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Abstract: This research presents a synthesis and characterization of new 6,7-dichloro-5,8-quinolinedione
derivatives with various groups at the C2 position. Chemical structures were examined by the
spectroscopic methods. The quantum chemical parameters calculated using the DFT method showed
that these derivatives are highly reactive towards the nucleophilic target. The molecular electrostatic
potential map (MEP) showed that nucleophilic regions are localized near the nitrogen atom and the
formyl group. Introduction of the hydroxyl or formyl groups at the C2 position led to the formation
of an additional nucleophilic region. New compounds were tested as substrates for the NQO1
protein. An enzymatic study showed that derivatives are a good substrate for the NQO1 enzyme.
Moreover, it was shown that the enzymatic conversion rates depend on the type of substituent at the
C2 position of the 5,8-quinolinedione scaffold. A molecular docking study was used to study the
interaction between new derivatives and the NQO1 protein. The arrangement and type of interactions
between derivatives and the NQO1 enzyme depended on the type of substituent at the C2 position.
A derivative with the hydroxyl group at this position was found to form an additional hydrogen
bond between the formyl group and the tyrosine.

Keywords: 5,8-quinolinedione; DFT; NQO1; DT-diaphorase; molecular docking

1. Introduction

DT-diaphorase (NQO1) is a flavoenzyme isolated by Ernster and coworkers over
60 years ago [1,2]. The enzyme is localized mainly in cytosol, but its low level is also
detected in the nucleus. In normal human tissues, a high level of this protein is observed in
many epithelial cells and in the vascular endothelium and adipocytes. The NQO1 enzyme
is highly expressed in most human solid tumors, such as lung, breast, colon, and pancreas.
Moreover, an increase in protein expression is detected in preneoplastic lesion and liver
cancer [2–7]. The crystal structure of human NQO1 was described in 2000 [8]. Human
NQO1 is a dimer consisting of two identical subunits, between which there are two active
sites composed of residues of polypeptide chains. Each dimer is bound to the flavin adenine
dinucleotide (FAD) [3,9]. The molecular mechanism is based on the direct two-electron-
mediated reduction of quinone to a hydroquinone scaffold [10,11]. The role of NQO1 in
cancer treatment has been repeatedly analyzed and described in the literature [2,4,12,13].
Dicoumarol is a well-known inhibitor of NQO1, which causes an oxidative stress in the
cell (Figure 1). It generates numerous side effects, such as disorders of the blood clotting
cycle by inhibiting the vitamin K oxidoreductase [14–16]. In contrast, streptonigrin (ST) is
a substrate for NQO1. By-products of the reaction between streptonigrin (ST) and NQO1
are the reactive oxygen species (ROS) that cause the mutation of DNA (Figure 1). The high
toxicity of streptonigrin (ST) prevents its use in cancer treatment [17–20].
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Figure 1. The chemical structure of a quinone compound. 

The study of the structure–activity relationship showed that a key fragment neces-
sary to preserve the bioactivity of streptonigrin (ST) is the 5,8-quinolinedione moiety. Fur-
ther research has shown that the bioactivity depends on the substituents at the C2, C6, 
and C7 positions of the 5,8-quinolinedione moiety [19]. The introduction of an amine or 
alkoxyl group at the C6 or/and C7 positions increases the cytotoxicity against leukemia, 
melanoma, breast, cervix, ovary, and lung cancers [21–26]. The halogen atom at the C6 
and/or C7 positions also influences the antitumor activity. Yoo et al. showed that com-
pounds with chloride atom exhibited higher activity than those with bromide atom [27]. 
Comparing the activity and biochemical properties of different derivatives of strepto-
nigrin showed that a substituent at the C2 position influences their interaction with metal 
ions [19].  

Many synthetic 5,8-quinolinedione compounds exhibiting biological activity have 
been described in the literature [21]. Studies on the modification of 5,8-quinolinedione at 
the C2 position are rarely found in the literature. The introduction of a methyl group at 
this position, such as 6,7-dichloro-2-methyl-5,8-quinolinedione 2, significantly affects the 
biological activity compared with 6,7-dichloro-5,8-quinolinedione 1. Moreover, derivative 
2 was characterized by lower toxicity against a normal cell line than compound 1 [24,28].  

In this work, we present the synthesis of new derivatives of 6,7-dichloro-5,8-quin-
olonedione, which contain formyl, hydroxyl groups, or chlorine atom as a substituent at 
the C2 position. These derivatives were characterized by the quantum chemical parame-
ters calculated by the DFT method. The in silico bioavailability of compounds was deter-
mined using the pkCSM program. They were also tested as substrates for the NQO1 en-
zyme. The molecular docking study was used to examine the interaction between deriva-
tives and the NQO1 enzyme. 

2. Materials and Methods 
2.1. Physical Measurements 

Nuclear magnetic resonance (NMR) spectra were recorded with a Bruker Avance 600 
spectrometer (Bruker, Billerica, MA, USA) in CDCl3 solvent. High-resolution mass spec-
tral analysis (HRMS) was performed using a Bruker Impact II instrument (Bruker, Biller-
ica, MA, USA). The sample was dissolved in a mixture of acetonitrile and 1% formic acid 
in a ratio of 4:1. 

2.2. Chemistry 
All reagents were purchased from Merck (Darmstadt, Germany), and their purity 

was higher than 98%. 6,7-Dichloro-2-methyl-5,8-quinolinedione 2, 2-hydroxyquinoline-8-
ol 4, and 2-chloroquinoline-8-ol 5 were synthesized according to the literature methods 
[28,29]. 
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The study of the structure–activity relationship showed that a key fragment necessary
to preserve the bioactivity of streptonigrin (ST) is the 5,8-quinolinedione moiety. Further
research has shown that the bioactivity depends on the substituents at the C2, C6, and C7
positions of the 5,8-quinolinedione moiety [19]. The introduction of an amine or alkoxyl
group at the C6 or/and C7 positions increases the cytotoxicity against leukemia, melanoma,
breast, cervix, ovary, and lung cancers [21–26]. The halogen atom at the C6 and/or C7
positions also influences the antitumor activity. Yoo et al. showed that compounds with
chloride atom exhibited higher activity than those with bromide atom [27]. Comparing the
activity and biochemical properties of different derivatives of streptonigrin showed that a
substituent at the C2 position influences their interaction with metal ions [19].

Many synthetic 5,8-quinolinedione compounds exhibiting biological activity have
been described in the literature [21]. Studies on the modification of 5,8-quinolinedione at
the C2 position are rarely found in the literature. The introduction of a methyl group at
this position, such as 6,7-dichloro-2-methyl-5,8-quinolinedione 2, significantly affects the
biological activity compared with 6,7-dichloro-5,8-quinolinedione 1. Moreover, derivative
2 was characterized by lower toxicity against a normal cell line than compound 1 [24,28].

In this work, we present the synthesis of new derivatives of 6,7-dichloro-5,
8-quinolonedione, which contain formyl, hydroxyl groups, or chlorine atom as a sub-
stituent at the C2 position. These derivatives were characterized by the quantum chemical
parameters calculated by the DFT method. The in silico bioavailability of compounds
was determined using the pkCSM program. They were also tested as substrates for the
NQO1 enzyme. The molecular docking study was used to examine the interaction between
derivatives and the NQO1 enzyme.

2. Materials and Methods
2.1. Physical Measurements

Nuclear magnetic resonance (NMR) spectra were recorded with a Bruker Avance
600 spectrometer (Bruker, Billerica, MA, USA) in CDCl3 solvent. High-resolution mass
spectral analysis (HRMS) was performed using a Bruker Impact II instrument (Bruker,
Billerica, MA, USA). The sample was dissolved in a mixture of acetonitrile and 1% formic
acid in a ratio of 4:1.

2.2. Chemistry

All reagents were purchased from Merck (Darmstadt, Germany), and their purity was
higher than 98%. 6,7-Dichloro-2-methyl-5,8-quinolinedione 2, 2-hydroxyquinoline-8-ol 4,
and 2-chloroquinoline-8-ol 5 were synthesized according to the literature methods [28,29].

2.2.1. Synthesis of 6,7-Dichloro-5,8-Dioxo-5,8-Dihydroquinoline-2-Carbaldehyde 3

Selenium dioxide (1.15 g; 0.01 mol) was dissolved in 70 mL dioxane and 1 mL wa-
ter and warmed to 60 ◦C. In this temperature, a mixture of 6,7-dichloro-2-methyl-5,8-
quinolinedione (0.605 g; 0.0025 mol) in 15 mL dioxane was added. The mixture was stirred
at reflux for 6 h. After then, the reaction mixture was concentrated with a vacuum evap-
orator. The crude product was purified by a column chromatography method to give
pure product 3 (0.416 g; 0.0016 mol; yield 65%; purity 99.8%). Mp. 202–203 ◦C. 1H NMR
(CDCl3, 600 MHz) δ 8.40, 8.53, 10.35; 13C NMR (CDCl3, 150 MHz) δ 125.2, 130.4, 137.5, 143.6,
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145.1, 147.0, 155.9; 173.7, 175.0, 191.4; HRAPCIMS m/z 255.9571 (calcd for C10H4Cl2NO3,
255.9568) (Figure S1).

2.2.2. Synthesis of 2-Substituted-5,8-Quinolinedione 6–7

The 2-substitutedquinoline-8-ol 4–5 (0.003 mol) was dissolved in 6 mL hydrogenic
acid and was heated to 60 ◦C. In this temperature, the water solution of sodium chlorate
(0.386 g in 1.7 mL water) was added. After 1 h, the mixture was dissolved in 43 mL water.
The resulting participate was filtered under reduce pressure. The product was purified by
a column chromatography method to give:

6,7-dichloro-2-hydroxy-5,8-quinolinedione 6 (0.322 g; 0.0013 mol; yield 44%; purity 99.6%).
Mp. 209–210 ◦C. 1H NMR (CDCl3, 600 MHz) δ 6.85, 7.94, 8.10; 13C NMR (CDCl3, 150 MHz)
δ 128.0, 133.0, 135.7, 137.1, 143.7, 144.9, 156.4; 171.3, 172.9; HRAPCIMS m/z 243.9561 (calcd
for C9H4Cl2NO3, 243.9568) (Figure S2).

2,6,7-Trichloro-5,8-chinolinodion 7 (0.402 g; 0.0015 mol; yield 51%; purity 99.4%). Mp.
216–217 ◦C. 1H NMR (CDCl3, 600 MHz) δ 7.55, 8.47; 13C NMR (CDCl3, 150 MHz) δ 123.9,
128.7, 136.6, 138.1, 144.2, 146.8, 151.1; 174.9, 176.8; HRAPCIMS m/z 261.9926 (calcd for
C9H3Cl3NO2, 21.9929) (Figure S3).

2.3. Computational Details

The optimized chemical structures of compounds 3 and 6–7 were calculated using the
DFT (B3LYP/6-311G+(d,p)) method implemented in the Gaussian 09 program package [30].
The obtained optimized structures are presented in Figure S4.

The optimized structure of compound 3 was used to calculate the 1H and 13C NMR
spectra. The NMR spectra were calculated using the gauge-independent atomic orbital
(GIAO) method implemented in the Gaussian 09 program package [30–32]. The calculated
geometry was used to determine the HOMO-LUMO energy, quantum chemical descriptors,
molecular electrostatic potential, and molecular docking study [33]. All obtained results
were visualized in the GaussView Version 5 software package [34].

The ADMET parameters were determined using the pkCSM software [35,36].

2.4. Enzymatic Assay

Compounds 1–3 and 6–7 were tested as NQO1 substrates using the NADPH recycling
assay according to the literature method [37,38]. The recombinant NQO1 (DT-diaphorase,
EC 1.6.5.5, human recombinant, Sigma-Aldrich) was used, and the oxidation of NADPH
to NADP+ was measured at an absorption wavelength of 340 nm on a BioTek 800TS
microplate reader (Biokom, Poland). Compounds were dissolved in dimethyl sulfoxide
(2 µL) and added to a 96-well plate. The NQO1 protein (1.4 µg/mL) in 50 mmol/L
potassium phosphate buffer (pH = 7.4) was added to each well (198 µL) (Nunc, Thermo
Fisher Scientific, Waltham, MA, USA). Once the 96-well plate was filled with the assay
solutions, except the NADPH solution, it was placed into the instrument and left to sit
for 5 min before starting the measurements. The enzymatic reaction was initiated by
automatically dispensing the NADPH solution into the wells, and data were recorded at
10 s intervals for 5 min at 25 ◦C. The linear part of the absorbance vs. time graphs (the
first 20 s to 1 min) was fitted, and the slops were calculated. NADPH oxidation rates were
compared with reactions lacking a tested compound. Initial velocities were calculated, and
data expressed as µmol NADPH/µmol NQO1/min. All reactions were carried out at least
in triplicate.

2.5. Molecular Docking Study

A molecular docking study was performed using the crystal structure of the human
NQO1 protein, which was collected from the Protein Data Bank (PDB) database with the
PDB identifier 2F1O [39]. During docking, the FAD molecules were presented into binding
sites as cofactors.
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A molecular docking study was performed with the AutoDock Vina 1.5.6. software
package [40]. The grid center of Vina docking was selected as the center of reference
ligands, which accompanied the downloaded protein complexes. For NQO1, its search
grid was recognized to be center_x: 11.456, center_y: 12.048, and center_z: −5.677, and the
dimensions were size_x: 15, size_y: 15, and size_z: 15. Default values of all other param-
eters were used, and the complexes were submitted to 8 genetic algorithm runs. All ob-
tained results were visualized using the BIOVIA Discovery Studio Visualizer v17.2.0.16349
software package [41].

3. Results and Discussion
3.1. Chemistry

Oxidation of 6,7-dichloro-2-methyl-5,8-quinolinedione 2 with selenium dioxide in the
presence of dioxane gave 6,7-dichloro-5,8-dioxo-5,8-dihydroquinoline-2-carbaldehyde 3
(Scheme 1).
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2-Hydroxy-5,8-quinolinedione 6 and 2-chloro-5,8-quinolinedione 7 were obtained by
oxidation of 2-hydroxyqinolin-8-ol 4 or 2-chloroquinolin-8-ol 5, respectively, in the presence
of sodium chlorate and hydrochloric acid at 60 ◦C (Scheme 2).
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Scheme 2. Synthesis of 6,7-dichloro-2-hydroxy-5,8-quinolinedione 6 and 2,6,7-trichloro-5,8-
chinolinodion 7.

Chemical structures of derivatives 3, 6–7 were characterized by the 1H and 13C NMR
spectroscopic methods. Moreover, for compound 3, the 2D (HSQC and HMBC) NMR
spectra were performed.

Three signals were observed in the 1H NMR spectrum of compound 3 (Table 1). The
chemical shift of the proton at the formyl group was observed at 10.35 ppm. Signals located
at 8.77 and 8.40 ppm were assigned to the protons at the H4 and H3 positions, respectively.
The signals at 191.4, 137.5, and 125.2 ppm were assigned to the carbon atoms at the formyl
group and at the C4 and C3 positions, respectively (Table 1 and Figure S5).
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Table 1. The chemical shifts (1H NMR and 13C NMR spectra) and correlations proton–carbon (HSQC
and HMBC experiments) for derivative 3.

Proton
1H NMR
δ (ppm)

HSQC Carbon
13C NMR
δ (ppm)

HMBC

CHO 10.35 10.35–191.4 CHO 191.4
10.35–155.9 (C2)
10.35–125.2 (C3)
10.35–137.5 (C4)

H4 8.77 8.77–137.5 C4 137.5
8.77–147.0 (C8A)
8.77–155.9 (C2)
8.77–175.0 (C5)

H3 8.40 8.40–125.6 C3 125.2
8.40–130.4 (C4A)
8.40–155.8 (C2)

8.40–191.4 (CHO)

The HMBC spectrum shows that the proton at the formyl group correlates with the
carbon atoms at the C2 (155.9 ppm), C3 (125.2 ppm), and C4 (137.5 ppm) positions. The
spectrum shows also a correlation of proton at the H4 position with the carbon atoms at the
C5 (175.0 ppm), C2 (155.9 ppm), and C8A (147.0 ppm) positions. Another correlation was
observed between the proton at the H3 position and carbon atoms at the C2 (155.9 ppm)
and C4A (130.4 ppm) positions (Table 1 and Figure S6).

In the HMBC spectrum, a correlation between carbon atoms at the C6, C7, and
C8 positions was not observed. For this reason, a simulation of the NMR spectrum was
performed using the GIAO method [42,43]. The experimental and calculated chemical
shifts for compound 3 are presented in Table 2.

Table 2. The experimental and calculated 1H NMR and 13C NMR spectra of derivative 3.

Atoms
Chemical Shift δ (ppm)

Experimental Calculated

CHO 10.35 11.63
H4 8.77 8.69
H3 8.40 7.73

CHO 191.4 194.8
C2 155.9 166.1
C3 125.2 124.9
C4 137.5 134.1

C4A 130.4 126.5
C5 175.0 177.5
C6 143.6 152.8
C7 145.1 154.2
C8 173.7 174.8

C8A 147.0 152.9

According to the calculated spectrum, the signal at 173.7 ppm was assigned to the
carbon atom at the C8 position. The chemical shifts of carbon atoms at the C6 and C7
positions were observed at 143.6 and 145.1 ppm, respectively. Figure 2 shows a good
agreement between experimental and calculated 13C and 1H NMR spectra for compound 3
(R = 0.9756 and R = 0.9991, respectively).
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3.2. Quantum Chemical Properties

The quantum chemical parameters depend on the localization and energy of the high-
est occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO).
The energy gap influences the ionization potential (I), electron affinity (A), hardness (η),
chemical potential (µ), electronegativity (χ), and electrophilicity index (ω) [44,45].

As seen in Figure 3, the delocalization of the HOMO orbital depends on the type of a
substituent at the C2 position of the 5,8-quinolinedione scaffold. The HOMO orbital for
compound 3 is localized close to the formyl group at the C2 position, while for derivatives
6–7, it is delocalized at the 5,8-quinolinedione scaffold (Figure 3). The LUMO orbitals for all
compounds are delocalized at the 5,8-quinolinedione scaffold. The arrangement of orbitals
across the entire molecule indicates that the molecular system has good charge transfer
capabilities (Figure 3).

Appl. Sci. 2021, 11, x FOR PEER REVIEW 6 of 13 
 

  
(a) (b) 

Figure 2. The linear regression between the experimental and calculated (a) 13C NMR; (b) 1H NMR 
chemical shift of compound 3. 

3.2. Quantum Chemical Properties 
The quantum chemical parameters depend on the localization and energy of the 

highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 
(LUMO). The energy gap influences the ionization potential (I), electron affinity (A), hard-
ness (η), chemical potential (µ), electronegativity (χ), and electrophilicity index (ω) [44,45]. 

As seen in Figure 3, the delocalization of the HOMO orbital depends on the type of a 
substituent at the C2 position of the 5,8-quinolinedione scaffold. The HOMO orbital for 
compound 3 is localized close to the formyl group at the C2 position, while for derivatives 
6–7, it is delocalized at the 5,8-quinolinedione scaffold (Figure 3). The LUMO orbitals for 
all compounds are delocalized at the 5,8-quinolinedione scaffold. The arrangement of or-
bitals across the entire molecule indicates that the molecular system has good charge 
transfer capabilities (Figure 3). 

   
(a) (b) (c) 

Figure 3. The arrangement of orbitals for compounds: (a) 3, (b) 6, (c) 7. 

The tested compounds show the energy gap (ΔE) ranging from −3.306 to −3.716 eV, 
which means that they can exhibit high reactivity towards the biological target [46]. The 
type of substituent at the C2 position of 5,8-quinolinedione slightly influences the energy 
gap (ΔE). The quantum chemical descriptors are presented in Table 3. 

Figure 3. The arrangement of orbitals for compounds: (a) 3, (b) 6, (c) 7.



Appl. Sci. 2023, 13, 1530 7 of 13

The tested compounds show the energy gap (∆E) ranging from −3.306 to −3.716 eV,
which means that they can exhibit high reactivity towards the biological target [46]. The
type of substituent at the C2 position of 5,8-quinolinedione slightly influences the energy
gap (∆E). The quantum chemical descriptors are presented in Table 3.

Table 3. The quantum chemical descriptors for compounds 3 and 6–7.

Compound EHOMO ELUMO ∆E I A η µ χ ω

3 −7.865 −4.559 −3.306 7.865 4.559 1.653 −6.212 6.212 11.672
6 −7.860 −4.230 −3.630 7.860 4.230 1.815 −6.045 6.045 10.066
7 −8.281 −4.564 −3.716 8.281 4.564 1.858 −6.422 6.422 11.100

The quantum chemical descriptors show that compounds 3 and 6–7 are characterized
by high softness and flexibility in gaining electrons. The high values of the electronegativity
(χ) and electrophilicity index (ω) indicate that these molecules are good acceptors for the
nucleophilic target.

The distribution of the electrophilic and nucleophilic regions in the molecule is de-
scribed by the MEP map [47,48]. Different colors on the MEP map represent the different
charges. The red, blue, and green regions are negative, positive, or neutral, respectively, [49].
As seen in Figure 4, the negative areas are localized near the oxygen and nitrogen atoms.
The positively charged region is localized near the hydrogen atom at the 5,8-quinolinedione
moiety, and the neutral regions are visible near the chlorine atoms.
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For all compounds, the three main areas of negative electrostatic potential are observed.
The first area includes the substituent at the C2 position, nitrogen atom, and formyl group at
the C8 position. In this area, the type of substituent significantly influences an electrostatic
potential. According to the literature [28], for 6,7-dichloro-2-methylo-5,8-quinolinedione
2, three potential minima near the nitrogen atom and oxygen of the formyl group at the
C8 position were observed. Replacing the methyl group by the chlorine atom does not
affect the arrangement of the electrostatic potential. The introduction of a substituent
with an oxygen atom, such as hydroxyl (6) and formyl (3) groups, led to an additional
local potential minimum near the substituent at the C2 position. For molecule 3, two local
potential minima are observed, both near the formyl group at the C2 position, and they
are equal to −1.905 and −2.286 eV, respectively. For compound 6, the potential minimum
is located near the hydroxyl group reaching a value of −1.959 eV. The second and third
areas for all molecules include the formyl group at the C5 position and chlorine atoms at
the C6 and C7 positions, respectively. The electrostatic potentials in these two areas do not
depend on the type of group at the C2 position.

3.3. ADMET Analysis

The in silico analysis including absorption, distribution, metabolism, excretion, and
toxicity (ADMET) is a useful tool to predict the bioavailability of the tested compound [50,51].
The ADMET parameters such as solubility (logS), lipophilicity (logP), molecular mass (MW),
and number of acceptors (HA) and donors (HD) of the hydrogen bond for compounds 1–3
and 6–7 were determined using the pkCSM software [35]. The toxicity was predicted by
the lethal concentration values (LC50) and hepatotoxicity (Table 4).

Table 4. The ADMET parameters for compounds 1–3 and 6–7 [35].

Compound logS logP MW (g/mol) HA HD LC50 (mM) Hepatotoxicity

1 −3.08 2.14 228 3 0 8.710 No
2 −3.39 2.45 242 3 0 6.531 No
3 −3.01 1.96 256 4 0 8.810 No
6 −3.04 1.86 244 4 1 28.249 No
7 −3.87 2.80 262 3 0 8.790 No

According to the ESOL solubility class [52], a logS value between −4 and −2 means
that the substance is soluble in water. The tested compounds 1–3 and 6–7 show good
solubility in water. The introduction of a methyl group or chlorine atom at the C2 position
decreases the solubility. Compounds with the formyl (3) and hydroxyl (6) groups have a
solubility comparable to that of 6,7-dichloro-5,8-quinolinedione 1.

All compounds (1–3 and 6–7) are characterized by a good oral availability according
to the Lipinski rules, which means that they have low lipophilicity (logP < 5) and molecular
mass (MW < 500). Moreover, the number of acceptors (HA) and donors (HD) of the
hydrogen bond are below 10 and 5, respectively.

The lethal concentration value (LC50) is a concentration of a compound causing the
death of 50% of fathead minnows. If the LC50 is less than 0.5 mM, the compound has high
acute toxicity [35,36]. The in silico analysis shows that the LC50 for tested compounds (1–3
and 6–7) is in the range of 6.531 mM to 28.249 mM, which mean that they have low toxicity.
It can be assumed that these derivatives do not interfere with liver function (Table 4).

3.4. Enzymatic Study

Compounds 1–3, 6–7, and streptonigrin (ST) were tested as a substrate for the NQO1
according to the literature methods [13,22,23]. Results are presented in Figure 5.



Appl. Sci. 2023, 13, 1530 9 of 13Appl. Sci. 2021, 11, x FOR PEER REVIEW 9 of 13 
 

 
Figure 5. Enzymatic conversion rate of NQO1 of compounds 1–3, 6–7, and streptonigrin (ST). 

The derivatives 1–3 and 6–7 show a higher enzymatic conversion rate of the NQO1 
protein than reference substance (ST), indicating that they are good substrates for NQO1. 
6,7-Dichloro-5,8-quinolinedione 1 and 6,7-dichloro-2-methylo-5,8-quinolinedione 2 ex-
hibit comparable conversion rates, which are equal to 872 µmol NADPH/µmol NQO1/min 
and 890 µmol NADPH/µmol NQO1/min, respectively. The oxidation of methyl to the 
formyl group (compound 3) increases the conversion rate. A similar effect is observed for 
compounds with a hydroxyl group (derivatives 6) and chloride atom (derivatives 7) at the 
C2 position. These results show that the introduction of various groups at the C2 position 
increases the enzymatic conversion rate of the NQO1 enzyme, and it depends on the type 
of substituent. 

3.5. Molecular Docking Study 
A molecular docking study was used to check the interaction between the NQO1 

enzyme and compounds 1–3, 6–7, and streptonigrin (ST). The structure of the enzyme as 
a complex with the flavin adenine dinucleotide (FAD) cofactor was downloaded from the 
PDB (PDB ID:2F1O). The scoring values (ΔG) of all molecules are presented in Table 5. 
The lowest value of ΔG corresponds to a strong binding affinity and the most probable 
ligand–protein complexes in vitro. 

Table 5. Scoring values (ΔG) of molecules 1–3, 6–7, and ST. 

Molecules ΔG (kcal/mol) 
1 −8.1 
2 −8.0 
3 −8.3 
6 −8.3 
7 −8.2 

ST −7.1 

The scores of protein–ligand complexes range from −8.0 to −8.3 kcal/mol. All di-
chloro-5,8-quinolindiones (1–3 and 5–6) have lower scores than streptonigrin (ST), indi-
cating their strong binding affinity. 

Complete models of interaction between the NQO1 enzyme and ligands 1–3 and 6–7 
are presented in Figure 6. Details on the type and length of the bonds are summarized in 
Table S1. 

Figure 5. Enzymatic conversion rate of NQO1 of compounds 1–3, 6–7, and streptonigrin (ST).

The derivatives 1–3 and 6–7 show a higher enzymatic conversion rate of the NQO1
protein than reference substance (ST), indicating that they are good substrates for NQO1.
6,7-Dichloro-5,8-quinolinedione 1 and 6,7-dichloro-2-methylo-5,8-quinolinedione 2 exhibit
comparable conversion rates, which are equal to 872 µmol NADPH/µmol NQO1/min
and 890 µmol NADPH/µmol NQO1/min, respectively. The oxidation of methyl to the
formyl group (compound 3) increases the conversion rate. A similar effect is observed for
compounds with a hydroxyl group (derivatives 6) and chloride atom (derivatives 7) at the
C2 position. These results show that the introduction of various groups at the C2 position
increases the enzymatic conversion rate of the NQO1 enzyme, and it depends on the type
of substituent.

3.5. Molecular Docking Study

A molecular docking study was used to check the interaction between the NQO1
enzyme and compounds 1–3, 6–7, and streptonigrin (ST). The structure of the enzyme as a
complex with the flavin adenine dinucleotide (FAD) cofactor was downloaded from the
PDB (PDB ID:2F1O). The scoring values (∆G) of all molecules are presented in Table 5.
The lowest value of ∆G corresponds to a strong binding affinity and the most probable
ligand–protein complexes in vitro.

Table 5. Scoring values (∆G) of molecules 1–3, 6–7, and ST.

Molecules ∆G (kcal/mol)

1 −8.1
2 −8.0
3 −8.3
6 −8.3
7 −8.2

ST −7.1

The scores of protein–ligand complexes range from −8.0 to −8.3 kcal/mol. All
dichloro-5,8-quinolindiones (1–3 and 5–6) have lower scores than streptonigrin (ST), indi-
cating their strong binding affinity.

Complete models of interaction between the NQO1 enzyme and ligands 1–3 and 6–7
are presented in Figure 6. Details on the type and length of the bonds are summarized
in Table S1.
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6,7-Dichloro-5,8-quinolinedione 1 creates the hydrogen bond between the formyl
group at the C8 position and tyrosine (TYR126) as well as hydrophobic interactions with
phenylalanine (PHE178), tyrosine (TYR128), and the FAD cofactor. Molecules with a
substituent at the C2 position (2–3 and 6–7) create also the hydrogen bond between nitrogen
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atom and tyrosine (TYR126). Additionally, in the complex of 6,7-dichloro-2-hydroxy-5,8-
quinolinedione 6 with NQO1, a hydrogen bond is observed between the formyl group at
the C8 position and tyrosine (TYR126).

4. Conclusions

Research has shown that the new derivatives of 6,7-dichloro-5,8-quinolinedione are
characterized by a number of properties that can be important for their biological activity.
The quantum chemical properties showed that they are highly reactive towards the nucle-
ophilic target. The in silico ADMET analysis showed that compounds are characterized
by a good oral availability and low toxicity against fathead minnows. The enzymatic study
showed that they are a good substrate for the NQO1 enzyme. Moreover, it was also found
that the enzymatic conversion rates depend on the type of substituent at the C2 position
of the 5,8-quinolinedione scaffold. A compound with the substituted hydroxyl group at
this position exhibited the highest activity. A molecular docking study revealed that the
arrangement and type of interactions between the derivatives and the NQO1 enzyme
depend on the type of substituent at the C2 position. In the case of a compound with the
substituted hydroxyl group, an additional hydrogen bond between the formyl group and
tyrosine was observed.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app13031530/s1, Figure S1: Spectra of 6,7-dichloro-5,8-dioxo-5,8-
dihydroquinoline-2-carbaldehyde 3; Figure S2: Spectra of 6,7-dichloro-2-hydroxy-5,8-quinolinedione 6;
Figure S3: Spectra of 2,6,7-trichloro-5,8-chinolinodion 7; Figure S4: The optimized structure of 5,8-
quinolinedione compounds 3 and 6–7; Figure S5: The 1H-13C HSQC spectrum (600 MHz, CDCl3) of
compound 3; Figure S6: The 1H-13C HMBC spectrum (600 MHz, CDCl3) of compound 3; Table S1:
Interaction of compounds 1–3 and 6–7 with an active site of the NQO1 protein.
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