- QA

A4
This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

http://pubs.acs.org/journal/acsodf

New Chalcogen-Functionalized Naphthoquinones: Design,
Synthesis, and Evaluation, In Vitro and In Silico, against Squamous
Cell Carcinoma

Luana da Silva Gomes, Erica de Oliveira Costa, Thuany G. Duarte, Thiago S. Charret,

Raquel C. Castiglione, Rafael L. Simoes, Vinicius D. B. Pascoal, Thiago H. Déring,

Fernando de C. da Silva, Vitor F. Ferreira, Aldo S. de Oliveira, Aislan C. R. F. Pascoal, André L. S. Cruz,
and Vanessa Nascimento™

Cite This: ACS Omega 2024, 9, 21948-21963 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information
i P
O/ N
—
O| —( C U b _—,V
@® =5,SeandTe. OI

+

R R = alkyl and aryl. ) o
\.A 13 examples; up to 85% anticancer activity
R against 0SSC cells

& cross coupling; O/greater selectivity; & structural characterization (NMR, HRMS);
& in silico and molecular docking studies; & 30-85% yield.

ABSTRACT: Due to the growth in the number of patients and the complexity involved in anticancer therapies, new therapeutic
approaches are urgent and necessary. In this context, compounds containing the selenium atom can be employed in developing new
medicines due to their potential therapeutic efficacy and unique modes of action. Furthermore, tellurium, a previously unknown
element, has emerged as a promising possibility in chalcogen-containing compounds. In this study, 13 target compounds (9a—i,
10a—c, and 11) were effectively synthesized as potential anticancer agents, employing a Cul-catalyzed Csp-chalcogen bond
formation procedure. The developed methodology yielded excellent results, ranging from 30 to 85%, and the compounds were
carefully characterized. Eight of these compounds showed promise as potential therapeutic drugs due to their high yields and
remarkable selectivity against SCC-9 cells (squamous cell carcinoma). Compound 10a, in particular, demonstrated exceptional
selectivity, making it an excellent choice for cancer cell targeting while sparing healthy cells. Furthermore, complementing in silico
and molecular docking studies shed light on their physical features and putative modes of action. This research highlights the
potential of these compounds in anticancer treatments and lays the way for future drug development efforts.

1. INTRODUCTION factors, we still do not know the possible impact of the use of
The majority of head and neck cancers originates in squamous electronic cigarettes and vaping devices on oral cancer since
cells lining the moist surfaces of the region. This includes these products have been marketed aggressively over the past
tumors affecting the lips, oral cavity, pharynx, larynx, and nasal decade as a “safe” alternative to cigarettes.’

cavity. Oral squamous cell carcinoma (OSCC), the sixth most Chemotherapy is an important part of OSCC treatment and
common malignant tumor in humans, accounts for about 2% is frequently used in conjunction with radiotherapy and
of all cancer cases. Squamous cell carcinomas account for 90% surgery. Unfortunately, the establishment of multidrug

of all oral carcinomas, and approximately 350,000 new cases of
oral carcinoma are diagnosed globally each year, resulting in up
to 170,000 annual mortalities.'”

Usually, OSCC shows no symptoms in its initial phase,
which can be confused with small sores and thrush in the oral
cavity. Men are most affected by this pathology, and the risk
factors are mainly related to tobacco and alcohol, but in recent
years, there have been studies on the influence of persistent
human papillomavirus (HPV) infections and Epstein—Barr
virus (EBV) in carcinogenesis.?”4 In addition to these risk

resistance mechanisms in specific cell types has been
frighteningly rapid, resulting in treatment failures. In the face
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(a) Anticancer drugs containing the quinone nucleus
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Figure 1. (a) Anticancer drugs containing the quinone nucleus; (b) alkynyl selenide with anticancer activity; (c) recent examples of

organoselenium compounds with anticancer activity.

Scheme 1. General Synthetic Route of Alkynyl-Chalcogen-Naphthoquinone Hybrids 9a—i, 10a—c, and 11
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 Selective Cytotoxic Activity against OSCC.

of this escalating crisis, it is becoming increasingly urgent to
begin the study and develop new compounds with strong
anticancer potential. These compounds have the potential to
act as prospective pharmacological agents in the never-ending
combat against OSCC, a cancer with troubling data trends
indicating a proneness toward worsening outcomes.””
Naphthoquinones, naturally occurring substances, show
numerous biological activities such as antimicrobial,® anti-
bacterial,” antioxidant,"’ cy’totoxic,11 and antiviral properties,12
among others.”” These compounds are closely related to
various biochemical processes and biological activities within
cells, especially through their participation in the redox cycle.
This cycle includes anions, dianions, superoxide anions, and
semiquinone radicals, all of which are essential in the formation
of reactive oxygen species such as hydrogen peroxide (H,0,),
superoxide radical anion (O,~*), and hydroxyl radical (HO®).
In turn, these reactive oxygen species have the potential to
harm vital cell components. It is also worth noting that, in
relation to chemotherapy, there appears to be an antagonism in
the activity of naphthoquinones, which cause cell apoptosis
(cell death) in cancer cells that have abnormal proliferation.'*
For example, doxorubicin, mitoxantrone, and mitomycin are
three anticancer drugs that share a common quinone nucleus
and continue to hold immense significance in current cancer
treatment strategies (Figure la). These compounds have
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demonstrated their mettle across various cancer types,
significantly improving patient outcomes. Doxorubicin, re-
nowned for its versatility, tackles a wide range of cancers, while
mitoxantrone shines in treating leukemia and prostate cancer.
On the other hand, mitomycin’s potency extends to colorectal
and gastric cancers. These drugs operate by interfering with
DNA replication, disrupting the growth of cancer cells, and
thus occupy pivotal roles in modern oncology. Their enduring
relevance underscores the indispensable role of quinone-based
compounds in the relentless battle against cancer."

Another interesting scaffold to explore in the design of
hybrid compounds is the organochalcogens.lé’17 Sulfur,
selenium, and tellurium-containing compounds have been
important subjects of investigation due to their expressive
number of pharmacological properties.'®'” Among them,
antimicrobial,”® anticancer cell proliferation,m’22 anti-HIV,*
anti-Alzheimer’s,”* and potential infection control by SARS-
CoV-2 can be highlighted.” In this context, we would like to
highlight the research developed by Gritzenco et al.”® where
the authors obtained encouraging results regarding the alkynyl
selenide compounds as a potential anticancer agent (Figure
1b) and the recent successful examples of selenium molecules
against breast cancer (Figure 1c).>7?® Regarding the above-
mentioned, the combination of alkynyl-chalcogens with
naphthoquinones may yield promising anticancer molecules.

https://doi.org/10.1021/acsomega.3c10134
ACS Omega 2024, 9, 21948—-21963
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Table 1. Optimization of Reaction Parameters”

‘#,,H

[: ] o Se,
/
/
\/ ©/ Seesg Cul (10% mol) O‘ O\/ @
DMSO, r.t.

chog, DMF
60 °C, 24h 6 air, 24h I
5. 60% 9a
entry (PhSe), (equiv) Cul (% mol) base (equiv) temp. (°C) solvent yield (%)
1 0.6 10 - rt DMSO 43
2 0.6 10 - 50 DMSO 38
3 0.6 10 - 80 DMSO 41
4 0.5 10 - rt DMSO 54
S 0.4 10 - rt DMSO S0
7 0.7 10 - rt DMSO 64
8 0.8 10 - rt DMSO 72
9 0.9 10 - rt DMSO 85
10 1.0 10 - rt DMSO 81
11 09 10 - rt DMSO 71°
12 0.9 10 NaHCO; (1.5) rt DMSO 64
13 0.9 10 K,COj; (1.5) rt DMSO 85
14 0.9 10 Et;N (1.5) rt DMSO 20
15 0.9 S - rt DMSO 75
16 0.9 15 - rt DMSO 59
17 0.9 10 - rt DCM -
18 0.9 10 - rt MeCN traces
19 0.9 10 - rt EtOH -
20 0.9 10 - rt DMF traces
21 0.9 CuCl (10) - rt DMSO traces
2 0.9 CuO (10) - t DMSO -

“Reaction conditions: propargyl alkylated lawsone § (0.25 mmol).

bInert atmosphere ( nitrogen) .

In this way, we proposed synthesizing a series of new hybrid
substances containing naphthoquinone scaffolds derived from
lawsone (4) and organochalcogens to evaluate their anticancer
activity (Scheme 1). This endeavor is fueled by the pressing
urgency posed by OSCC, which ranks as a significant global
health concern. Therefore, this research is committed to
pioneering the development of novel compounds with
potential anticancer properties, focusing particularly on those
exhibiting heightened activity and selectivity. We believe that
these synthesized compounds have the potential to provide a
much-needed breakthrough in addressing the seriousness of
OSCC, furthering our pursuit of new cancer therapy solutions.

2. RESULTS AND DISCUSSION

2.1. Reaction Condition Optimization and Substrate
Scope. The first step in the proposed synthetic route is to
obtain propargyl alkylated lawsone (S) from a commercially
available starting material (4). Following the procedure
reported by Rocha et al,”” a 60% yield was achieved, using
propargyl bromide, potassium carbonate, and dimethylforma-
mide (DMF) as solvent for 24 h at 60 °C. Concurrently,
diorganoyl dichalcogenides (6a—i) and (7a—c) could be
synthesized usmg 2 well-established method described in
existing literature.”® This approach involves the reaction of
bromobenzene (potentially substituted) to generate the
Grignard reagent, which subsequently leads to the formation
of the desired product, as previously outlined.

Subsequently, for the synthesis of the target molecules, a
standard reaction was carried out with 0.25 mmol of (5) and
0.6 equiv of diphenyl diselenide (6a), 10 mol % of copper
iodide (Cul), and 2.0 mL of DMSO, based on an experimental
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procedure previously reported.”® Through these conditions
plus room temperature and agitation on the bench, the product
(9a) was obtained with a yield of 43% after 24 h of reaction
(Table 1, entry 1).

In light of this outcome, various reaction parameters—
including the quantity of diphenyl diselenide, catalyst, base,
temperature, and solvents—were thoroughly examined (Table
1). When the interference of temperature in the performance
of the reaction was evaluated at 50 and 80 °C, a decrease in the
yield of the product was observed: 38% and 41%, respectively
(Table 1, entries 2 and 3). Once the amount of diphenyl
diselenide equivalents in the medium was assessed, we
observed an inconsistency in the results. Both the increase
and decrease of equivalents resulted in an improvement in the
yield of the final product, with 85% being the best yield
obtained in the presence of 0.9 equiv of dichalcogenide (Table
1, entries 4—10). The condition under an inert atmosphere was
also evaluated; however, the yield produced was not
considerably higher than that under normal conditions. This
leads to the conclusion that the inert environment did not
significantly increase the reaction yield (Table 1, entry 11). As
a result, this quantity was chosen to remain constant during the
subsequent optimization steps. In the next test, to achieve a
better performance of the reaction, it was decided to use a base
(Table 1, entries 12—14). By this protocol, only 1.5 equiv of
K,COj; was efficient, matching even the best yield found up to
this point (85%).

The amount of Cul equivalents was also evaluated, and
neither the increased nor the decreased amounts were
beneficial to the reaction (Table 1, entries 15 and 16). The
interference of the solvent in the progress of the reaction was

https://doi.org/10.1021/acsomega.3c10134
ACS Omega 2024, 9, 21948—-21963
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Scheme 2. Variation of Reaction Scope
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also investigated, and among those tested—dichloromethane
(DCM), acetonitrile (MeCN), ethanol (EtOH), and dime-
thylformamide (DMF)—none of them proved to be as
efficient as DMSO, since the product of interest was not
obtained (Table 1, entries 17—20). Finally, screening for
copper salts was performed, and both chloride and copper
oxide were unfavorable for the reaction (Table 1, entries 21
and 22).

As a result of these screenings, the best reaction conditions
were determined to be 0.25 mmol of propargylated lawsone
(5), 0.9 equiv of diphenyl diselenide (6a), 10 mol % Cul, at
room temperature for 24 h, yielding product (9a) with an 85%
yield (Table 1, entry 9).

After establishing the optimized parameters to produce the
new 2-((3-(phenylselanyl)prop-2-yn-1-yl)oxy)naphthalene-
1,4-dione (9a), the scope of the proposed protocol was
evaluated. In the initial phase of our research, we conducted
reactions between various diorganoyl dichalcogenide structures
(6a—i and 7a—c), thiophenol (8), and propargylated lawsone
(5). This synthesis approach resulted in the production of a
diverse set of compounds, namely, organochalcogen-containing
propargyl-naphthoquinones (9a—i, with X = Se), (10a—c, with
X = Te), and (11, with X = S), as outlined in Scheme 2.

As shown in Scheme 2, the electron-donating substituents
(-CH; and —OCH,) in the aryl fraction of diselenides
decreased the yield of the final molecules, resulting in
moderate to good yields (59 and 40%) for the (9b—c)
products. For the electron-withdrawing substituents (—F, —Cl,
and —CF,), only product (9e) yielded a moderate yield (—Cl,

58%), while products (9d) and (9f) yielded less satisfactory
results compared to the test reaction (47% for —F and 49% for
—CF;). When diselenides featuring bulky substituents such as
naphthyl (6g) and 1,2,3-triCH; (6h), interesting findings
emerged. Notably, the reaction involving the former yielded a
modest 43% yield (9g), while the latter resulted in a more
favorable yield of 64% (9h). This observation suggests that
steric effects do not significantly influence the reaction
outcome. Furthermore, utilizing dibutyl diselenide (6i), 2-
((3-(butylselanyl)prop-2-yn-1-yl) oxy)naphthalene-1,4-dione
benzoate (9i) with an alkyl group immediately linked to the
selenium atom, resulted in a 40% yield. It should be
highlighted that the developed methodology was tolerant to
a significant number of different diselenides.

To investigate the tolerance of the developed methodology
as well as the biological effect of different chalcogens on the
target structure, the reaction was performed with three
diorganoyl ditellurides (7a—c) and with thiol (8). In this

https://doi.org/10.1021/acsomega.3c10134
ACS Omega 2024, 9, 21948—-21963
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Table 2. IC,, Results for SSC9 and NIH3T3 with Selectivity Index (S.I.) for New Compounds

SSC9 —oral squamous cell carcinoma

NIH3T3 —normal mouse fibroblasts

compound ICy, (uM) R*
9a 3191 0.85
9b 17.09 0.98
9c 24.76 0.98
9d 23.49 0.92
e 65.36 0.97
9f 31.73 0.91
9g 68.15 0.85
9h 48.95 0.89
9 37.42 0.86
10a 1.648 0.97
10b 4.001 0.94
10c 2.885 0.94
11 62.26 0.88
carboplatin 571.9 091
doxorubicin 2.70S 0.96

compound ICy, (uM) R* S.I
9a 83.58 0.67 2.62
9b 8.93 0.80 0.52
9c 27.15 0.85 1.10
9d 24.15 0.84 1.03
of 56.53 0.81 1.78
10a 5.83 0.96 3.53
10b 227 0.92 0.57
10c 4.90 0.88 1.70
carboplatin 155.70 0.85 0.27
doxorubicin 1.66 0.99 0.61

way, we expanded the compound library, including the
synthesis with these chalcogen derivatives. In this case, 10a—
c and 11 were obtained in moderate to good yields. Diorganoyl
ditellurides belonging to the category featuring an electron-
withdrawing group (chlorine, 7c) exhibit the highest yield of
60% (10c). Subsequently, the compound containing an
electron-donating group, specifically a methyl group (10b),
achieved a yield of 55%. Lastly, ditelluride devoid of
substituents on the aromatic ring demonstrated a moderate
yield of 49% (10a), suggesting a consistent profile, as the
influence of substituents is not very evident.

To our surprise, the desired product was not obtained when
diphenyl disulfide was used. Nonetheless, a change in the
source of sulfur was performed to investigate this class of
sulfur-containing compounds further. Thus, thiophenol (8)
was used as a chalcogen source, and contrary to expectations,
compound (11) was obtained in 24% yield. It is worth
highlighting a key insight from prior research: the chemo-
selective addition of nucleophiles to the quinone core is higher
when using thiols compared to the propargylated portion,
indicating a remarkable preference for certain nucleophiles
toward the quinone nucleus. This chemoselective behavior
underscores the specificity and potential applications of
nucleophilic additions to the quinone core, a finding of
significance in our investigations. Given the intriguing nature
of this structure from both synthetic and biological
perspectives, ongoing research aims to validate additional
potential applications.

Thus, we present an efficient catalytic method for promoting
carbon-chalcogen bond synthesis by mildly reacting prop-2-yn-
1-yl naphthoquinone derivatives with various substituted
dichalcogenides. Under base-free circumstances, reactions
were carried out at room temperature and in an open
atmosphere. The integration of both organochalcogen moieties
of diorganoyl dichalcogenides in the target product structures
offers this synthetic process an atom-economic feature.

2.2. Biological Evaluation. 2.2.1. Cytotoxicity and
Selectivity of the New Compounds. To evaluate the potential
antineoplastic properties of the newly synthesized chalcogen-
naphthoquinone compounds in OSCC, we initially performed
an MTT cell viability assay, which is based on the conversion
of the tetrazolium compound MTT in insoluble formazan
crystals by mitochondria of viable cells.’’ The biological
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activity of the 13 synthesized samples (9a—i, 10a—c, and 11)
was assessed in SCC-9 cells derived from human tongue
OSCC and previously described as more sensitive to cytotoxic
agents than other SCC cell lines.”””’ NIH3T3 mouse
fibroblast cells were used as the normal cell control. The
chemotherapy drug carboplatin, the gold standard in the
treatment of oral cancer,”*** and doxorubicin, a naphthoqui-
none commonly used in some cancers,”™*” were both used as
positive controls for cytotoxicity. All 13 compounds displayed
dose-dependent cytotoxicity in SCC9 cells, with higher
biological activity than carboplatin, and their IC;, values are
presented in Table 2. Interestingly, the three compounds
derived from diorganoyl ditelluride reactions (10a—c) showed
higher cytotoxicity in SCC-9 cells than derivatives from
diorganoyl diselenides (9a—i) or thiophenol (11).

Of the 13 compounds tested in SSC-9 cells, eight (9a—d, 9,
10a—c) were selected for their lower IC, value in SCC-9 cells
and subsequently tested along with carboplatin on the
untransformed mouse fibroblast cell line NIH3T3 to evaluate
their selectivity index (S.I.). This degree of selectivity can be
used to screen the antineoplastic usefulness of certain
compounds, in which a high S.I. value >2 represents a
selective toxicity toward cancer cells, whereas a S.I. < 2
indicates a high chance of general toxicity of a compound,
damaging both cancer and normal cells.*® Table 2 shows that,
as seen in SCC-9 cells, all eight chalcogen-naphthoquinones
tested displayed biological activity higher than that of
carboplatin. Once again, the three compounds derived from
diorganoyl ditelluride reactions (10a—c) showed higher
cytotoxicity in NIH3T3 than most of the five derivatives
from diorganoyl diselenides. Finally, Table 2 summarizes the
S.I. for all eight compounds tested plus carboplatin, in which
we highlight the compounds (9a) (S.L: 2.62) and (10a) (S.I:
3.53) that were the most selective among all tested chalcogen-
naphthoquinones. However, all new compounds were even
more selective than carboplatin (S.I: 0.27) and most to
doxorubicin (S.L: 0.61).

2.2.2. Wound Healing Assay. Activation of invasion and
metastasis is one of the major characteristics involved in cancer
development.”’40 For carcinomas, such as OSCC, loss of
epithelial traits is accompanied by increased cell migration as
one of the several steps toward a metastasis event." The
wound healing or scratch assay is a simple, low-cost, and well-
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Figure 2. Effect of chalcogen-naphthoquinones on scratch area recovery of the oral squamous carcinoma cell culture. Asterisks (*) represent
significant difference in values from the DMSO control (**, p < 0.01; **, p < 0.001).

developed method to measure cell migration in vitro."”” The
basic steps involve creating a scratch in a monolayer of cells,
treating, and finally capturing the images at the beginning and
regular intervals during the cell migration toward the scratch,
and comparing the images to quantify the migration rate of the
cells (images available in Figures $42 and S$43). We observed
that treatment with some of the newly synthesized chalcogen-
naphthoquinones (9¢, 10a—c), as well as doxorubicin,
significantly reduced the area recovered from the scratch
after 24 h when compared to the negative control (Figure 2).
Very little effect was observed after only 12 h of incubation
(data not shown). We must highlight that this assay was
conducted with a low serum concentration (5% v/v) to ensure
that scratch recovery was due to cell migration and not cell
proliferation, hence demonstrating a potential role of these
chalcogen-naphthoquinones in hampering the risk of OSCC
metastasis.

2.2.3. Cell Cycle and Cell Death Analysis. Both activation
of cell death pathways and cell cycle arrest are defense
mechanisms present in healthy cells to avoid propagation of
genetic errors that could, over time, accumulate and support
cancer development.””** Yet, these same mechanisms can be
targeted in cancer cells by chemotherapeutic compounds to
treat cancer effectively. To evaluate the effects on both cell
cycle and cell death caused by the newly synthesized
chalcogen-naphthoquinones, we performed a flow cytometry
analysis of SCC9 cells using propidium iodide, a well-known
nucleic acid marker used for cell cycle progression or cell death
studies. By staining cells with propidium iodide, we can
quantify DNA to evaluate cell distribution in different cell cycle
phases and cell death through DNA fragmentation.”> SCC-9
cells were analyzed 48 h after treatment with DMSO (negative
control), doxorubicin (positive control), or each of the eight
selected compounds (9a—d, 9f 10a—c) (Figure 3a).
Interestingly, two compounds derived from diorganoyl
ditellurides (10a and 10b) significantly decreased the
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proportion of cells in the G,/G; phase and increased DNA
fragmentation compared to the negative control, with no
apparent alteration in the percentage of cells in the G,/M
phases (Figure 3b). These results suggest that cells treated with
these two compounds might not have finished cell cycle
progression, possibly due to a certain degree of genotoxicity to
SCC-9 cells. This can be a consequence of, for example, the
formation of DNA adducts or the production of reactive
oxygen species (ROS) by these compounds. Doxorubicin,
known to cause DNA damage through topoisomerase-II
disruption and generation of ROS,** also showed similar
results (Figure 3b). Both effects have also been pointed out as
mechanisms of action for naphthoquinones’ antineoplastic
activity.'">"” In fact, an increase in ROS production is a
valuable mechanism for antineoplastic drugs since cancer cells
are presumably closer to a critical redox threshold at which
apoptosis is induced.** Also, some effects of Se- and Te-based
compounds on ROS production in cancer cells were discussed
previously.***” Finally, a tellurium-containing amphipathic
compound induced O,°” production and oxidative stress in
colon cancer cells, whereas its selenium counterpart was not
able to do the same,*® corroborating the data presented in our
work.

The other six compounds tested (9a—d, 9f, and 10c) also
increased DNA fragmentation, as seen in Figure 3¢, with a
marked reduction of cells in the G,/M phases after 48 h of
treatment. Moreover, cells treated with compounds (9¢) and
(9f) showed increased numbers of cells in the G,/G, phase,
suggesting a delay in cell cycle progression or activation of a
cell cycle arrest mechanism (Figure 3c). Interestingly, inducing
temporary cell cycle arrest is an emerging strategy in
chemotherapy, as this approach is thought to prevent toxicity
in normal cells such as hematopoietic and epithelial
precursors.”’ Finally, all compounds tested showed increased
DNA fragmentation in SCC-9 cells after 48 h of treatment,
which confirms our previous data from the MTT viability
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assay. However, DNA fragmentation alone is not enough to
clarify the exact cell death pathway activated by these
chalcogen-naphthoquinones.

In recent decades, studies have demonstrated the anticancer
potential of naphthoquinones, with some targets already
described as DNA damage through the formation of ROS
and suppressing topoisomerase-II, as well as controlling the
tumor suppressor protein p53.>” In this work, the combination
of 1,4-naphthoquinone and a selenium or tellurium group in
the same molecule was a strategy used to obtain hybrid
compounds with potential and selective antineoplastic activity
in vitro and lower toxicity than the compounds commonly used
in cancer therapeutics. Several studies indicate that selenium-
based compounds induce cell death by apoptosis and that
mitochondria could be the target of these compounds.>
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Selenium also acts on other apoptotic mechanisms, such as the
regulation of the appearance of glutathione and the generation
of ROS.** Selenium plays an important role in the cell cycle
and apoptosis, but these mechanisms are extremely complex
and have not yet been fully elucidated.>* As for tellurium,
studies evaluating its biological activity are still scarce, although
antineoplastic effects from tellurium compounds are believed
to be associated with ROS formation, cell cycle arrest,
induction of programmed cell death, and may have
immunomodulatory effects,”® being a class of compounds
with great potential to be explored for the development of new
anticancer molecules.’® In this work, we could observe
biological activity from all synthesized chalcogen-naphthoqui-
nones derived from both diorganoyl diselenides and diorganoyl
ditellurides, with an impact on cell migration, proliferation, and
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overall survival in OSSC cells. Also, tellurium-derived
compounds, especially the compound (10a), showed an
increased antineoplastic potential with sufficient selectivity in
relation to nontumor cells. Since OSSC still presents itself as a
challenging malignancy for effective treatment,””® several
studies are being conducted to evaluate new synthetic or
derivatives of natural compounds to improve OSSC prognosis
and reduce chemotherapy comorbidities.””*” Considering the
promising results obtained in terms of synthesis, yields,
antiproliferative activity, cell migration inhibition, induction
of cell death, and low toxicity, this work suggests the potential
of the compound (10a) as a promising antineoplastic agent for
further study.

2.3. Molecular Docking. In molecular docking studies,
compound (10a) binds to and inhibits the polymerization of
tubulin, thereby inhibiting the formation of microtubules
acting on the mitotic spindles that form in mitosis. This
prevents cell division and, consequently, induces apoptosis,”’
which is consistent with the results of the cell cycle analysis.
Figure 3 shows that the cell reaches G2 but does not divide,
probably due to the action of forming microtubules.

The development of new drugs is a complex process, where
in addition to potency and selectivity the physicochemical
characteristics of the molecule are important to predict the
characteristics of the pharmacokinetics of the molecule. Thus,
this molecule (10a) presents adequate characteristics to
become a possible drug when analyzing the results of
ADMET (absorption, distribution, metabolism, excretion,
and toxicity), with the bonus of not being a substrate for P-
glycoprotein. P-glycoprotein is linked with tumor resistance to
multiple drugs since drugs that are substrates of P-glycoprotein
may have their bioavailability decreased, impairing therapeutic
efficacy."%?

Initially, 6S8K redocking of all scoring functions (Gold-
Score, ChemScore, ASP, and ChemPLP) was performed with
(3Z,6Z)-3-benzylidene-6-[ (S-tert-butyl-1H-imidazol-4-yl)-
methylidene]piperazine-2,5-dione (Plinabulin; PN6501). All
functions showed RMSD (root mean square deviation) lower
than 1 A, and ChemPLP demonstrated the best RMSD
(0.2339 A) (Figure S44).

Several compounds in the series presented higher scores
than the cocrystallized ligand, such as (9a—b, 9d—e, 9g) and
(10a—c). In the ChemPLP scoring function, scores varied
between 50.39 and 71.29, with the cocrystallized ligand
presenting a score of 65.80, as shown in Table 3. The average
presented for this series was 65.36.

The interactions that were observed between 6S8K and (9e)
were mostly of the alkyl type, with a pi—sulfur-type interaction

Table 3. Scores Obtained for New Chalcogen-
Functionalized Naphthoquinones via Molecular Docking
Using GOLD Software with ChemPLP Function (PDB ID:
6S8K; Tubulin)

ID ChemPLP ID ChemPLP
9a 67.39 9g 66.09
9b 71.29 9h 62.51
9c 65.37 9i 65.34
9d 69.03 10a 68.50
e 67.68 10b 69.45
9f 5991 10c 66.79
PN6501 65.80 11 50.39

in the naphthoquinone-derived part of the structure (Cys241
residue). In (9g), the majority of interactions was also of the
alkyl type; however, two hydrogen bonds were observed
(Tyr202 and Leu242), both with the ligand acting as an H-
receptor (Figure S45).

Compound (9a) showed a pi—sigma-type interaction with
the naphthoquinone-derived part of the ligand (Leu25$S
residue), with the rest of the interactions being alkyl-type.
For compound (9b), which had the highest score in the series,
all interactions presented were of the alkyl type. However, nine
favorable interactions were demonstrated. These interactions
increase the stability of the compound at the active site
(Phel69, Leu252, Val238, Leu242, and Leu255, Ala354,
Cys241, Ala316, and Met259). Structure (9d) showed alkyl-
type interactions with residues Leu252, Val238, Leu242,
Leu23S, Met259, Ala316, and Ala354. Leu255 also showed a
pi—sigma interaction, according to compound (9a). The z—
sulfur-type interaction with the Cys241 residue occurs
according to several compounds of the series. Furthermore, a
fluorine-type interaction was shown with the GInl136 residue
(Figure 4).

In the semimetal derivatives, an unfavorable interaction
(bump) with tellurium was observed in (10a) and (10b), with
residue Val238. Despite this, the high score can be explained
by the large number of alkyl-type interactions in both ligands.
Together, 7—0 and n—x stacked interactions were observed
between Leu2SS and Phel69, respectively, for (10a) and
(10b). Cys241 still performed an z—sulfur-like interaction with
(10a) (Figure S). A high S.I. was observed concomitantly with
an inhibition score higher than that of the cocrystallized ligand
in molecular docking, placing 10a as a probable tubulin
inhibitor.

The exploration of tellurium derivatives as potential
anticancer agents has captured considerable attention due to
the distinctive chemical properties of this chalcogen. For
example, studies conducted by Tripathi et al.® have already
showcased the synthesis of telluroamino acids, demonstrating
remarkable anticancer efficacy specifically against the MCEF-7
breast cancer cell line. Additionally, research by Barcellos et
al.®* has emphasized the pro-oxidant activity of organo-
tellurium compounds, suggesting their potential to induce
apoptosis in malignant cells.

However, it is essential to acknowledge the challenges
associated with employing molecular docking techniques to
analyze tellurium compounds. The intricate and nuanced
interactions between tellurium and biomolecules, coupled with
the limited availability of robust analytical methods, present
substantial obstacles in precisely determining dosages and
administration routes in experimental models. While docking
studies provide valuable insights into potential interactions,
their predictive accuracy for tellurium compounds remains
constrained due to the unique characteristics of tellurium’s
chemical behavior. Therefore, an integrative approach that
combines computational docking with experimental validation
is imperative to enhance the reliability and interpretation of
results in the evaluation of the anticancer potential of tellurium
derivatives.

2.4. In Silico Analysis of Physicochemical Properties.
In addition to efficacy, potency, and safety, the pharmacoki-
netic and physicochemical properties of candidate molecules
are also important variables in the drug discovery process.
Through the analyses performed, the polar topological surface
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Figure 4. (A) 3D view and 2D diagram of ligand—receptor interactions between the tubulin protein and (9b). (B) 3D view and 2D diagram of
ligand—receptor interactions between tubulin protein and (9d) (PDB ID: 6S8K; resolution: 1.52 A).

area value of 10a was 43.37 A2, while doxorubicin was 206.07
A2, as described in Table 4.

Compound 10a presented moderate aqueous solubility, like
the chemotherapy drug doxorubicin, which is highly absorbed
in the intestine. It is not a substrate of P-glycoprotein, different
from doxorubicin, but an inhibitor of the enzyme CYP1A2
(Table S).

Lipinski’s principle determines four physicochemical param-
eters as predictors of good oral absorption, in which a
candidate cannot have more than one violation.”” Compound
10a showed no violations, while doxorubicin showed three
violations (MLogP > 4.1S, number of electron acceptors >10,
number of electron donors >5) (Table 6).

Given the data obtained in this study, it can be observed that
both the naphthoquinone group and the tellurium group are
important for anticancer activity. Naphthoquinones are used as
feedstock for pharmaceuticals as well as for agrochemicals and
other functional chemicals. The acid—base properties and the

presence of two carbonyl groups that can accept one and/or
two electrons to form the corresponding radical anion or
dianion species are responsible for the biological activities of
this class of compounds.”® These compounds already present
their representatives in the treatment of some types of cancer,
such as doxorubicin, mitoxantrone, and daunorubicin.

When we think of molecules conjugated with tellurium, the
conjugate with the best anticancer potential in this study, data
in the literature are scarce. Selenium-containing compounds
have exhibited a broad spectrum of activities that make them
attractive in the search for new compounds with anticancer
activity in medicinal chemistry, and as selenium, certain
tellurium-containing compounds also exhibit the potential to
form conjugates for the development of new drugs.”” The
search for these new conjugates for cancer treatment is
important for the development of molecules that can
circumvent the resistance of some to multiple drugs, as well
as with less toxicity to nontumor cells, and that can also act on
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Table 4. Physicochemical Properties and Lipophilicity

Molecule MwW* TPSA" # acceptors # donors MLogP, " XLogP3, /wd
10a 415.90 43.37 3 0 2.05 3.52
doxorubicin 543.52 206.07 12 6 0.44 2.07

“Molecular weight g/mol. “Polar topological surface area in square Andgstroms (A%). LogP = logarithm of the partition coefficient between octanol
and water. “LogP calculated by the metholodogy of Lipinski et al.*> “LogP calculated by Cheng’s methodology.*®

Table 5. Aqueous Solubility and Pharmacokinetic
Parameters

GI P-
molecule Log $“ class absorption” gp®  CYP1A2¢
10a —4.82  moderately high no yes
soluble
doxorubicin =52 moderately high yes  no
soluble

“Aqueous solubility in mol/L calculated according to Ali’s method-
ology. “Gastrointestinal absorption. “Substrate for P-glycoprotein (P-
gp). “Human cytochrome P450 enzyme 1A2 (CYP1A2).

the primary tumor, reducing the risk of cell migration and the
emergence of secondary tumors due to metastasis.
Compounds with selenium and tellurium have already
demonstrated the potential to interact with P-glycoprotein,”’
just as our in silico studies predict. Studies with natural
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Table 6. Druglikeness and Leadlikeness

molecule Lipinski” Muegge” bioavailability score” leadlikeness®
10a 0 1 0.85 2
doxorubicin 3 3 0.17 1

“Number of violations. ”Abbott bioavailability score that determines
the probability of a molecule having more than 10% bioavailability in
rats.

products and their derivatives that formed conjugates with
selenium and tellurium against resistant cancers show that
many derivatives containing these elements of chalcogen in
their structure can reverse MDR (multidrug resistance) cancer
via the inhibition of efflux pumps that are overexpressed in
resistant cancers. In these types of cancers, the cells recognize
the chemotherapy drugs and expel them out of the cells,
preventing them from exerting their antitumor action.”” Thus,
these conjugates can reverse this resistance to multiple drugs
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that are responsible for the failure to treat many patients with
cancer, which can lead to death.

Thus, the development of MDR constitutes a primary
impediment to the success of chemotherapy, where tumor
stem cells are responsible for cancer progression and
recurrence. Among various mechanisms of drug resistance,
efflux pumps belonging to ATP binding transporters (ABCs)
have been shown to be the most important contributors to
MDR,”"”* and the most extensively characterized MDR
transporters include P-glycoprotein and multidrug—resistant
protein 1 (also known as ABCCI or MRP1).”*’* The
compound 10a, the standout compound in our study, is not
a substrate for P-glycoprotein and can circumvent tumor
resistance to treatment.

Therefore, with in silico methodologies, such as molecular
docking and ADME, we demonstrated that it is possible to use
the molecules for subsequent in vivo studies, where there will
be the possibility of the compound interacting with a living
system with excellent potential for clinical studies.

3. CONCLUSIONS

In this work, we described the synthesis of 13 new chalcogen-
propynyl-naphthoquinones (9a—i, 10a—c, and 11) with good
to excellent yields using an efficient methodology at room
temperature, under base-free and open-to-air atmosphere
conditions. Notably, this newly developed series of hybrid
compounds exhibits remarkable attributes, including air
stability, ease of handling, and comprehensive characterization
through 'H and '*C NMR spectroscopy as well as HRMS
(high-resolution mass spectrometry) analyses. Furthermore,
the antiproliferative experiments have revealed that these
compounds have the potential to be effective anticancer cell
growth agents. In particular, compounds 9a and 10a have
shown greater selectivity, implying that they may have a higher
anticancer efficacy while being less hazardous. This is
consistent with Lipinski’s rule, which states that compounds
that meet certain physicochemical requirements have lower
dropout rates during clinical trials and a higher probability of
successful market penetration. In conclusion, this study
highlights not only the synthesis of these interesting hybrid
compounds but also their potential as important candidates in
the pursuit of more effective and safer anticancer drugs,
providing a ray of hope in the hunt for improved cancer
therapies.

4. EXPERIMENTAL PROCEDURES

4.1. Chemistry. For the isolation and purification of the
compounds using column chromatography, a glass column was
used, silica gel was used as the stationary phase with a 0.063—
0.2 mesh by Merck (Darmstadt, Germany), and a suitable
solvent or solvent mixture was used as the eluent. The fractions
and compounds obtained were analyzed by thin layer
chromatography (TLC), using aluminum plates coated with
silica gel 60 GF254 provided by Merck (Darmstadt, Germany),
0.25 mm thick, and with particles between S and 40 um in
diameter. The substances separated on the chromatographic
plates were visualized using several development methods: in
an iodine chamber, in an ultraviolet light chamber, or with a
vanillin reagent followed by heating at 110 °C. Melting points
were obtained on a Fisatom 430D apparatus and were
uncorrected. All solvents and reagents used in the synthesis,
purification, and characterization were purchased from

commercial sources, Sigma-Aldrich, Merck (Darmstadt,
Germany), and Synth (Sao Paulo, Brazil) and used without
prior purification. APPI-Q-TOFMS measurements were taken
on a mass spectrometer equipped with an automatic syringe
pump for sample injection. The *C {"H} NMR spectra were
obtained on a Bruker Advance NEO spectrometer, operating at
500 MHz, employing a direct broadband probe at 125 MHz.

4.2, Synthetic Procedures. 4.2.1. General Procedure for
the Synthesis of PropargylatedLawsone (5) .?® In a round-
bottom flask, 5.75 mmol of lawsone (4), 1.2 equiv K,CO3, and
50 mL of DMF were mixed and allowed to stir for 15 min.
Then, 10 equiv of propargyl bromide was added and heated at
60 °C for 12 h. Subsequently, after the mixture was cooled to
room temperature, ethyl acetate was added to the mixture, and
this phase was washed with brine (3 X 100 mL). The organic
phase was dried with anhydrous sodium sulfate and filtered,
and the solvent was evaporated under reduced pressure. The
product was purified by column chromatography on silica gel
using a gradient hexane/ethyl acetate mixture as an eluent.

4.2.1.1. 2-(Prop-2-yn-1-yloxy)naphthalene-1,4-dione.
(Compound 5). 0.732 g, yield 60%, yellow solid, mp 148 °C
(lit. 150 °C)** 'H NMR (CDCl,, 500 MHz) § (ppm) = 8.15—
8.08 (m, 2H), 7.77—7.71 (m, 2H), 6.36 (s, 1H), 4.80 (d, ] =
2.5 Hz; 2H), 2.65 (t, ] = 2.5 Hz; 1H). *C{'H} NMR (CDCl,,
125 MHz) &: 184.68, 179.79, 158.05, 134.36, 133.45, 131.88,
131.05, 126.73, 126.22, 111.65, 78.18, 75.43, 56.73.

4.2.2. General Procedure for the Synthesis of 2-((3-
(Organochalcogenyl)prop-2-yn-1-yl)oxy)naphthalene-1,4-
dione (9a—i,10a—c, and 11) .»* At 25 °C, DMSO (1.0 mL)
was added to a round-bottom flask containing the appropriate
diorganoyl dichalcogenide (6a—i), (7a—c), and (8) (0.90
equiv) and Cul (10 mol %) under ambient atmosphere. Then,
the propargylated lawsone (5) (0.25 mmol) diluted in DMSO
(1.0 mL) was added to the stirred reaction mixture and stirred
for 24 h. Thereafter, the mixture was extracted with sat. aq
NH,Cl (5.0 mL), EtOAc (3 X 5.0 mL), and dried over
MgSO,. Finally, after filtration, the organic solution was
concentrated on a rotary evaporator at low pressure and
purified by flash chromatography on silica gel with hexane/
EtOAc as the eluent.

4.2.2.1. 2-((3-(Phenylselanyl)prop-2-yn-1-yl)oxy)-
naphthalene-1,4-dione. (Compound 9a). 0.0782 g, yield:
85%, yellow solid, mp 135 °C, 'H NMR (CDCl;, 500 MHz) &
=8.07—8.01 (dd, J = 9.1 and 1.7 Hz; 2H), 7.70—7.63 (m, 2H),
7.44—7.41 (m, 2H), 7.27—7.18 (m, 3H), 6.30 (s, 1H), 4.93 (s,
2H). BC{'H} NMR (CDCl,, 125 MHz) & = 184.65, 179.95,
158.13, 134.35, 133.43, 131.95, 131.08,129.74, 129.69, 127.68,
126.75, 126.22, 111.67, 95.36, 72.57, 57.85. HRMS (APPI+)
m/z: caled for C;oH;,0;Se [M]*: 368.0106; found: 369.0181.

4.2.2.2. 2-((3-(p-Tolylselanyl)prop-2-yn-1-yl)oxy)-
naphthalene-1,4-dione. (Compound 9b). 0.0561 g, yield:
59%, orange solid, mp 115 °C, "H NMR (CDCl,, 500 MHz) &
= 8.15-8.09 (dd, ] = 9.1 and 1.8 Hz; 2H), 7.77—7.70 (td, ] =
9.1 and 1.8 Hz; 2H), 7.41-7.36 (d, ] = 8.3 Hz; 2H), 7.15—
7.10 (d, J = 8.3 Hz; 2H), 6.36 (s, 1H), 4.98 (s, 2H), 2.33 (s,
3H). BC{'H} NMR (CDCI,, 125 MHz) § = 184.06, 179.97,
158.14, 137.94, 137.01, 134.37, 133.44, 131.94, 131.12, 130.52,
130.42, 130.19, 130.11, 127.81, 127.42, 126.76, 126.23, 111.66,
94.69, 72.24, 57.91, 21.08. HRMS (APPI+) m/z: caled for
CyoH,405Se [M + Na]*: 404.2765; found: 404.9988.

4.2.2.3. 2-((3-((4-Methoxyphenyl)selanyl)prop-2-yn-1-yl)-
oxy)naphthalene-1,4-dione. (Compound 9c). 0.0397 g,
Yyeld: 40%, orange oil, '"H NMR (CDCl;, 500 MHz) § =
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8.12—8.07 (dd, J = 7.4 and 1.5 Hz; 2H), 7.76—7.69 (td, ] = 7.4
and 1.5 Hz; 2H), 7.44 (d, ] = 8.9 Hz; 2H), 6.85 (d, ] = 8.9 Hz;
2H), 6.32 (s, 1H), 4.94 (s, 2H), 3.79 (s, 3H). “C{'H} NMR
(CDCl,, 125 MHz) &: 184.64, 179.95, 158.83, 158.13, 134.33,
133.40, 132.69, 131.92, 131.09, 126.72, 126.18, 116.91, 115.48,
111.62, 93.85, 73.71, 57.89, 55.38. HRMS (APPI+) m/z: calcd
for CpoH,,0,Se [M + Na]*: 413.2065; found: 413.2648.

4.2.2.4. 2-((3-((4-Fluorophenyl)selanyl)prop-2-yn-1-yl)-
oxy)naphthalene-1,4-dione. (Compound 9d). 0.0452 g,
yield: 47%, yellow solid, mp 98 °C, '"H NMR (CDCl;, 500
MHz) 6 = 8.15-8.09 (dd, ] = 7.4 and 2.0 Hz; 2H), 7.77-7.72
(m, 2H), 7.51-7.48 (m, 2H), 7.06—7.03 (t, ] = 8.6 Hz; 2H),
6.34 (s, 1H), 4.98 (s, 2H). BC{*H} NMR (CDCl,, 125 MHz)
5 = 184.67, 179.95, 163.67 (d, ] = 247.5 Hz; C,..), 158.10,
134.42, 133.49, 132.31, 132.25, 131.92, 131.11, 130.17, 126.78,
126.25, 124.56 (d, Jo_g = 3.8 Hz; C,n), 11693 (d, Jop =
22.5 Hz; CH,,,), 111.65, 95.04, 72.71, 57.72. HRMS (APPI
+) m/z: caled for C,oH;;FO;Se [M + Na]*: 408.2404; found:
408.9746.

4.2.2.5. 2-((3-((4-Chlorophenyl)selanyl)prop-2-yn-1-yl)-
oxy)naphthalene-1,4-dione. (Compound 9e). 0.0582 g,
yield: 58%, orange solid, mp 145 °C, '"H NMR (CDCl,, 500
MHz) 6 = 8.15-8.09 (dd, J = 7.5 and 1.4 Hz; 2H), 7.78—7.69
(m, 2H), 7.62—7.59 (d, ] = 8.6 Hz; 2H), 7.26—7.24 (t, ] = 8.6
Hz; 2H), 6.35 (s, 1H), 5.05 (s, 2H). *C{'H} NMR (CDCl,,
125 MHz) §: 184.65, 179.92, 158.08, 134.42, 134.00, 133.50,
131.90, 131.04, 129.88, 126.77, 126.26, 125.58, 111.64, 95.81,
72.00, 57.77. HRMS (APPI+) m/z: caled for C,gH;;ClO;Se
[M+K]*: 446.0112; found: 446.0439.

4.2.2.6. 2-((3-((4-(Trifluoromethyl)phenyl)selanyl)prop-2-
yn-1-yl)oxy)naphthalene-1,4-dione. (Compound 9f). 0.0533
g, yield: 49%, light yellow solid, mp 100 °C, "H NMR (CDCl,,
500 MHz) 6 = 8.13—8.07 (dd, J = 9.1 and 1.6 Hz; 2H), 7.74—
7.70 (td, ] = 9.1 and 1.6 Hz; 2H), 7.48—7.46 (m; 2H), 7.06—
7.02 (t, J = 8.6 Hz; 2H), 6.32 (s, 1H), 4.96 (s, 2H). *C{'H}
NMR (CDCl,, 125 MHz) & = 184.63, 179.88, 158.09 (d, Jo_x
= 5 Hz), 134.46 (d, Jc_r = S Hz), 133.53 (d, Jo_g = 3.8 Hz),
131.89, 131.08, 130.17, 129.15 (q, Je_y = 36.3 Hz; Coom),
126.79, 126.46 (q, Jo_p = 2.5 Hz; CH,), 126.44 (q, Jo_p =
295 Hz; CF;), 126.28, 111.66, 96.92, 70.97, 57.71. HRMS
(APPI+) m/z: caled for C,oH;F;0;Se [M + Na]*: 458.2482;
found: 458.9653.

4.2.2.7. 2-((3-(Naphthalen-2-ylselanyl)prop-2-yn-1-yl)-
oxy)naphthalene-1,4-Dione. (Compound 9g). 0.0448 g,
yield: 43%, greenish solid, mp 165 °C, 'H NMR (CDCl,,
500 MHz) 6 = 8.12—8.05 (dd, ] = 7.7 and 1.5 Hz; 2H), 8.00—
7.98 (dd, J = 7.2 and 1.1 Hz; 1H), 7.92—7.90 (dd, ] = 7.2 and
1.1 Hz; 1H), 7.82—7.80 (dd, J = 7.2 and 1.1 Hz; 1H), 7.75—
7.68 (td, ] = 7.7 and 1.5 Hz; 2H), 7.53—7.41 (m, 3H), 6.29 (s,
1H), 494 (s, 2H). BC{'H} NMR (CDCl;, 125 MHz) § =
184.55, 179.96, 158.06, 134.34, 134.12, 133.41, 132.28, 131.93,
131.10, 130.38, 129.15, 128.78, 127.05, 126.73, 126.52, 126.20,
125.88, 125.76, 111.65, 94.79, 72.43, 57.86. HRMS (APPI+)
m/z: caled for C,3H,,0,Se [M + Nal*: 440.3095; found:
440.9998.

4.2.2.8. 2-((3-(Mesitylselanyl)prop-2-yn-1-yl)oxy)-
naphthalene-1,4-dione. (Compound 9h). 0.0653 g, yield:
64%, light yellow solid, mp 165 °C, 'H NMR (CDCl,, 500
MHz) § = 8.13—8.08 (dd, ] = 7.3 and 1.8 Hz; 2H), 7.77—7.70
(td, J = 7.3 and 1.8 Hz; 2H), 6.93 (s, 2H), 6.26 (s, 1H), 6.36
(s, 1H), 4.84 (s, 2H), 2.52 (s, 6H), 2.27 (s, 3H). BC{'H}
NMR (CDCl,, 125 MHz) & = 184.65, 180.00, 158.19, 142.21,
139.65, 134.31, 133.37, 131.95, 131.11, 129.13, 126.72, 126.18,

124.75, 111.58, 89.71, 73.98, 58.01, 24.12, 20.95. HRMS
(APPI+) m/z: caled for C,,H;305Se [M + Nal*: 432.3299;
found: 433.0301.

4.2.2.9. 2-((3-(Butylselanyl)prop-2-yn-1-yl)oxy)-
naphthalene-1,4-dione. (Compound 9i). 0.0347 g, yield:
40%, reddish solid, mp 116 °C, '"H NMR (CDCl;, 500 MHz) &
= 8.15-8.08 (dd, J =7.7 and 1.6 Hz; 2H), 7.77-7.70 (td, J=
7.7 and 1.6 Hz; 2H), 6.34 (s, 1H), 4.92 (s, 2H), 2.81 (t, ] =
74; 2H), 1.79-1.73 (qt, ] = 7.4 Hz; 2H), 1.46—1.38 (sxt, ] =
7.4 Hz; 2H), 0,91 (t, ] = 7.4 Hz; 3H). BC{*H} NMR (CDCl,,
125 MHz) §: 184.70, 180.02, 158.19, 134.31, 133.37, 131.94,
131.12, 126.71, 126.18, 111.61, 92.02, 73.44, 58.00, 32.23,
29.24, 22.42, 13.42. HRMS (APPI+) m/z: caled for
C,-H,40;Se [M + Na]*: 370.2592; found: 371.0141.

4.2.2.10. 2-((3-(Phenyltellanyl)prop-2-yn-1-yl)oxy)-
naphthalene-1,4-dione. (Compound 10a). 0.0509 g, yield:
49%, yellow solid, mp 125 °C, '"H NMR (CDCl,, 500 MHz) §
= 8.14—8.08 (dd, J = 9.1 and 1.8 Hz; 2H), 7.77—7.70 (td, ] =
9.1 and 1.8 Hz; 2H), 7.69—7.66 (m, 2H), 7,32—7,25 (m, 2H),
6.37 (s, 1H), 5.05 (s, 2H). *C{'H} NMR (CDCl,, 75 MHz) §
= 184.68, 179.98, 158.13, 135.83, 134.36, 133.43, 131.95,
131.12, 129.97, 128.43, 126.54, 126.21, 111.93, 111.69, 106.45,
58.01, 51.08. HRMS (APPI+) m/z: caled for C;gH;,0;Te [M
+ Na]*: 440.9698; found: 440.9753.

4.2.2.11. 2-((3-(p-Tolyltellanyl)prop-2-yn-1-yl)oxy)-
naphthalene-1,4-dione. (Compound 10b). 0.0591 g, yield:
55%, yellow solid, mp 142 °C, '"H NMR (CDCl;, 500 MHz) &
= 8.14-8.09 (dd, ] = 7.7 and 1.5 Hz; 2H), 7.77—7.70 (td, ] =
7.7 and 1.5 Hz; 2H), 7.60-7.58 (d, ] = 8,1 Hz; 2H), 7.10—
7.08 (d, J = 8.1 Hz; 2H), 6.35 (s, 1H), 5.03 (s, 2H), 2.35 (s,
3H). BC{'H} NMR (CDCl,, 125 MHz) § = 184.69, 179.99,
158.14, 138.75, 136.49, 134.33, 133.41, 131.96, 131.13, 130.83,
130.17, 129.89, 126.74, 126.19, 111.69, 107.50, 105.82, 76.79,
58.03, 51.21, 21.20. HRMS (APPI+) m/z: caled for
CyoH,05Te [M + Na]*: 454.9893; found: 454.9895.

4.2.2.12. 2-((3-((4-Chlorophenyl)tellanyl)prop-2-yn-1-yl)-
oxy)naphthalene-1,4-dione. (Compound 10c). 0.0675 g,
yield: 60%, black solid, mp 160 °C, '"H NMR (CDCl;, 500
MHz) & = 8.15—8.09 (dd, ] = 7.5 and 1.4 Hz; 2H), 7.78—7.71
(td, J = 7.5 and 1.4 Hz; 2H), 7.62—7.59 (d, ] = 8.6 Hz; 2H),
7.26—7.22 (d, ] = 8.6 Hz; 2H), 6.35 (s, 1H), 5.05 (s, 2H).
BC{'H} NMR (CDCls, 125 MHz) § = 184.64, 179.91, 158.07,
137.20, 135.04, 134.38, 133.45, 131.90, 131.08, 130.15, 129.87,
126.74, 126.23, 111.67, 109.40, 106.84, 57.91, 50.65. HRMS
(APPI+) m/z: caled for CgH;;ClO;Te [M + Na]*: 474.9330;
found: 474.9333.

4.2.2.13. 2-(Phenylthio)-3-(prop-2-yn-1-yloxy)-
naphthalene-1,4-dione. (Compound 11). 0.0192 g, yield:
24%, orange oil, "H NMR (CDCl;, 500 MHz) § = 8.09—8.04
(m, 2H), 7.73=7.70 (m, 2H), 7.50—7.44 (dd, 2H), 7.31-7.27
(m, 3H), 4.98 (d, J = 2.5 Hz; 2H), 2.50 (t, J = 2.5 Hz; 1H).
BC{'H} NMR (CDCl, 125 MHz) § = 184.65, 179.95, 158.11,
136.25, 134.40, 133.47, 131.92, 131.67, 131.26, 131.04, 129.92,
129.48, 127.22, 126.87, 126.77, 126.24, 111.62, 90.77, 78.90,
57.80. HRMS (APPI+) m/z: calcd for C;gH;,0,S [M + Na]*:
343.0351; found: 343.0393.

4.3. Biological Evaluation. 4.3.1. Cell Lines and
Reagents. SCC-9 cells, derived from human tongue OSCC,
were obtained from ATCC (CRL-1629) and maintained in 1:1
DMEM/F12 medium (Dulbecco’s modified Eagle’s medium
and Ham’s F12 medium); Gibco (Thermo Fisher, Waltham,
MA, USA) supplemented with 10% (v/v) FBS (fetal bovine
serum; Invitrogen, Thermo Fisher, Waltham, MA, USA) and
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400 ng/mL hydrocortisone (Sigma-Aldrich Co., St. Louis, MO,
USA). NIH3T3 mouse fibroblasts were obtained from ATCC
(CRL-1658) and maintained in DMEM supplemented with
10% (v/v) FBS. The cells were cultured in a humidified
environment containing 5% CO, at 37 °C. Carboplatin (Libbs
Farmaceutica, Sao Paulo, SP, Brazil) and doxorubicin (Libbs
Farmacéutica, Sio Paulo, SP, Brazil) were used as positive
controls for gold standard antineoplastic drugs.

4.3.2. Cell Viability and Selectivity Index Calculation.
SCC-9 cells or NIH3T3 fibroblasts (5 X 10° cells/well) were
plated in triplicate in a 96-well plate and incubated as indicated
with different concentrations of the compounds for 48 h.
DMSO was diluted in culture medium at the same
concentrations and used as a negative control, representing
100% cell viability. After 48 h of treatment, cells were
incubated for 4 h with S mg/mL of MTT reagent (3,4,5-
dimethiazol-2,5-diphenyltetrazolium bromide) (Sigma-Aldrich
Co., St. Louis, MO, USA) diluted in culture medium.
Subsequently, the formazan crystals were dissolved by MTT
solvent (50% methanol and 50% DMSOQ), and the absorbance
was read at 560 nm using an EPOCH microplate
spectrophotometer (BioTek Instruments, Winooski, VT,
USA) with the background absorbance at 670 nm subtracted.
The S.I. was calculated as ICy, of the pure compound in a
normal cell line NIH3T3/ICy, of the same pure compound in
cancer cell line SCC-9.

4.3.3. Wound Healing Assay. SCC-9 cells were seeded in
24-well plates (7.5 X 10* cells/well) and cultured up to 80%
confluence at 37 °C and 5% CO,. A sterile tip was used to
scratch the medial surface of each well, and cells were then
maintained with reduced serum concentration (5% v/v) to
avoid cell proliferation and treated with DMSO (negative
control), carboplatin (positive control), or each of the
chalcogen-naphthoquinones indicated. Doses for all substances
were set at ICy, values for SCC-9 cells obtained in the cell
viability assays. Images of the scratch were taken at the
beginning (0 h) or 12 and 24 h after treatment using the Evos
microscope XL Core Imaging System (Thermo Fisher
Scientific, Oregon, USA), and the medium gap distance
between wound margins for each image was measured using
Image] software (National Institute of Health, Bethesda, MD,
USA). Statistical analysis was performed using one-way
ANOVA with Dunnett’s multiple comparison test against
DMSO control.

4.3.4. Cell Cycle Progression and Cell Death. SCC-9 cells
were plated in 6-well plates (2 X 10° cells/well) cultured for 24
h and then treated with DMSO (negative control), carboplatin
(positive control), or each of the chalcogen-naphthoquinones
indicated for 48 h. Doses for all substances were set at IC,
values for SCC-9 cells obtained in cell viability assays. Cells
were then trypsinized and stained with propidium iodide (0.02
mg/mL in Triton X-100 solution at 0.1%). The samples were
incubated for 15 min at 37 °C, and DNA content was analyzed
by collecting 10,000 events by flow cytometry in a BD Accuri
C6 Plus system (BD Bioscience, San Jose, CA, USA). The data
were analyzed using Cell Quest Pro software (BD Bioscience,
San Jose, CA, USA). Statistical analysis was performed using
one-way ANOVA with Turkey’s multiple comparison test,
where all columns were significantly different from the negative
control.

4.3.5. Molecular Docking. To perform the molecular
docking, the Hermes GOLD software (Genetic Optimization
for Ligand Docking, version 2022.3.0) was used, based on the
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methodology of Verdonk et al,,”> which uses a genetic-type
algorithm for interaction between ligand and receptor. The
chosen structure of the target, together with the cocrystallized
ligand used, was 6S8K (structure, thermodynamics, and
kinetics of plinabulin binding to two tubulin isotypes)
deposited in the PDB (Protein Data Bank). The protein was
prepared using the GOLD Wizard tool, excluding water
molecules not belonging to the active site, the cocrystallized
linker, and double conformations. Hydrogen atoms were
added, and the active site was configured by selecting a 6 A
sphere from the points X: 16.3395, Y: —5.9471, and Z:
26.70009.

Protein preparation was performed using the APBS
Biomolecular software at pH 7.4.”®”” Rest of the settings
were kept at default for the design of the Schiff bases, the
ChemSketch 2021.1.1 software’® was used, in which the
SMILES codes were generated to generate the three-dimen-
sional structure in Avogadro 1.2.0.7° In Avogadro 1.2.0, a
preoptimization was performed using the UFF force field until
AE < 1072 kJ mol™%.

The configuration of the ligands was performed in
MarvinSketch 22.11,*° using the microspecies/pK, distribution
tool and setting the physiological pH (7.4),”* with the rest of
the configurations in default. Anchoring was performed using
the GoldScore, ChemScore, ASP, and ChemPLP scoring
functions. The solutions were visually inspected to analyze
binding patterns, intermolecular interactions, and ligand
positioning in the site.

4.3.6. In Silico Analysis of Physicochemical Properties.
10a, the molecule with the greatest anticancer potential, had its
physicochemical profile analyzed by the SwissADME program
(http://www.swissadme.ch).81
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