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This study explores the synthesis, electrochemical properties, and computational aspects of mono-,
bis-, tris-, and tetrakis(thio)-substituted 1,4-benzoquinones. The electrochemical properties of the com-
pounds were analyzed using staircase cyclic voltammetry (CV). Ground-state energies were determined
through time-dependent density functional theory (TD-DFT), utilizing the B3LYP functional and the 6-
311G(d,p) basis set. Additionally, the in vitro anticancer efficacy of 2-(tert-butylthio)-3,5,6-trichloro-
cyclohexa-2,5-diene-1,4-dione (compound 5) was evaluated using the triple-negative breast cancer cell
line (MDA-MB-231). Notably, compound 5 demonstrated significant potency, with values of 50 pM 50 %
cytotoxic concentration (1Cso).
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(THO)-CYIICTUTYUPAHMU-1,4-BEH30XNHOHU: CUHTE3A, EJIEKTPOXEMHUJA,
DFT HPECMETKU U NIOTEHIUUJAJIEH AHTUITPOJIN®EPATUBEH E®EKT
MMPOTUB KJIETKHN HA MDA-MB-231

Bo 0B0j Tpya e mpeTcTaBeHa CHHTE3aTa, CICKTPOXEMUCKHTE CBOjCTBA M TECOPETCKHUTE MPECMETKH
Ha eJIEKTPOHCKAaTa TyCTHHA Ha MOHO-, OWC-, TPUC- M TETPAKHUC(THO)-CYNCTUTYHpaHH |,4-0€H30XHHOHU.
EnekTpoxeMHCKUTE CBOjCTBA Ha HCIMTYBaHUTE COCANHEHH]ja Oea aHATM3UPaHK CO IPUMEHA Ha IUKJIMYHA
cKajiecTa BoJiTaMeTpHja. EHepruute Ha OCHOBHaTa cocTtoj0a Ha CUTE HMCIHMTYBaHM COeJIMHEHHWja Oea
OIpEJICTICHN CO NMpHUMEHa Ha (PYHKIMOHAIHA BPEMEHCKH 3aBHCHA TEOpHja Ha EJIEKTPOHCKAaTa TyCTHHA
(TD-DFT), co ymotpeba Ha ¢ynkuuonaneH mnakeT B3LYP wu ochoBen cer 6-311G(d,p), mto ce
IM3ajHAPaHM 3a BAaKOB TUI mpecMeTku. [lokpaj Toa, iN VItr0 aHTHKAHIEPOreHWOT MOTCHIMjaNl Ha
coemuuennero 2-(tert-Gyruirro)-3,5,6-Tpuxnoprmkioxekca-2,5-nuen-1,4-nuon  (5) Gerre eBamyupaH
KOPHCTEJKH ja KJIETOYHATa JMHMja 332 PaK Ha J0jKa, CO yrmoTpeda Ha HETATHBEH TPHUAHjOHCKH PEIETITOP
(MDA-MB-231). BaxHo e aa ce HaroMeHH jieka coeanHennero (5) mokaxa 3HauYnTEIHa ePUKACHOCT, CO
BpeaHoctd o 50 uM u 50 % uuroTokcuuHa Konentparmja (ICso).

Kayuynu 360poBu: OSH30XMHOHM; THOJIM; P-XJIOPAHWI;, BPEMEHCKU 3aBHCHA TeOopHja Ha (pyHKIHMOHAIOT
Ha eJIEKTPOHCKATa T'yCTHHA

1. INTRODUCTION isms.? They exhibit various biological activities,
including antiproliferative, antibacterial, antifun-
Quinones are naturally occurring com- gal, and antiviral properties.>® The biological ac-

pounds found in plants, animals, and microorgan- tivity of quinones is related to their redox proper-
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ties,*> which are influenced by the electron-
withdrawing or electron-donating substituents on
the quinoid skeleton.® In addition, the introduction
of groups such as OCHs, OH, and SH into the qui-
none structure enhances their biological activities,
including antibacterial* and cytotoxic effects.”®

Among quinones, p-chloranil belongs to the
halo-substituted 1,4-benzoquinones. Numerous stud-
ies have reported on its reactions with nucleophiles,
including the following: reactions of p-chloranil with
4-aminobenzoic acid in ethanol (EtOH) at room tem-
perature;’ azomethines in ethylacetate;® ethylmer-
captan in the presence of sodium metal in dry
ice/acetone;™ thiols and dithiols in EtOH with sodi-
um carbonate under room/reflux temperature;'>*
aniline in dioxane at 15 °C:** monosubstituted ani-
lines under solid-phase microwave irradiation condi-
tions;*®* 2-aminonitrophenols/arylamines in EtOH
with sodium acetate;**" arylthiols in water;® and po-
tassium alkyl/aryl mercaptides in benzene/ethanol.®
Among these, Tandon et al.® showed that the reac-
tions of chloranil with arylthiols in water to yield bis-,
tris-, and tetrakis(thio)-substituted p-benzoguinones.
Notably, the compound 2,3,5,6-tetrakis(phenylthio)
cyclohexa-2,5-diene-1,4-dione  exhibited superior
antifungal properties than antifungal drugs flucona-
zole and flucytosine.®

Additionally, extensive research from our la-
boratories'®? has focused on reactions between qui-
nones and nucleophiles, such as amines and thiols.

Cancer, being the second leading cause of
death globally,®*?* has driven continued interest in
developing treatments. Quinones hold promise as
anticancer agents, with certain quinoid compounds
already utilized as anticancer drugs, such as doxoru-
bicin, idarubicin, mitomycin-C, and streptonigrin.*
Several 1,4-quinone derivatives have demonstrated
antiproliferative activity against cancer cell lines,
including MDA-MB-231%% and MCF-7 breast
cancer cells.?’

Considering the significant role of quinones
in medicinal and chemical research, this study re-
ports the synthesis, electrochemical behavior, and
computational studies of benzoquinones derived
from reactions between p-chloranil and thiols, in-
cluding sodium-2-methyl-2-propanethiolate (2), 4-
tert-butylbenzenethiol (3), or sodium 2-propan-
ethiolate (4). Additionally, 2-(tert-butylthio)-3,5,6-
trichlorocyclohexa-2,5-diene-1,4-dione  (5) was
evaluated for its antiproliferative activity against
MDA-MB-231 cancer cells.

2. MATERIALS AND METHODS

2.1. Chemistry

Mass spectra were recorded using a Thermo
Finnigan LCQ Advantage MAX (USA) system in
both positive and negative ion modes with an elec-
trospray ionization (ESI) source. H/**C NMR
spectrums were obtained using a Varian Unity
Inova spectrometer by using tetramethylsilane
(TMS) as an internal standard and CDCIs as the
solvent. UV-Vis spectra were measured on a Shi-
madzu 1800 (Japan) UV-spectrophotometer. Col-
umn chromatography was performed on silica gel
(Merck Kieselgel 60, 70 — 230 mesh).

2.2. Synthesis of quinoid compounds

Synthesis of 2-(tert-butylthio)-3,5,6-trichlo-
rocyclohexa-2,5-diene-1,4-dione (5):® p-chloranil
(8.14 mmol, 1) was treated with 1.0 equiv. of sodi-
um-2-methyl-2-propanethiolate ((CH3);sCSNa, 8.14
mmol, 2) in CHCI3/CH.Cl; (50 ml) at 55 °C. The
reaction progress was monitored by thin layer
chromatography (TLC). The reaction mixture was
extracted with CHCI; and H2O (3 x 25 ml). The
CHCI; phase was dried with anhydrous Na,SOsu,
and the solvent was removed under vacuum.
Chromatography on silica gel, eluted with a petro-
leum ether/chloroform mixture, yielded compound
5. Rf (LIPET/1CHCIs): 0.7; Yield: 195 mg (8 %).
UV (CHCI3), Amax (log €): 296 (4.23), 506 (2.91).
'H NMR (CdCls), 6 (ppm): 1.38 (s, 9H, 3CH3). 13C
NMR (CdCls), 6 (ppm): 173.33, 170.28 (C=0);
148.67, 144.27, 142.02, 140.48 (Cguinone); 53.92
(Cert); 32.38 (CH3); MS, m/z: 298.0 ([M], 100 %),
(299.9, 96 %). Anal. calc. for CioHsCl30,S
(299.6): C, 40.09; H, 3.03; S, 10.70. Found: C,
40.10; H, 3.01; S, 10.65.

Synthesis of 2,5-bis(tert-butylthio)-3,6-
dichlorocyclohexa-2,5-diene-1,4-dione (6) and
2,3,5-tris(tert-butylthio)-6-chlorocyclohexa-2,5-
diene-1,4-dione (7): p-chloranil (8.0 mmol, 1) was
treated with 2.0 equiv. of sodium-2-methyl-2-
propanethiolate ((CH3)sCSNa, 16 mmol, 2) in
CH,Cl, (60 ml). The reaction progress was moni-
tored by TLC. The reaction mixture was extracted
with CHCI; and H20 (3 x 25 ml), and the CHCI;
phase was dried with anhydrous Na;SO,. The sol-
vent was removed under vacuum. Chromatography
on silica gel eluted with petroleum ether/chloroform
mixtures yielded compounds 6 and 7.

2,5-bis(tert-butylthio)-3,6-dichlorocyclo-
hexa-2,5-diene-1,4-dione (6): Rf (LPET/1CHCls):
0.5; Yield: 225 mg (16 %). UV (CHCIs), Amax (log
€): 264 (3.90), 296 (3.90), 486 (3.16). *H NMR
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(CdCl3), 6 (ppm): 1.38 (s, 6CHs). *C NMR
(CdCls), 6 (ppm): 173.78 (C=0); 151.28 (=CS);
141.36 (C—Cl); 53.36 (Cterr); 32.48 (CH3). MS, m/z:
351.9 ([M]_, 100 %) Anal. calc. for C14H180|20282
(353.33): C, 47.59; H, 5.13; S, 18.15. Found: C,
47.55; H, 5.18; S, 18.20.
2,3,5-tris(tert-butylthio)-6-chlorocyclohe-
xa-2,5-diene-1,4-dione (7): Yield: 23 mg (2%).
UV (CHCl3), Amax (log €): 268 (4.02), 424 (3.35).
'H NMR (CdCls), § (ppm): 1.393 (s, 9H, 3CHs),
1.388 (s, 9H, 3CH3), 1.375 (s, 9H, 3CHs). “C
NMR (CdCls), d (ppm): 178.00, 174.64 (C=0);
153.17, 150.58, 150.02, 144.40 (=CS, C-CI);
53.00, 52.90, 52.74 (Ceen); 32.52, 32.46, 32.42
(CHs). MS, m/z: 406.8 ([M+H]", 100%) and MS:
m/z: 428.9 ([M+Na]*, 37%). Anal. calc. for
C18H27C|0233 (407.05): C, 53.11; H, 6.69; S,
23.63. Found: C, 53.09; H, 6.64; S, 23.67.
Synthesis of 2,3,5-tris(4-tert-butylphenyl-
thio)-6-chlorocyclohexa-2,5-diene-1,4-dione (8):%
p-chloranil (1) (1.48 g, 6.0 mmol) was stirred into
a mixture of MeOH and CHCIls. To this solution,
equiv. amount of 4-tert-butylbenzenethiol (3) (1.0
g, 6.0 mmol) was added, causing an immediate
color change. The reaction mixture was stirred at
65 °C for 5 minutes, then allowed to cool to room
temperature. The reaction progress was monitored
by TLC. The reaction mixture was extracted with
CHCI; and H»0, and the CHCI; phase was dried
over anhydrous Na,SO4. The solvent was removed
under vacuum. Purification by silica gel chroma-
tography with petroleum ether/CHCI; (3:1) yielded
compound 8. Yield: 15%. UV (CHCIs), Amax (log
g): 252 (4.95), 416 (4.09). 'H NMR (CdCly), ¢
(ppm): 7.10 — 7.25 (m, 12H), 1.24 (s, 9H, 3CHy),
1.22 (s, 18H, 6CHs). *C NMR (CdCly), 6 (ppm):
175.13, 172.02 (C=0); 152.05, 151.57, 151.35,
146.44, 146.20, 145.55, 139.90, 132.46, 131.70,
131.25, 129.34, 129.06, 127.03, 126.28, 126.25
(Cquinone, Carom); 34.70, 34.66 (Cen); 31.25, 31.21
(CHs). MS, m/z: 635.4 ([M+H]", 100%). Anal.
calc. for CssH39ClO,S;3 (635.34): C, 68.06; H, 6.19;
S, 15.14. Found: C, 68.10; H, 6.14; S, 15.19.
Synthesis of 2,3,5,6-tetrakis(isopropylthio)
cyclohexa-2,5-diene-1,4-dione (9):**% p-Chloranil
(1) (2.0 g, 8.13 mmol) was reacted with an equiv.
of sodium 2-propanethiolate (4) (0.8 g, 8.13 mmol)
in CHCI; at room temperature. The reaction pro-
gress was monitored by TLC. The reaction mixture
was extracted with CHCI; and H.0, and the CHCl3
phase was dried over anhydrous Na;SOa4. The sol-
vent was removed under vacuum. Purification by
silica gel chromatography with n-hexane/CHCI;
(1:1) yielded compound 9. Rs (LPET:1CHCls): 0.3.
Yield: 30%. UV (CHCI3), Amax (log €): 248 (4.20),
366 (3.83), 398 (3.80). 'H NMR (CdCls), 5 (ppm):
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4.03 (septet, J = 6.7 Hz, 4H, S-CH<), 1.32 (d, J =
6.7 Hz, 24H, 8CHs). *C NMR (CdCls), 6 (ppm):
175.06 (C=0), 147.22 (C-S), 38.72 (S-C<), 23.83
(CH3). MS, m/z: 405.08 ([M+H]", 100 %). Anal.
calc. for CigH250,S4 (404.67): C, 53.42; H, 6.97;
S, 31.69. Found: C, 53.45; H, 6.94; S, 31.65.

2.3. Electrochemistry

The electrochemical characteristics of benzo-
quinone derivatives were examined using the stair-
case cyclic voltammetry (CV) technique at different
scan rates (50 — 1000 mV/s) within a potential range
of +0.3to -2 V. The CV studies were conducted with
an Ivium Vertex potentiostat/galvanostat system
(Netherlands), employing a traditional three-electrode
cell configuration consisting of a platinum wire coun-
ter electrode, an Ag/AgCI reference electrode with
double-junction system, and a glassy carbon working
electrode (GCE).

The measurements were conducted in 1 x
10 M benzoquinone solutions, with 0.1 M tet-
rabutylammonium perchlorate (TBAP) as the sup-
porting electrolyte, dissolved in acetonitrile (ACN)
under a nitrogen atmosphere.

2.4. Cell lines and culture conditions
and compound § treatment

The antiproliferative activity of compound 5
was evaluated against triple negative breast cancer
(TNBC) cell line MDA-MB 231, obtained from the
American Type Culture Collection. The cells were
cultured in a 1:1 mixture of Ham's F12 medium
(Sigma Aldrich, USA). Compound 5 was dissolved
in dimethyl sulfoxide (DMSQ) to prepare a stock
solution, which was then diluted in fetal bovine
serum (FBS-free DMEM) and applied to MDA-
MB-231 cells at certain concentrations. Untreated
cells and those treated solely with DMSO were
used as controls.

2.5. Cell viability and proliferation assays
(MTS assay)

Cell viability and proliferation were assessed
using the MTS assay (3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium; Promega, Madison, WI). Cell
counting was performed using a hemocytometer,
and viable cells were identified through trypan
blue exclusion. Among all synthesized compounds,
mono- (thio) substituted benzoquinone (5) was
selected to evaluate its antiproliferative effect. The
identified cells were seeded into 96-well plates
(greiner BIO-ONE 655180, Germany) at a density
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of 1.20-10° cells/well and treated with different
concentrations of compound 5 (5, 10, 20, 50, 100,
200, and 500 pM).

After 24 h of treatment, a solution contain-
ing MTS and phenazine methosulfate (20:1 v/v)
was added to the cells. Following 2 — 3 h of incu-
bation at 37 °C, cell viability was determined by
measuring absorption at 490 nm using ELISA
Reader (Promega Glomax Multi Detection System,
USA), which measures the generation of formazan
by metabolically active cells.

2.6. Colony formation assays

MDA-MB-231 cells were seeded in 6-well
plates at a density of 1.5-10° cells/well, treated
with compound 5, and incubated at 37 °C for 2
weeks to allow colony formation. Following incu-
bation, the colonies were washed with PBS,
stained with 0.5% (w/v) crystal violet, and the vis-
ible colonies were counted. All experiments were
independently repeated at least twice.
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H
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X
-
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O
PPN
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3. RESULTS AND DISCUSSION

3.1. Chemistry

The mono(thio)-substituted benzoquinone
(5) was obtained via a substitution reaction of
2,3,5,6-tetrachloro-1,4-benzoquinone (p-chloranil,
1) with an equivalent amount of sodium-2-methyl-
2-propanethiolate (2), according to patent applica-
tion method.?® Bis- and tris(thio)-substituted 1,4-
benzoquinones (6 and 7) were prepared using 1 (1
equiv.) and 2 (2 equiv.), respectively. Similarly, p-
chloranil 1 reacted nucleophilically with 4-tert-
butylbenzenethiol (3) and sodium 2-propanethiolate
(4) to vyield tris- and tetrakis(thio)-substituted
products (8 and 9), respectively, as shown Scheme
1. Structures of synthesized compounds were elu-
cidated by various techniques, including *H NMR,
13C NMR, MS (ESI), UV-Vis, and cyclic voltam-
metry (CV).

S 9 oK
s
o

(0]

O )<
S
Cl
(0]
5
(6] )<
S
.
Cl
6
(0]
S S
S C
(0]
8

(iii): MeOH,CHCl3 (5 min, 65 °C) and then room temp. (iv): CHCl3, room temperature

Scheme 1. General scheme for mono-, bis- tris- and tetrakis(thio)-substituted 1,4-benzoquinone derivatives (5-9).
Reagents and conditions: (i) 1 equiv. 2, 55 °C, CHCIs/CH2Clz; (ii) 2 equiv. 2, CH2Clz; (iii) 1 equiv. 3, MeOH/CHCIs (5 min. 65 °C)
and then room temperature; and (iv) 1 equiv. 4, CHCIs, room temperature
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In the **C NMR spectrum, symmetrical car-
bonyl carbons of 1,4-benzoquinone derivatives
(bis- and tetrakis(thio)-substituted structures) ap-
peared as a single signal at 173.78 ppm (for 6) and
175.06 ppm (for 9). In contrast, two carbonyl car-
bon signals were observed for mono- and
tris(thio)-substituted structures: 173.33, 170.28
ppm (for 5); 178.00 and 174.64 ppm (for 7); and
175.13 and 172.02 ppm (for 8). Notably, for
bis(thio)-substituted quinone (6), the single car-
bonyl signal at 173.78 ppm was assigned to the
2,5-position of the thio groups due to the symmet-
rical structure.

In the *H NMR spectra, compounds 5, 6, and
7 exhibited proton signals corresponding to CHs
groups at approximately 1.38 ppm. Compound 8
showed a multiplet at 7.10 — 7.25 ppm for aryl
group protons (12H) and a singlet at approximately
1.23 ppm for methyl protons (27H). For compound
9, a septet signal at 4.03 ppm was observed for the
—S—CH< group (J = 6.7 Hz), while a doublet at
1.32 ppm corresponds to CHs; groups (J = 6.7 Hz),
consistent with expectations.

For compound 5, the molecular ion was de-
tected at m/z [M]™ = 298.0 (100%), as expected.
Additionally, the isotopic peak at m/z 299.9 (96%)
confirmed the presence of three chlorine atoms.
Compound 6 exhibited a base peak ([M]) at m/z =
351.9, as expected. The mass spectra of com-
pounds 7 and 9 were characterized by the presence
of protonated ion peaks ([M+H]") at m/z 406.8 and
405.08, respectively, aligning with the expected
values.

3.2. Electrochemistry

One of the most commonly used redox cou-
ples in chemical processes is quinone-hydro-
quinone.®3* To investigate the impact of thio-
groups on electronic perturbation, several novel
benzoquinone derivatives (5, 6, 7, 8, and 9) were
examined using CV in the potential range of +0.3
to —2.0 V (vs. Ag/AgCl with double-junction sys-
tem) by varying the scan rates from 50 to 1000
mV/s. The cyclic voltammograms of five benzo-
quinone derivatives, recorded at a scan rate of 100
mV/s, are shown in Figure 1. Two distinct redox
couples (I and II) were identified for these benzo-
guinone derivatives.

For each compound, parameters such as the
peak current ratio (la/lpc), the dependence of peak
current on the square root of the scan rate (1,/v/?),
the peak-to-peak separation (AE,), and the effect of
scan rate variation on (I,/v*?) were evaluated, as
shown Table 1. In the Iy vs. v? plot, the straight
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lines passing through the origin indicate reversible
processes.® This behavior was observed in two
distinct processes within quinone structures. The
first process involved the reduction of quinone to
the semiquinone radical (Q, ld/lc), while the sec-
ond process corresponded to the reduction of sem-
iquinone to the quinone dianion (Q?, I14/11;). %%
The redox processes of benzoquinone derivatives
5, 6, and 8 were found to be reversible, as illustrat-
ed in Figure 1. The separations of peak potentials
(AEp = Epa — Epc) for the two redox couples were
calculated to be 60 — 100 mV for these compounds,
with peak current ratios (ipa/ipc) close to unity at
100 mV/s. Additionally, AE, and ip/v¥? ratios did
not show appreciable change with varying scan
rates.

9 lla

Current (uA)
~
&
-
>
G—

1 v 1 v 1
-2 -1 0
Potential (V)

Fig. 1. Cyclic voltammograms of 1 x 10-3 M benzoquinone
derivatives (5, 6, 7, 8, and 9) containing 0.1 M tetrabu-
tylammonium perchlorate (TBAP) in acetonitrile (ACN) at
potential range of +0.3 V to —2.0 V (Scan rate: 100 mV/s,
Estep: 10 mV)

In contrast, benzoquinone derivatives 7 and
9 exhibited a reversible first redox process and a
quasi-reversible second redox process. Notably,
the peak potentials for derivatives 5, 6, and 7
changed significantly with the reduction of chlo-
rine (CI) group in their structure. The replacement
of the electron-withdrawing chlorine group in
compound 5 with thio-groups in compounds 6 and
7 caused a significant cathodic shift in the two one-
electron reduction processes. The electron-
donating nature of the thio-groups made the reduc-
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tion of compounds 6 and 7 more challenging com-
pared to compound 5.*

The cathodic shift for the first and second
waves of compound 7, relative to compound 5, was
approximately 90 mV and 60 mV, respectively, at
100 mV/s. The presence of a benzene ring on the
thiolate group in compound 7 further increased
electron density on the quinoid structure. Addi-
tionally, the Ei potentials for the thio-substituted
benzoquinone compound 8 were less negative
compared to those of compound 7 in both one-
electron reduction steps, indicating that compound
8 is more easily reduced (Fig. 1).

Table 1

Additionally, increasing the number of thio-
late (-SR) groups, along with the number of me-
thyl groups attached to the thiolate groups, signifi-
cantly affected the reduction potentials. The initial
reversible redox couples for benzoquinone deriva-
tives 7 and 9 were observed at —285 mV and —155
mV, respectively. The second waves for these
compounds were recorded at —950 mV and —740
mV. Compared to compound 7, both redox couples
of compound 9, which contains four thiolate
groups on the benzoquinone ring and two methyl
groups on each thiolate group, shifted towards less
negative potentials.

Electrochemical parameters obtained from cyclic voltammograms of 1 x 103 M benzoquinone derivatives
(5, 6, 7, 8, and 9) containing 0.1 M tetrabutylammonium perchlorate (TBAP) in acetonitrile (ACN) in the
potential range from +0.3 V to —2.0 V (Scan rate: 100 mV/s, Estep: 10 mV)

ipa\/'ﬂZU1 ipa\FUZ Epa Epa ipcV71/2 ipcVﬁll2 Epc Epc Ei2 Eiz ipalipc  ipafioc AEp AEp
x1072 ct (mV) (mV) ct ct mv) (mv) (mv) (mv) (mV) (mV)
(AV*2  x10? Wave  Wave  x1072 x10%2  Wave Wav Wave Wave Wav Wav Wave Wave
si? (AV12 | 1 AV (AVvYZ2 ell | ] e ell | 1
- mol—l Sl/2 51/2 S]./Z |
% cmd) mol~ mol mol?
g Wave cm?) cm?) cm?)
S | Wave Wave Wave
© I | I
5 097 0.88 -160 -820 1.15 0.81 -230 920 -195 870 095 107 70 100
6 054 0.48 -220 -840 0.54 0.52 -280 920 -250 -880 1.03 1.08 60 80
7 091 0.57 -250 -880 1.08 0.76 -320 1020 -285 950 094 078 70 140
8 048 0.27 -150 —660 0.52 0.35 -220 730 -185 695 099 100 70 70
9 0.96 1.19 -120 —640 0.99 1.27 -190 -840 155 —740 111 114 70 200

ipa and ipc are the anodic and cathodic peak currents, respectively, while Epa and Epc are the anodic and cathodic peak potentials,
respectively. AEjp is the peak-to-peak separation (AEp = Epa — Epc).

3.3. Quantum chemical studies

The complete geometry optimization and
energy calculations of all tested benzoquinone de-
rivatives were performed using the TD-DFT meth-
0d* with GAUSSIAN 09.** The Becke three-
parameter hybrid exchange functional and the Lee-
Yang-Parr correlation functional (B3LYP)**3
along with the 6-311G(d,p) basis set, were em-
ployed for all atoms of quinoid compounds during
the TD-DFT calculations.

The following equations were utilized to es-
timate quantum chemical descriptors based on the
one-electron energies of the frontier molecular or-
bitals (FMO), specifically the Lowest Unoccupied
Molecular Orbital (LUMO) and Highest Occupied
Molecular Orbital (HOMO). Equations (1) — (6):

1= -Eyomo 1)
A= -Eymo (2)
AEgap = Erymo — Enomo 3)
I+A
u=-(2) @
I-A
n=-— ()
-1
o= (6)

where | represents ionization potential, A denotes
the electron affinity, p is the electronic chemical
potential, n represents the chemical hardness, and
o corresponds to the global softness.
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Fig. 2. FMO and energy diagrams for benzoquinone derivatives (5, 6, 7, 8, and 9)
computed using the B3LYP/6-311G(d,p) basis set

Table 2

Quantum chemical descriptors of the benzoquinone derivatives (5, 6, 7, 8, and 9)
calculated at B3LYP/6-311G(d,p)

Enowmo ELumo

Compound (&V) (V) AEgap | A u (eV) n (eV) o(eV)
5 —6.83 -4.14 2.69 6.83 4.14 -5.60 1.34 0.74
6 —6.49 -3.87 2.62 6.49 3.87 -5.18 1.31 0.76
7 -6.29 -3.64 2.65 6.29 3.64 —4.97 1.33 0.75
8 -6.00 -3.48 2.52 6.00 3.48 —4.74 1.26 0.79
9 -5.99 -3.35 2.64 5.99 3.35 —4.67 1.32 0.76

In order to elucidate the experimental find-
ings detailed above, we performed full geometry
optimizations for all compounds using density
functional theory.** The HOMO and LUMO ener-
gies, which reflect the molecules' chemical activi-
ty, were used to compute the energy difference
between the frontier orbitals of the donor and ac-
ceptor orbitals corresponding to the charge transfer
transition (AEgap = LUMOagceptor — HOMOdonor).** In
addition, contour plots and 3D visualizations of the
frontier orbitals (HOMOs and LUMOs) calculated
using the B3LYP/6-311G(d,p) basis set, along with

Maced. J. Chem. Chem. Eng. 44 (1), 1-11 (2025)

their corresponding energy levels and gaps, are
shown in Figure 2. The results for benzoquinone
derivatives (5, 6, 7, 8, and 9) are summarized in
Table 2.

The substitution of —SR groups in place of
Cl groups in benzoquinone derivatives (5, 6, and 7)
did not significantly affect AEgp, as shown in Fig-
ure 2. Among these compounds, the highest AEggp
value was calculated for compound 5, while the
smallest AEgp value was observed for compound
6. In particular, the HOMO and LUMO energy
values of compound 5 were determined to be —6.83



8 A. Kacmazet al.

eV and —4.14 eV, respectively, using TD-DFT,
resulting in a AEgs of 2.69 eV. The AEgy values
for compounds 6 and 7 were 2.62 eV and 2.65 eV,
respectively.

For compound 8, the addition of a benzene
ring (an electron-donating group) significantly de-
creased both the HOMO and LUMO energies, as
well as the AEg value. The HOMO, LUMO, and
AEge for compound 8 were calculated as —6.00 eV,
—-3.48 eV, and 2.52 eV, respectively. When com-
pared to compounds 7 and 9, it is evident that the
reduction of methyl groups on the substituted
group and the replacement of the Cl atom with an —
SR group caused noticeable changes in HOMO
and LUMO energies, while AEg, remained rela-
tively stable. The band gaps for compounds 7 and
9 were calculated as 2.65 eV and 2.64 eV, respec-
tively.

As depicted in Figure 2, the HOMOs of ben-
zoquinone derivatives 5, 6, 7, and 9 are primarily
localized over the —S and —CI atoms, with smaller
distributions over the quinonoid core and O atoms.
Notably, the CH3 groups in the —SR substituents
did not contribute to the HOMO orbitals of these
derivatives. For compound 8, the benzene ring at-
tached to the —SR substituent had minimal influ-
ence on the HOMO. Conversely, the LUMOs of all
compounds showed higher amplitude localized on
the quinone skeleton,*® with additional localization
on the —ClI and —S groups in the benzoquinone de-
rivatives.

Various descriptors are employed to express
molecular reactivity in chemical processes. Among
them, the HOMO-LUMO energy gap (AEgap) is a
critical factor for predicting the reactivity of both
organic and inorganic compounds.*® The electron-
donating ability of a molecule is described by Eno-
mo, While its electron-accepting ability corresponds
to ELumo. Molecules with a narrow HOMO-LUMO
gap (AEgsp) are considered "soft," indicating lower
stability and higher reactivity.*’

Table 2 summarizes the values for Enomo,
ELumo, AEgap, I, A, u, 1, and o, which collectively
assess the activity of benzoquinone derivatives.
Based on Table 2, the ranking of AEg, (V) for all
molecules is as follows: 8 (2.52) < 6 (2.62) < 9
(2.64) < 7 (2.65) <5 (2.69). This order is corrobo-
rated by the hardness values (1, eV): 8 (1.26) < 6
(1.31) <9(1.32) < 7 (1.33) < 5(1.34).

The selection of an optimal system for bind-
ing to cancer cells can be guided by guantum mo-
lecular descriptors.”® The calculated energy gap,
chemical hardness, and chemical potential values
suggest the predicted binding affinities of benzo-
guinone derivatives to cancerous tissues in the fol-
lowing order: 8>6>9>7>5,

3.4. Cell viability and clonogenic formation

The cytotoxicity effects of compound 5 on
MDA-MB-231 cells were evaluated by increasing
concentration of the compound (5, 10, 20, 50, 100,
200, and 500 uM) following a 24 h treatment peri-
od. The MTS assay was conducted to assess cell
viability. The analysis showed that treatment with
compound 5 significantly inhibited the prolifera-
tion of MDA-MB-231 cells compared to untreated
(NT) and DMSO-treated control cells, 50 % cyto-
toxic concentration (I1Csp) found as 50 uM (Fig. 3).

MDA-MB-231

150+
S
3 100+
E xX FEEE exxx
= %
S 504 %
3 %
S %

o %

Fig. 3. Cells treated with increasing concentrations of com-
pound 5; cell viability was assessed using the MTS assay after
24 h. The data are presented as means + standard deviations
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001,
Students t-test)

The effects of compound 5 on colony for-
mation in MDA-MB-231 cells were investigated.
Treatment with compound 5 (5 — 25 uM) resulted
in a significant reduction in the number of colonies
at concentrations of 10 uM and higher, compared
to NT and DMSO-treated cells (Fig. 4).
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Fig. 4. The effects of compound 5 on colony formation of MDA-MB-231 cells

4. CONCLUSIONS

In conclusion, several 1,4-benzoquinone de-
rivatives (5 — 9) containing sulfur atoms were suc-
cessfully synthesized and characterized using ele-
mental analysis, UV-Vis, *H-NMR, *C-NMR, and
MS (ESI) spectroscopy. The electrochemical prop-
erties and theoretical calculations of these com-
pounds were investigated. The reduction potentials
of the benzoquinone derivatives varied significant-
ly with a decreasing number of chlorine (ClI)
groups in their structure. Substituting a CI group
on the benzoquinone ring with a thio group result-
ed in a marked cathodic shift in the two one-
electron reduction processes. Benzoquinones with
a benzene ring linked to the thiolate group exhibit-
ed less negative reduction potential compared to
those with only a thio substitution. Additionally, an
increase in thiolate (-SR) groups and their attached
methyl groups significantly influenced the reduc-
tion potential.

Based on AEgp, chemical hardness, and
chemical potential parameters, the predicted bind-
ing affinity of benzoquinone derivatives to cancer-
ous tissues is ranked as follows: 8 >6>9 >7 > 5.
Among the synthesized compounds, compound 5
demonstrated significant cytotoxicity in MDA-
MB-231 cells during in vitro studies. Future stud-
ies will focus on the direct synthesis of target com-
pounds for cancerous tissues, as predicted by theo-
retical calculations.
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