.419 A for Mn2)
(Table S2).1°°! This weaker interaction is corroborated by the
Mn—O bond lengths of 2.245/2.268 A for Mn-O1, 2.119/2.112 A
for Mn-02, and 2164/2150 A for Mn—03 (for Mn1/Mn2,
respectively).

It should be mentioned that the relatively high R1 value
observed for Mn2 (0.1008) arises from the limited quality of the
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Figure 4. Surface potential maps generated with iso value 0.3 (positive charges are depicted in white, and negative in red), and models for charge
distribution, in vacuum and DMF medium (¢ = 37.219), by the single point approach.

single crystal, which was very small, weakly diffracting, and pre-
sented disorder. Despite these limitations, the connectivity and
overall model are chemically meaningful and consistent with the
expected structure.

Following the characterization of Mn1 and Mn2, DFT calcu-
lations were carried out to predict the charge distribution and
dipole moments of both complexes. Miilliken charges of atoms
in the coordination sphere tend to be conserved at approxi-
mately -2 (Mn1: -2.03 in gas phase and -2.01 in DMF; Mn2: -2.86
in gas phase and -2.88 in DMF) (Figure 4). For Mn2, there was an
increase in charge in the ethanolic oxygens O3 and O4, induced
by the polarization of the implicit medium. When comparing the
dipole moment module (1, debye) values calculated for each
complex in gas phase and DMF, a proportional 20% difference
was also observed (1.77 D versus 2.21 D for Mn1; 7.35 D versus 9.36
D for Mn2).

Finally, the Gibbs free energy of complex formation for Mn1
and Mn2 in ethanolic medium were calculated. The value of the
entropic contribution TASanoy Was positive (+3.953 kcal mol™!
for Mn1 and + 1.522 kcal mol~" for Mn2), which was expected due
to stability gain caused by the chelate effect in both systems. In
terms of enthalpy, the system provided better favoritism for Mn1
(AHgthanoy = —8750 kcal mol™") compared to Mn2 (AHehanol)
= +4.831 kcal mol™"), which was corroborated by the analysis
of the Gibbs free energy (AGganoy = —12.703 kcal mol~' for
Mn1 and + 3.309 kcal mol™" for Mn2). Considering an exper-
imental error of up to £5 kcal mol~!, the formation of both
stilbene-quinone complexes could be considered spontaneous,
although Mn1 would be around 5 times to more favored. The
Gibbs free energy values also corroborate Mn1 remaining in a
monoclinic system, which is more symmetrical when compared
to the triclinic system found for Mn2. Therefore, considering
that the only structural change between HNQ1 and HNQ2 was
the para-substitution of hydrogen by chlorine, it is coherent to
propose that chlorine contributes to the destabilization of the
supramolecular packing of the system.

ChemistrySelect 2025, 10, 04426 (5 of 12)

2.2, Stability in Solution

The stability of the compounds was assessed prior to the bio-
logical studies. First, we evaluated the temporal change of the
UV-vis spectra obtained in DMSO. No significant changes were
observed after 48 h. To obtain more reliable insights about their
behavior in aqueous media, the integrity of both complexes
was also investigated in PBS (DMSO 1%). Again, no significant
changes were observed in their spectra during this period. The
same behavior was observed after monitoring their spectra by
EPR in DMSO/PBS solutions, confirming their stability during this
period (Figures S13 and S14).

2.3. Biological Investigation

After verifying their stability, the cytotoxicity of Mn(ll) complexes
was investigated against A2780 (Human Ovarian Carcinoma) and
A2780-cisR (Human Ovarian Carcinoma Cisplatin Resistant) and
MCF-7 (Breast Adenocarcinoma) cells. The free ligands and cis-
platin were tested as well, and the results are presented in
Table 2. The cytotoxicity of both naphthoquinone ligands has
increased upon coordination to a manganese center. Complexes
Mn1 and Mn2 were cytotoxic in all cancer cell lines tested,
with increased effect against ovarian cancer, highlighting their
effect on A2780 cells, with IG5, values of 6.89 and 7.58 uM,
respectively. These compounds were also tested against non-
cancerous human lung cells (MRC-5). As observed, the ICs, values
obtained for the manganese compounds, 24.91 uM and 16.02
UM, respectively, indicate that Mn1 is approximately 1.6-fold less
toxic to the non-cancerous cells than its analogue Mn2. As
observed, the free naphthoquinone ligands were non-toxic to
these cells at the maximum concentration tested (ICso, > 50
pM). Subsequently, the selectivity index (SI) was obtained for
both complexes. Our findings revealed Mn1 as the most promis-
ing candidate, with the best selectivity results on A2780 cells
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Table 2. In vitro cytotoxicity (ICso, uM) results on A2780 (ovarian), A2780-cisR (ovarian cisplatin resistant), and MCF-7 (breast) cancer cells and MRC-
5 (lung) non-cancerous cells after 48 h of incubation. Data are presented as mean =+ SD of three independent replicates. SI' = ICsy wmrcs/ICso A2780,
SP = ICso mrcs/ICso azzso-cisk and SP = ICso mrcs/ICs0 mcr7-

Compound A2780 A2780-cisR MCF-7 MRC-5 S S SP

Mn1 6.89 + 0.87 14.05 £ 0.36 30.79 £ 2.05 2491 £ 116 3.6 1.8 0.8

Mn2 7.58 £ 037 8.95 + 1.57 30.29 + 524 16.02 £+ 233 2.1 1.8 0.5

HNQ1 >25 36.90 £ 2.25 >50 >50 - >13 -

HNQ2 >50 >50 >50 >50 - - -
MnCl,+4H,0 >50 >50 >50 >50 - - -

cisPt 873 + 045 37.02 £+ 5.10 13.98 £ 0.40 29.09 + 0.79 33 0.8 21

(SI = 3.6). It should be mentioned that Mn1 was more cyto-
toxic than similar manganese-based complexes reported in the
literature.””*8) Due to the better results, Mn1 was selected for a
deeper biological investigation on A2780 cells.

The morphology of A2780 ovarian cancer cells was studied
after 48 h in the presence of Mnl. As presented, significant
changes in the shape of the cells were observed, accompanied
by non-adherent and spherical cells, mainly at 2 x 1Csy concen-
tration (Figure 5a). These cells were stained, and fluorescence
images were taken using a CELENA® S Digital Imaging System.
After the treatment with Mn1 at different concentrations (% X
1Cs0, 1Cs0, and 2 x 1Csp), Hoechst 33,258 and Pl (propidium iodide)
dyes were added. The images were obtained after incubation for
1 h in the dark. As shown, in the absence of Mn1, the ovarian
cells remain alive, and only Hoechst fluorescence is observed.
On the other hand, Pl is used to label dying cells that have
a compromised membrane. After adding increasing concentra-
tions of Mn1, the PI fluorescence increased as a consequence of
increased dead cell population, characterized by condensed and
fragmented chromatin (Figure 5a). This effect was also observed
in other cancer cells after treatment with different manganese
complexes.[>260!

In the next step of our study, the colony formation assay
was explored to investigate the antiproliferative potential of Mn1.
For this, A2780 cells were treated with Mn1 at % ICso, 1C5o and
2 x ICso concentrations. The manganese complex was removed
after two days, the medium was replaced with fresh medium,
and the colonies formed after 10 days were stained with crystal
violet, washed, dried, and analyzed using Image J software.[" As
observed in Figure 5b, when compared to the control (untreated
cells), the number of colonies decreased in a concentration-
dependent manner, highlighting the capacity of Mn1 to reduce
the clonogenic survival of A2780 cells.

To investigate whether ROS plays a crucial role in cell death,
intracellular ROS levels were examined in A2780 ovarian can-
cer cells after treatment with Mn1. As reported, ROS are highly
unstable and short-lived molecules generated during cellular
processes, and their excessive accumulation can damage cellular
organelles, leading to oxidative cell death.!®?! Consequently, the
anticancer activity of metal-based compounds may be affected
by the excessive production of these species.[%%* Although
there are several manganese complexes reported as ROS induc-
ers, our results revealed that the presence of Mn1 did not induce
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significant changes in ROS levels at the concentrations tested,
compared to the negative control, suggesting that the cell death
mechanism induced by this complex is not related to oxidative
stress (Figure S15).[44°9!

2.4. DNA-Interacting Studies

DNA remains the primary target for metal-based compounds
in medicinal inorganic chemistry. Manganese- and other metal-
based complexes can bind to DNA in different ways.[®"%) First,
covalent bonds can occur with nucleophiles involving nitrogen
or oxygen atoms of the nucleobases. In addition, noncovalent
bonds arise from intercalation between base pairs, insertion,
through electrostatic contacts with the sugar-phosphate back-
bone, or via groove binding, where the molecule can interact
through minor or major pockets. Here, we use circular dichroism
(CD) and dye-displacement fluorescence experiments to obtain
better insights about the interaction between Mn1 and DNA.
CT-DNA (calf thymus) was employed in all experiments. The
DNA concentration was measured using a spectrophotometer at
260 nm, based on the nucleobase molar absorptivity of 6600 M~
cm.

Circular dichroism is a suitable spectroscopic technique used
to study structural changes in biomolecules. CD bands observed
for B-DNA, the most common studied DNA form, are close to
275 nm (positive) and 245 nm (negative), and are typical of base
stacking and helicity (right-handed twist), respectively.l%®%! The
CT-DNA solution was incubated with increased concentrations
of Mn1 for 24 h at 37 °C. As observed, no significant changes
were detected from the CD spectra. As both bands remained
unchanged during the analyses, covalent binding was excluded.
Our results revealed that Mn1 is unable to disturb the second
structure of the biomolecule, suggesting that interactions occur
via noncovalent contacts (Figure 6a).7%”"

To study further the interactions between Mnl and DNA,
competitive binding with ethidium bromide (EB) and Hoechst
33258 was conducted. These DNA-interacting dyes emit fluo-
rescence at 610 nm (EB) and 460 nm (Hoechst) when bound
to biomolecules upon excitation at 540 and 340 nm, respec-
tively. Whereas EB intercalates between the DNA base pairs,
Hoechst is a groove-binding agent that interacts via the minor
groove pocket. All fluorescence emission spectra of Mn1 with
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Figure 5. a) Cell morphology changes of A2780 ovarian cancer cells and double Hoechst/PI staining. Data were obtained after treatment with Mn1 for 48 h
at % ICs0, 1Cs0, and 2 x 1Cso concentrations. The images were taken using a CELENA® S Digital Imaging System (Logos Biosystems) at 10 x zoom. b)
Representative colony formation images (left), and quantitative data representing the colony number (right) of A2780 cells in the presence of Mn1 at % 1Cs0,
ICsp, and 2 x ICso. DMSO vehicle (0.5% v/v) was used in the negative control. Data are expressed as mean £ SD of three independent measurements. The
statistical analysis was performed with one-way ANOVA followed by Dunnett’s test (**p < 0.01, ***p < 0.001, and ****p < 0.0001).

both DNA:dye adducts are presented in Figure 6 and in the Sup-
porting Information (Figure S15). As presented, a fluorescence
quenching was observed when Mn1 was added to both DNA:EB
and DNA:Hoechst solutions, suggesting a displacement of EB
and Hoechst from the biomolecule (Figure 6b,c).

To understand deeper whether the possible interaction of
Mn1 occurs via intercalation or groove binding, several param-
eters were investigated at different temperatures, such as the
Stern-Volmer (Ksy), bimolecular quenching rate (kg), and binding
(Ky,) constants (Table 1). The results obtained for DNA:EB revealed
a quenching of 50%, with a Ksy in a range of 10* M~", which is

ChemistrySelect 2025, 10, 04426 (7 of 12)

close to obtained for different manganese complexes.[’”! Despite
the lower K, value than observed for EB (K, = 10¢® M~),l"3!
the binding constant for Mn1 is higher than those reported in
the literaturel! The partial quenching of fluorescence could be
associated with the formation of a ternary complex DNA:EB-
Mn1, where the presence of a neutral manganese compound
changes the structure of DNA:EB but is not enough to displace
the dye. Therefore, our results indicate that Mn1 did not act
as an intercalating agent. As mentioned, the same experiment
was conducted with Hoechst 33,258. Different from observed
for DNA:EB, the results obtained for DNA:Hoechst system clearly
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Figure 6. Binding studies with DNA: a) CD spectra of CT-DNA (100 pM) in the absence and presence of Mn1 at different concentrations (20-50 uM). b)
Fluorescence emission spectra of the DNA-EB complex in the absence and presence of increasing amounts of Mn1, [EB] = 70 uM, [DNA] = 70 uM,
[Complex] = 0-70 uM, rexc = 540 nm. c) Fluorescence emission spectra of the DNA-Hoechst complex in the absence and presence of increasing amounts
of Mn1, [Hoechst] = 5 uM, [DNA] = 80 uM, [Complex] = 0-80 uM, rexc = 340 nm.

Table 3. DNA-binding properties of Mn1 by fluorescence analysis. Ksy: determined by Stern-Volmer quenching constant; kq: determined by the Ksy/7, ratio,
where 7o = 23 ns (EB:DNA), 5 ns (Hoechst:DNA). Kj,: determined by the modified Stern-Volmer equation.
T (K) Q (%) Ksy (x 10%, M) kq (x 107, M~" s7T) Ky (x 10%, M) AG (KJ/mol)

DNA:EB 298 49 120 + 0.03 0.52 + 0.01 4.90 £+ 0.05 2676

- 303 50 123 + 0.04 0.54 + 0.02 121 £+ 0.09 —23.69

- 310 51 128 £ 0.01 0.56 + 0.07 120 £+ 0.03 —24.21
DNA:Hoechst 298 83 6.44 + 0.09 12.89 + 0.18 4.68 + 0.03 —26.64

- 303 82 6.12 + 0.07 1223 + 0.13 4.67 £ 0.05 —27.08

- 310 81 5.94 + 0.06 11.87 £+ 0.12 459 + 0.07 —27.66

indicate Mn1 as minor groove binder. Although the lower K, con-
stant, the manganese compound caused a strong suppression
of fluorescence, around 80%. In this case, the Ksy, was four-
fold higher than observed for EB system, and decreased with
increasing the temperature, suggesting a static mechanism./”!
This mechanism is also supported by the k; constant. As pre-
sented in Table 3, these values are higher than maximum value
possible for a dynamic mechanism (~ 10" M~" s71). Finally, the
thermodynamic parameters were also studied. For both systems,
the free energy obtained by equation AG = -RTInK, was in a
range between -23.69 and -27.66 indicating a spontaneous pro-
cess. Furthermore, AH and AS obtained for DNA:Hoechst system
in a presence of Mn1, -1.32 KJ/mol and + 84.98 J/mol, respec-
tively, indicate an exothermic process due a combination of van
der Waals and hydrogen bonds interactions, and the releasing of
water molecules in a groove pocket due the hydrophobic effect.
Therefore, our investigation revealed that interaction between
Mn1 and DNA occurs via groove binding, which is predominantly
entropically driven.”®! This result is in agreement with circular
dichroism data.

3. Conclusion

Two novel Mn(ll) coordination compounds derived from
stilbene-quinone ligands were obtained from the reaction
of MnCl,*4H,0 with HNQ1 and HNQ2. FTIR and UV-vis spec-
troscopy analyses indicated that the stilbene-quinone hybrids
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coordinate to the Mn(ll) center as anionic O,0-bidentate ligands.
Elemental analysis and conductance measurements suggested
the general formula [Mn(HNQ),(EtOH),], which was later con-
firmed by single-crystal X-ray crystallography together with the
cis configuration of the ethanol ligands and the distorted octa-
hedral geometry around the Mn(ll) center. The electrochemical
behavior of Mn1 and Mn2 was investigated by cyclic voltam-
metry, which showed the Mn"/Mn" and Mn"/Mn" one-electron
redox processes. The Milliken charges around the Mn(ll) ion
and dipole moments of both complexes were calculated by DFT,
as well as the enthalpy, entropy, and Gibbs energy of complex
formation, which suggested that Mn1 is more favored than Mn2.
Both complexes were cytotoxic against several cancer cell lines,
highlighting the effect of Mn1 on A2780 ovarian cancer cells.
This compound was able to alter morphology and inhibit colony
formation in A2780 cells. Although it does not act through
oxidative stress, Mn1 interacts with DNA via the minor groove
pocket, which may be associated with its cytotoxic properties.
These findings may be useful for the development of more
cytotoxic and selective manganese-based quinone compounds
against ovarian cancer.

4. Experimental Section

Material and Instrumental Details: The reagents and solvents used
in this work were purchased from Merck, Sigma-Aldrich, Vetec,
Fluka, Tedia, or Carlo Erba, and were used as received with no
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further purification. Purification of the ligands was carried out by
flash chromatography on Tedia silica gel with granulation 0.040-
0.063 mm. Reactions were monitored by analytical thin-layer chro-
matography (TLC) on 0.25 mm silica gel 60 F254 plates using
EtOAc:hexane (30:70) as eluent and visualized under UV light (254
or 365 nm). Infrared spectra (IR) were recorded on KBr pellets with
32 scans set on a Shimadzu IRAffinity-1 spectrometer in the region
from 4000 to 400 cm™' with 4 cm™ resolution. UV-vis spectra
were recorded using a Shimadzu UV-Vis 2600 spectrophotometer
with a 1.0 cm quartz cell. Measurements were carried out in DMSO
from 200 to 800 nm, and molar absorptivity coefficients (¢) were
determined by applying the Lambert-Beer law. Nuclear magnetic
resonance (NMR) spectra were acquired in deuterated chloroform
(CDCl3) in a Varian MR-400 instrument at 293 K. Chemical shifts ()
are reported in parts per million (ppm) relative to tetramethylsi-
lane (TMS) and referenced to the 'H or C resonance of residual
CHCl;. The NMR data are represented as follows: chemical shift
(ppm), multiplicity (s = singlet, d = doublet, t = triplet, dd = dou-
blet of doublets, td = triplet of doublets, m = multiplet), coupling
constant in Hertz (Hz), and integration. The EPR measurements
were performed in a Bruker model ELEXSYS electron paramagnetic
resonance microwave bridge ESP 380-1010. The samples were mea-
sured in DMSO solution at 295 K. Conductance measurements were
recorded using an lon DDS-12DW electrical conductivity meter using
DMF medium at 1.0 x 107> mol L™". Cyclic voltammetry measure-
ments were recorded at room temperature in CH,Cl, with 0.1 mol
L' tetrabutylammonium perchlorate (TBACIO,), using an Autolab
PGSTAT potentiostat/galvanostat equipped with a glassy carbon
working electrode, a platinum auxiliary electrode, and a reference
Ag/AgCl electrode.

Synthesis of the stilbene-quinone derivatives (HNQ1 and
HNQ2): Stilbene-quinone hybrids HNQ1 and HNQ2 were prepared
as previously reported.?>! A mixture of 3-iodolawsone (300 mg,
1 mmol), the corresponding styrene derivative (1 mmol), NaOH
(120 mg, 3 mmol), and [Pd(OAc),] (224 mg, 10 mol%) in PEG-400
(8 g) was magnetically stirred at 90 °C for 15 minutes. The mixture
was diluted with ethyl acetate (40 mL) and filtered through a plug
of celite. The filtrate was acidified with 25% aq. H3PO,4 (25 mL), and
the organic phase was washed with brine (3 x 50 mL), dried over
anhydrous Na,SO, and concentrated under reduced pressure. The
resulting dark residue was purified by flash chromatography on sil-
ica gel using a mixture of EtOAc/Hexane (5:95) as eluent, affording
HNQT and HNQ2 as red solids.

2-Hydroxy-3-styryl-1,4-naphthoquinone (HNQ1): Red solid,
220 mg, 80% yield. MP (160-161 °C). UV-vis A x(DMSO)/nm (e/L
mol-1 cm-1): 312 (47852), 382 (3580), 400 (4285), 474 (8794). FTIR
[Vmax/cm~'] 3312 (OH), 1647 (C=0), 1590 (C=0), 1375 (C=C), 1263
(C-0). 'H NMR (400 MHz, CDCls) § 8.14 (d, J = 7.7 Hz, TH, H8), 8.06
(d, J =75 Hz, TH, Ar-H, H5), 7.94 (d, J = 16.7 Hz, 1H, H7), 7.74 (td,
J =176,12 Hz, H, H7), 7.67 (td, J = 7.5, 12 Hz, 1H, Ar-H, H6), 7.57 (d,
J =74 Hz, 2H, H2 and H6'), 7.37 (d, J = 16.8 Hz, 1H, H8’), 7.40 — 7.33
(m, 2H, H3" and H5'), 7.28 (m, TH, H4). ®C NMR (101 MHz, CDCl;) §
184.2, 181.1, 151.8, 139.4, 137.9, 135.1, 133.3, 132.8, 129.6, 128.8, 128.8, 127.3,
127.2, 126.2, 118.8, 117.5.

2-Hydroxy-3-(4-chlorostyryl)-1,4-naphthoquinone (HNQ2): Red
solid, 193 mg, 63% yield. MP (190 °C). UV-Vis Amax (DMSO)/nm (/L
mol™" cm™): 316 (37004), 386 (4712), 405 (5141), 469 (6727). FTIR
[Vmax/cm™'] 3260 (OH), 1666 (C=0), 1592 (C=0), 1349 (C=C), 1275 (C-
0). '"H NMR (400 MHz, CDCls) § 817 (dd, J = 7.6, 0.9 Hz, TH, H8),
8.10 (dd, J = 7.6, 1.0 Hz, 1H, H5), 7.91 (d, J = 16.7 Hz, 1H, H7'), 7.78
(td, J = 7.6, 1.4 Hz, 1H, H7), 7.71 (td, J = 7.5, 1.3 Hz, TH, H6), 7.52 (d,
J = 84 Hz, 2H, H2' and H6’), 736 (d, J = 16.7 Hz, 1H, H8’), 734 (d,
J = 85 Hz, 2H, H3" and H5'). ®C {"H} NMR (101 MHz, CDCl3) § 184.0,
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180.9, 151.8, 137.8, 136.2, 135.1, 134.3, 133.3, 132.6, 129.5, 128.9, 128.3, 127.2,
126.1, 118.3, 117.9.

Synthesis of Mn(ll) complexes (Mn1 and Mn2): A mixture of the
corresponding ligand (HNQ1 or HNQ2, 0.50 mmol) and triethylamine
(140 pL, 1.0 mmol) was dissolved in EtOH (10 mL), resulting in a dark
purple solution. This deprotonated ligand solution was slowly added
to a solution of MnCl,+4H,0 (50 mg, 0.25 mmol) in absolute EtOH
(5 mL) and left without stirring for 24 h at room temperature at sea
level. The resulting dark blue crystals were vacuum filtered in a sin-
tered funnel, washed with cold absolute EtOH, and left to dry in a
desiccator under vacuum.

[Mn(NQ1),(EtOH),] (Mn1): Dark-blue crystals, 148 mg, 85% yield.
Elemental analysis for [C4H34MnOg], in percentage: C, 69.01 (calc.
68.87); H, 5.02 (calc. 491). Ay = 267 Q7' cm? mol™, in 1.0 mM
DMF solution. UV-vis Amax(DMSO)/nm (g/L mol~" cm™"): 336 (22000),
380 (42800), 574 (4000). FTIR [vmax/cm~']: 3257 (OH), 1584 (C=0), 1533
(C=0), 1363 (C=C), 1294 (C-0), 487 (Mn-0).

[Mn(NQ2),(EtOH),] (Mn2): Dark-blue crystals, 153 mg, 80% yield.
Elemental analysis for [C40H3,Cl,MnOg]*0.02 EtOH, in percentage: C,
63.08 (calc. 62.68); H, 4.63 (calc. 421). Ay = 31.6 Q7' cm? mol™, in
1.0 mM DMF solution. UV-vis Amax(DMSO)/nm (¢/L mol~' cm™"): 334
(23600), 386 (55600), 568 (4920). FTIR [Vmax/cm~']: 3203 (OH), 1584
(C=0), 1532 (C=0), 1364 (C=C), 1295 (C-0), 500 (Mn-O).

X-ray crystallography: Complexes Mn1 and Mn2 were crys-
tallized from the ethanolic reaction mixture overnight. The mea-
surements of single crystals by X-ray diffraction were performed
on Rigaku Synergy-S diffractometer with Cu/Mo K radiation. Cell
refinements were carried out using the CrysAlisPro software, and the
structures were obtained by the intrinsic phasing method using the
SHELXT program.””} The Gaussian method was used for the absorp-
tion corrections. Table and structure representations were generated
by OLEX2V78] and MERCURY,”! respectively. Crystallographic data for
the reported structures have been deposited with the Cambridge
Crystallographic Data Centre (CCDC) under the deposition numbers
2373329 and 2373330. These data can be obtained free of charge via
the CCDC website or e-mail: deposit@ccdc.cam.ac.uk. The deposited
data include atomic coordinates, bond lengths and angles, torsional
angles, and displacement parameters.

Computational approaches: Molecular calculations were per-
formed with the software Gaussian 16 Rev. C.01.1%%! Geometry opti-
mization was carried out considering the gaseous phase at the
Density Functional Theory (DFT) level using the hybrid functional
B3LYP®-83] with base set function 6-31G(d)..2* To evaluate the sol-
vent effect of implicit medium, the treatment method IEF-PCM(®!
was used at a single point, adjusting the dielectric constant for the
solvent ethanol (¢ = 24.8520), and the AEthano) Value was calcu-
lated to sum the gas phase energy. Normal IR vibration modes and
reactional free energy (AGethano) and enthalpy (AHethanoly) for the
complexes Mn1 and Mn2 were calculated considering high spin with
zero charges. Since the reaction is not monomolecular, the standard
state correction adds the value of + 3.78 kcal mol~" to the AGethanol
value. With the proposal to analyze the charges of the coordination
sphere and calculate the dipole moment module, DMF medium was
considered (¢ = 37.219).

Stability studies: The stability of the compounds was assessed
prior to the biological studies. UV-vis spectra of these species were
recorded in DMSO and PBS buffer solutions containing DMSO 1% at
0, 24, and 48 h. Also, DMSO/PBS (90:10) solutions were prepared, and
the EPR spectra were monitored at 0, 24, and 48 h. The EPR mea-
surements were performed at the University of Sdo Paulo (USP), Sdo
Carlos, Brazil.

Cell culture: The manganese compounds and free ligands
were tested against human ovarian cancer cells A2780 (ECACC
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93112519), cisplatin-resistant human ovarian cancer cells A2780-cisR
(ECACC 93112517), breast cancer cells MCF-7 (ATCC HTB-22), and non-
cancerous lung cells MRC-5 (ATCC CCL-171). The cells were routinely
maintained with Roswell Park Memorial Institute 1640 medium (RPMI
1640, for A2780, A2780-cisR, and MCF-7) or Dulbecco’s modified
Eagle’s medium (DMEM, for MRC-5) supplemented with 10% fetal
bovine serum (FBS), at 37 °C in a humidified 5% CO, atmosphere.
The cells were obtained from Rio de Janeiro Cell Bank (BCRJ). Cell
culture media and FBS were obtained from Vitrocell and Gibco,
respectively.

In vitro cytotoxicity: The cytotoxic activity of the
compounds was investigated via 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay.®! Cells (1.0 x 10*
cells/well) were seeded in 96-well plates (150 pL/well) and incu-
bated for 24 h (37 °C, 5% CO,). After this period, 0.75 uL of the
compounds were added at 8 different concentrations (0.024 to 50
umol L"), containing a final concentration of 0.5% DMSO, and the
plates were kept in the incubator for 48 h. After the incubation,
50 pL of MTT (1.0 mg/mL in PBS) was added to each well and the
cells were incubated again for 4 h. The medium was removed,
and the formazan crystals formed were solubilized by adding 150
puL of DMSO. The absorbance was measured using a microplate
spectrophotometer (Epoch, BioTek) at 540 nm. All compounds
were tested in three independent experiments performed in trip-
licate. Cisplatin drug, the free ligands and MnCl, were also tested,
and DMSO was used as the negative control (0.5%). From the
absorbance, ICso (concentration required to inhibit cell viability
by 50%) was calculated using GraphPad Prism 8.0.2 software and
reported as mean =+ standard deviation.

Cell morphology and Hoechst/PI double staining: For morpho-
logical analysis, A2780 cancer cells (1.0 x 10* cells/well) were seeded
in a 96-well plate (150 pL/well) and then incubated at 37 °C in 5%
CO, for 24 h. After this period, the cells were treated with Mn1 at
% x 1Csp, 1Csp, and 2 x ICso concentrations (3.50-13.80 uM). After
48 h of treatment, the images were captured using a CELENA S Dig-
ital Imaging System (Logos Biosystems). For the double staining, the
cells were incubated with Hoechst 33258 and propidium iodide (PI)
for 1 h in the dark before imaging.

Clonogenic survival assay: Cells (0.6 x 10° cells/well) were
seeded in a 6-well plate (2 mL/well) and then incubated at 37 °C in
5% CO, for 24 h. After this period, the cells were treated with Mn1 at
‘5 % 1Cs0, 1Cs0, and 2 x 1Cso concentrations (3.50-13.80 pM) and incu-
bated for an additional 48 h. Then, the culture medium was replaced
with fresh medium, and the plates were incubated for an additional
10 days. After this period, the culture medium was removed, and the
colonies formed were washed, fixed, and then stained. Furthermore,
the plates were washed with water and dried at 25 °C. The experi-
ment was performed in triplicate. The colony number was calculated
using ImageJ software as reported.®”!

ROS detection: A2780 cells (2 x 10° cells/well) were seeded
in a 24-well plate (1 mL/well) and then incubated at 37 °C in 5%
CO, for 24 h. After this period, the cells were treated with Mn1 at
1/8 x ICso, 3 1Cso, and 3 x ICso concentrations (0.87-3.50 uM) and
incubated for an additional 6 h. After treatment, the cells were incu-
bated with 10 pM 2',7-dichlorofluorescein diacetate (H,DCFDA) in
RPMI in the dark at 37 °C for 30 min. The medium was removed,
and the cells were washed twice with ice-cold PBS. After removing
the PBS, 150 pL of radioimmunoprecipitation assay (RIPA) buffer was
added to each well. The plate was incubated on ice for 5 min, and
then the cell lysate was collected and centrifuged at 1500 rpm for
5 min. The supernatant of each sample was added, in triplicate, to
a 96-well clear-bottom black plate and analyzed on the fluorime-
ter (Synergy/H1-Biotek) at an excitation wavelength of 485 nm and
emission wavelength of 530 nm. The experiment was carried out in
triplicate.
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4.1. DNA Interacting-Studies

CT-DNA preparation. CT-DNA (Calf Thymus deoxyribonucleic acid
sodium salt, Sigma-Aldrich) was prepared in 10 mL of Tris-HCI buffer
(0.5 mM Tris-base, 4.5 mM Tris-HCl, and 50 mM NaCl; pH 7.4). The
CT-DNA concentration was determined by UV-vis, by using the
absorbance and molar absorptivity of DNA at 260 nm (¢ = 6600
cm~" mol~" L) and the optical path length (b = 1 cm), according to
the Lambert-Beer law: Aysp = ¢ x b x c.

Dye displacement assays: Ethidium bromide: A solution of CT-
DNA (70 uM) was pre-incubated with EB (70 uM) in Tris-HCl buffer
(pH 7.4) for 1 h at 310 K, to allow full interaction of the dye with
the biomolecule. Increasing amounts of Mn1 (0-70 uM) were sub-
sequently added to the DNA samples, followed by incubation for
24 h. Fluorescence spectra were registered from 370 to 700 nm at
298 K upon excitation at 540 nm using a Synergy/H1-Biotek fluorime-
ter. Hoechst 33,258: A solution of CT-DNA (80 uM) was pre-incubated
with Hoechst 33,258 (5 uM) in Tris-HCI buffer (pH 7.4) for 1 h at 310 K,
to allow full interaction of the dye with the biomolecule. Increasing
amounts of Mn1 (0-80 uM) were subsequently added to the DNA
samples, followed by incubation for 24 h. Fluorescence spectra were
registered from 370 to 700 nm at 298 K upon excitation at 340 nm
using a Synergy/H1-Biotek fluorimeter. For both experiments, the
Stern-Volmer quenching (Ksy) and bimolecular quenching rate (kq)
constants were calculated according to the DNA:dye fluorescence
quenching using a plot of Fo/F versus [Mn1] and a ratio of Ksy/
7o, where the 7o denotes the fluorescence lifetime of DNA:dye
(EB = 23.0 ns; Hoechst = 5.0 ns), respectively. Binding (Kp) constant
and thermodynamic parameters were also obtained.

Circular dichroism: CT-DNA (100 pM) and Mn1 (20-50 pM)
solutions were prepared in Tris-HCl buffer (pH 7.4) to achieve
[complex]/[CT-DNA] molar ratios ranging from 0.2 to 0.5. The DMSO
percentage was maintained at 10%. Additionally, a solution con-
taining only CT-DNA was prepared as a control. The samples were
incubated at 310 K for 24 h. Spectra were recorded between 240 and
400 nm at 200 nm min~' by using a JASCO J815 spectropolarime-
ter and five accumulations per measurement, at 298 K. The nitrogen
flow was kept constant throughout the measurements.
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