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Abstract

This study involved the synthesis of the potential drug candidate 2-[(9,10-dioxo-
9,10-dihydroanthracen-2-yl) diazenyl]-5-hydroxybenzoic acid (DHA), the elucida-
tion of its structure using spectroscopic techniques, and the determination of the com-
pound's lowest energy structure using the DFT/B3LYP method and the 6-311G(d,p)
basis set. The compound's vibration frequencies and NMR chemical shift values were
then determined using optimized geometry. The three-dimensional molecular elec-
trostatic potential (MEP) map of the compound and the HOMOs-LUMOs and mo-
lecular orbital energies were examined using the DFT approach. The compound's
ADMET properties were then determined, and its potential to usage as a drug was
assessed. The predicted toxicity class and LDsy value for the DHA were also estab-
lished. The outcomes demonstrated that by having ADMET properties, this newly
synthesized compound has the potential to be a drug.

1. Introduction

Due to their high bioactivity and low toxicity, anthra-
guinones, which include three benzene rings wherein
the keto groups are located on the central ring (9,10-
anthracenedione), have been discovered to be fasci-
nating. Due to their biological, pharmacological, and
industrial potential, they are receiving greater atten-
tion today. For example, they exhibit great enzyme
inhibition properties [1]-[3]. In addition to being used
as dye pigments in the cosmetics, pharmaceutical, and
food sectors [4], [5], its pharmacological potential
also includes anticancer, antibacterial, immunosup-
pressive, antioxidant, antipyretic, diuretic, anti-in-
flammatory, and antiviral properties [6]-[9]. The
compounds should exhibit both strong biological ac-
tivity and minimal toxicity. In the process of develop-

*Corresponding author: ckatay@mehmetakif.edu.tr

660

ing a new drug, it is critical to assess the pharmacoki-
netic characteristics of newly synthesized com-
pounds. Lipinski's rule of five, also known as the
drug-similarity test, establishes the structural charac-
teristics desired in a candidate compound that can be
a drug based on the relationship between pharmaco-
kinetic and physicochemical parameters [10]. In silico
research thus enables us to understand the likelihood
that a chemical may be a potentially good drug [11].
Based on all of this knowledge, a compound
with a strong potential to become a drug, 2-[(9,10-di-
0x0-9,10-dihydroanthracen-2-yl)diazenyl]-5-hy-
droxybenzoic acid (DHA) based on anthraquinones,
was synthesized in our work. One of the factors con-
tributing to the preference for this molecule is the in-
clusion of azo and anthraquinone groups in its struc-
ture. The presence of azo groups in a compound's
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structure is known to confer highly bioactive charac-
teristics. There have been more studies in recent years
on the synthesis of azo-containing compounds and the
analysis of their in vitro and in silico characteristics.
It is stated that synthesized azo molecules show sig-
nificant anticancer properties against cancer cells in
in vitro studies and even have the potential to become
anticancer drugs as a result of in vivo and other stud-
ies [12]-[14]. Because of the biological significance
of anthraquinones and azo groups in the literature, this
study was designed to discover novel potential bioac-
tive chemicals. Spectroscopic techniques were used to
clarify its structure. The 6-311G(d,p) basis set and the
DFT/B3LYP method were used to perform quantum
chemical calculations on the molecule's molecular
structure, vibrational spectroscopic data, electronic
transition absorption wavelengths, HOMOs and LU-
MOs analyses, and molecular electrostatic potential
(MEP). Absorption, distribution, metabolism, excre-
tion, and toxicity (ADMET) parameters were calcu-
lated using the SwissADME and ProTox-I1 servers.

2. Material and Method

2.1. Physical measurements

Sigma&Aldrich and Merck Chemical Companies
provided the chemicals and solvents used in the in-
vestigation, which were then used directly without
further purification. With the use of a Perkin Elmer
Frontier Spectrometer and KBr, FT-IR analysis was
carried out. Utilizing a VVarian 600 MHz NMR spec-
trometer, NMR analyses were carried out on deuter-
ated dimethylsulfoxide (DMSO-d6), and chemical
shifts are given in o units (ppm). On a Shimadzu UV-
1800 spectrophotometer, UV-Visible absorption
spectra were captured at the wavelength of DHA's
maximum absorption (max) in dimethylsulfoxide
(DMSO). Acetone was used to produce high-resolu-
tion electrospray ionization mass spectra (HR-ESI-
MS) on a Thermo Scientific Q Exactive, Orbitrap
LC/HRMS system. A BUCHI Melting Point M-565
equipment was used to determine the melting point in
an open glass capillary tube.
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2.2. Synthesis of 2-[(9,10-diox0-9,10-dihydroan-
thracen-2-yl) diazenyl]-5-hydroxybenzoic acid
(DHA)

An ice-salt bath was used to cool a solution of 558 mg
(2.5 mmol, 1.00 eq) 2-aminoanthraquinone in 5 mL
of concentrated HCI and 3 mL of water to (-5)-0 °C.
Next, a cold solution of NaNO- (190 mg, 2.75 mmol,
and 1.10 eq) in 2 mL of water was added dropwise
while being constantly stirred. The diazonium salt
was produced when the mixture was agitated for an
hour at a temperature of 0 °C or lower. The freshly-
prepared anthraquinonediazonium salt was slowly
added into the solution of m-hydroxybenzoic acid
(345 mg, 2.5 mmol, 1.00 eq) in saturated NaHCO3
a.g. (150 mL) at 0-5 °C. The reaction mixture was
stirred for 4 h at 0-5 °C. After adding 1M HCl solution
to the resulting dark brown solution to bring the pH
level to 4-5, 100 mL of ice water was added. The mix-
ture was stirred for 1 hour at 5 °C. The precipitated
material was removed through filtering, washed with
cold water, and then recrystallized using a 1:1 solu-
tion of ethanol and water before being dried at 50 °C
under vacuum. 2-[(9,10-dioxo-9,10-dihydroanthra-
cen-2-yl)diazenyl]-5-hydroxybenzoic acid, (DHA)
was obtained 720 mg as brown solid, yield is %77.
Figure 1 illustrates the synthetic method for produc-
ing DHA. Mp 251-253 °C; FT-IR (KBr): vmax (cm™)
= 3066, 2673, 1716, 1674, 1587, 1572, 1466, 1429,
1326, 1291, 1223, 1169, 1127, 1068, 982, 931, 896,
848, 839, 808, 780, 724, 708, 657, 635, 595, 571, 485,
471, 454; *H-NMR (600 MHz, DMSO-ds): § = 13.02
(br, s, 1H), 11.30 (br, s, 1H), 8.38 (d, J = 2.2 Hz, 1H),
8.31(d, J=8.2 Hz, 1H), 8.19-8.14 (m, 3H), 7.91-7.88
(m, 2H), 7.73 (d, J = 8.7 Hz, 1H), 7.08 (d, J = 2.8 Hz,
1H), 7.03 (dd, J = 8.8, 2.6 Hz, 1H); 3C-NMR (150
MHz, DMSO-ds): 6 = 182.0, 181.8, 168.5, 161.5,
154.9,142.2,136.0,134.7,134.6, 134.5, 134.3, 133.7,
133.2,133.1,128.6,127.7,126.8,119.9, 119.7, 117.9,
114.8; HR-ESI-MS (C2:H12N2Os Exact Mass:
372.07462): calcd for [M + H]* : 373.08190, found:
373.07877 (Figure 2); UV-VIS (DMSO): Amax (Abs.)
=342 nm (1.723), 390 nm (2.161).
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Figure 1. Synthesis of the DHA

ifll_UQ‘rl1iE AT: 194 AV 1 HL 1847
T FTLG «p BSiFoll e |13 4 800-1200 0000] ATAOTHT

o o

ol

sl

LLE

4

0]
g ™
§ o
5
2 =
:E 454

a2

0]

=9 -. B 394 080 %8

s S canou e ] J B 2z

Bew el RPN Poved 19 I 1T M ol N N i T
340 348 3% 34 80 8 ED-] e e k-] m o £ E-1

mz

Figure 2. Experimental HR-ESI-MS spectrum of the DHA

2.3. Computational methods

Calculations for quantum chemistry were performed
using the Gaussian 09 package, and visualizations
were done using the GaussView 5.0.9 program [15],
[16]. The molecular structure of the DHA in the
ground state was calculated using the DFT method
and the B3LYP functional with the 6-311G(d,p) basis
set [17], [18]. Additionally, vibrational wavenumbers
at the DFT/B3LYP/6-311G(d,p) level were deter-
mined. In order to avoid systematic mistakes, the cal-
culated vibrational wavenumbers for the B3LYP/6-
311G(d,p) basis set were scaled as 0.9682 for frequen-
cies greater than 1700 cm™ and 1.0119 for frequencies
less than 1700 cm™ [19]. The same basis set and
B3LYP level of the time dependent density functional
theory (TD-DFT) were used to model UV-vis spectra
[20], [21]. The excitations' contribution rates were
computed with GaussSum 3.0 [22]. To find the
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shielding factors for *H, and **C-NMR, the gauge-in-
variant atomic orbital (GIAO) method was used [23],
[24].

2.4. ADMET predictions

The SwissADME web server calculated ADME char-
acteristics for the DHA, including its physicochemi-
cal, pharmacokinetic, lipophilicity, and drug similar-
ity [25]. Using the ProTox-11 web server, the toxicity
profile, LD50 value, and acceptable use range of
DHA were discovered [26].

3. Results and Discussion

3.1. NMR spectra

The 'H- and *C-NMR chemical shifts of the DHA
were determined using the Gauge-Independent

Atomic Orbital (GIAO) method at DFT/B3LYP/6-
311G(d,p) level.
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While its estimated chemical shift was deter-
mined to be 5.10 ppm, the O-H group proton H40 was
found to be a singlet signal at 11.30 ppm. Although
the carboxylic acid proton H39 was empirically de-
tected as a singlet peak at 13.02 ppm, the DFT method
calculated its value to be 5.90 ppm. In the expected
region, aromatic protons were discovered. They were
meant to be in the range of 7.04-8.79 ppm in theory,

but they were actually measured empirically to be in
the range of 7.03-8.38 ppm. For ease of comparison
between the experimental and predicted chemical
shift values of the DHA, *H-NMR values were given
collectively in Table 1. In Figures 3 and 4, experi-
mental and calculated *H-NMR spectra for the sub-
stance were displayed.

Table 1. Experimentally and theoretically obtained *H-NMR chemical shifts

H Number Experimental Theoretical
H35 7.73 8.79
H33 8.38 8.69

H31-H32-H34 8.19-8.14 8.52
H36 8.31 8.30
H29-H30 7.91-7.88 8.04
H37 7.03 7.40

H38 7.08 7.04

H39 13.02 5.90

H40 11.30 5.10

Eﬁﬁﬁéﬁi&éﬁﬁiﬁﬁﬁﬁ%ﬁﬁ;%ﬁjﬁ

SEmA= O

Figure 3. Experimental *H-NMR (DMSO-d6) spectrum of the DHA
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Figure 4. Theoretical H-NMR (DMSO-d6) spectrum of the DHA

In the *C-NMR spectrum, the C22 atom as-
sociated with the O-H group was measured and in Table 2, and all other carbon atoms were
logged at 161.5 ppm, while this signal was discovered found in the predicted area. In Figures 5 and 6, the
at 166.4 ppm in the theoretical spectrum. The carbox- compound's experimental and computed *C-NMR
ylic acid group's carbon atom C25 was correlated with spectra were displayed.
a signal at 168.5 ppm, and their computed chemical
shift was visible at 174.1 ppm. The results are detailed

Table 2. Experimentally and theoretically obtained **C-NMR chemical shifts

C Number Experimental Theoretical

C10 182.0 186.6
C7 181.8 185.9
C25 168.5 174.1
C22 161.5 166.4
C13 154.9 158.9
C19 142.2 151.2
C12 119.9 142.3
C20 127.7 140.6
C2 133.7 139.4
C1 134.3 139.2
C8 134.7 137.9
C9 136.0 137.6
C5 134.6 137.0
Cc4 134.5 136.9
C1l1 126.8 1334
C6-C3 133.1 131.6
C24 117.9 127.2
c21 119.7 121.2
C23 114.8 120.7
C14 128.6 115.3
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Figure 5. Experimental *C-NMR (DMSO-d6) spectrum of the DHA
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Figure 6. Theoretical *C-NMR (DMSO-d6) spectrum of the DHA

Theoretical predictions and experimental data had
good agreement, according to an analysis of the cor-
relation between theoretical and experimental NMR
chemical shift values. The data from the literature and
the findings that were obtained agreed [27]-[29].

3.2. FT-IR spectra
The FT-IR spectra of DHA revealed bands at 3542

cm* for phenolic -OH, 1716 cm™ for C=0 carbonyl,
1587 cm™ for azo (N=N), and 1674 cm™ for COOH
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carboxylic acid. The following bands were detected at
B3LYP/6-311G (d,p) calculations: the azo (N=N)
band at 1322 cm™, the COOH carboxylic acid band at
1667 cm™, the phenolic -OH band at 3701 cm™, and
the C=0 carbonyl band at 1751 cm™. The azo (-N =
N-) functional group’s distinctive peak confirms the
synthesis of the intended molecule. Because the vi-
bration bands are complex, there were minor differ-
ences when the results were compared [26]. Figures
7 and 8, respectively, show the compound's experi-
mental and theoretical FT-IR spectra.
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Figure 7. Experimental FT-IR spectrum of the DHA
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Figure 8. Theoretical FT-IR spectrum of the DHA

3.3. UV-vis spectrum and frontier molecular orbit-  compound were detected at 390 nm and theoretically
als calculated to be at 351 nm. This band was caused by
the 7— ©* transition in DHA and contributed 61% by
HOMO— LUMO. The other band observed in the ex-
perimental spectrum belonged to the n— 7* transition

. and was at 342 nm. This band was calculated theoret-
wavelengths of the DHA were computed using the ically at 306 nm and it was determined that the

TD‘DFT technique and the B3LYP/ 6'311(_; (d,p) HOMO—LUMO++1 transition contributed 49% to
level. Figures 9 and 10 represent the experimental this band

and theoretical UV-vis spectra of the compounds, re-
spectively. The experimental UV-vis spectra of the

Between 300 and 600 nm, the UV-vis spectra of DHA
in DMSO were recorded. The electronic transition
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Figure 9. Experimental UV-VIS spectrum of the DHA in DMSO
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Figure 10. Theoretical UV-VIS spectrum of the DHA in DMSO

When studying the light that is released or re-
flected when an object is excited, the HOMO-LUMO
energy gap offers crucial information about the hard-
ness, softness, stability, and color of the compounds.
The HOMOs and LUMOs of the DHA were calcu-
lated at the B3LYP/6-311G(d,p) level using the DFT
method. The molecular orbital surfaces, energies, and
energy difference between HOMO and LUMO of the
compound were detailed in Figure 11.

Analysis of the HOMO-LUMO graph of
DHA revealed that HOMOs clustered on the hy-
droxybenzoic acid moiety, whereas LUMOs clustered
on the hydroxybenzoic acid and anthraquinone moie-
ties. The DHA's HOMO and LUMO energies were
determined to be -6.461 and -3.212 eV, respectively,
and the energy value for the HOMO-LUMO gap was
determined to be 3.249 eV.
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Figure 11. Molecular orbital surfaces, energies,
and energy gap between HOMO and LUMO of the DHA

E(LUMO)=-3.212 eV
L

Some of the global reactivity characteristics
identified using the HOMO-LUMO energy values of
the DHA are shown in Table 3. The following elec-
tronic factors were created:

I (Ionization Potential) = —Eyoumo0,
A (Electron Affinity) = —E; ymo,
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x (Electronegativity) = (I + A)/2,
n (Chemical Hardness) = (I — A)/2,
S (Chemical Softness) = 1/2n

Table 3. Global reactivity descriptors for the DHA

Parameter Value
EHomo (eV) -6.461
ELumo (eV) -3.212
AE (eV) 3.249

I (eV) 6.461

A (eV) 3.212

% (eV) 4.836

n (eV) 1.624

S (V1Y) 0.308

3.4. Computational details
3.4.1. Molecular structure

To achieve the optimized geometry for the DHA, a
B3LYP functional with a 6-311G(d,p) basis set was
used. The complete optimized geometry of DHA, in-
cluding atom numbering, is shown in Figure 12.

REN
“f‘f‘ffzj;’
R

Figure 12. Optimized molecular geometry of the DHA
calculated at DFT/B3LYP/6-311G(d,p) level

The values for the computed bond lengths
(A), bond angles (°), and dihedral angles (°) were
shown in Table 4, and according to this, the shortest
calculated bond length belonged to the atoms C25 and
027. After comparing the bond angles between the
atoms, it was discovered that the C24-C25-027 bond
angle was a little larger. A dihedral angle equal to or
close to 0° or 180° indicates that the atoms are in the
same plane. C13-N17-N18-C19 had a dihedral angle
of 178.4°, which indicated that these units were lying
in the same plane.

Table 4. Some selected calculated bond lengths (A), bond
and dihedral angles (°) for the DHA at the B3LYP/6-
311G(d,p) level.
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Parameters B3LYP/6-311G(d,p)

Bond lengths ()

N17-N18 1.254
N18-C19 1.405
C22-028 1.357
C25-027 1.205
C25-026 1.350
C7-016 1.220
C10-015 1.218
Bond angles (°)
C4-C7-016 121.4
C5-C10-015 121.4
C13-N17-N18 115.0
C24-C25-027 124.1
N17-N18-C19 114.9
C21-C22-028 117.6
C24-C25-026 112.4
Dihedral angles (°)
C13-N17-N18-C19 178.4
015-C10-C9-C8 179.5

3.4.2. Molecular electrostatic potential (MEP) dia-
gram

The Molecular Electrostatic Potential (MEP) dia-
gram, which is essential in distinguishing the nucleo-
philic and electrophilic regions of the molecule, can
provide information on the value of the electrostatic
potential and the distribution of charges. The MEP
maps' red and blue areas, respectively, correspond to
the molecule's electronically dense and deficient re-
gions. DFT/B3LYP/6-311G(d,p) was used to com-
pute the MEP surface diagram of the DHA, which is
depicted in Figure 13.

-7.442¢ 2 mmm— - ssmmm 7 442¢ 7

s O
R

v @0 o

——

Figure 13. MEP diagram of the DHA calculated at
DFT/B3LYP/6-311G(d,p) level

On the oxygen atoms in the anthraquinone
group and the oxygen atom in the carboxylic acid
moiety in the MEP diagram of DHA, some electron
density was found. These red areas, which the high
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electronegativity of oxygen caused, were the mole-
cule's interaction sites for potential nucleophilic reac-
tions. On the other hand, the phenolic proton and the
proton linked to the carboxylic acid group were the
electron-poor blue regions of DHA. Potential DHA
interaction sites in electrophilic reactions were lo-
cated in these blue regions.

3.5. ADMET predictions

A pharmacological molecule's creation must begin
with the identification of ADMET properties. Most
potential substances are rejected due to their unsuita-
ble pharmacokinetic, druglikeness, etc. profiles.

When the physicochemical characteristics of
the synthesized molecule DHA were assessed (Fig-
ure 14), its molecular weight was determined to be
372.33 g/mol. This value is within the limits of being
a drug (150 g/mol <MW<500 g/mol). The TPSA
value should be less than 140 A2 because TPSA val-
ues greater than 140 A? make it more difficult to get
through cell membranes [30]. DHA's TPSA value was
determined to be 116.39 A%

The dispersion between lipids and water is
known as lipophilicity. Drug molecules must pass
through numerous biological membranes, including
the blood-brain barrier, the skin, and the gut, in order
to reach their target areas. A chemical must therefore

dissolve at specific rates in both water and oil [31].
The many types of lipophilicity shown in Figure 14
were discovered by various researchers using various
mathematical equations. The mean lipophilicity
(CLogPo/w) value of DHA was calculated to be 3.18.

One of the fundamentally important features
in studies on drug development is solubility. This is
because the drug's molecule must be soluble to reach
its target. The maximum quantity of drug that can dis-
solve in the given mixture is known as logSw. When
Figure 14 is examined, it is seen that DHA resolution
is moderately soluble according to the first two reso-
lution types and poorly soluble according to the last
resolution type.

A pharmacokinetic analysis of the compound
DHA was also conducted. The liver contains crucial
enzymes called cytochrome P450 (CYP) inhibitors
that are involved in the metabolism of numerous
drugs. Determining whether a specific substance will
be a cytochrome P450 substrate is crucial. 2D6 and
3A4 are the two main isoforms in charge of drug me-
tabolism. Five main cytochrome isoforms (CYP1A2,
CYP2C19, CYP2C9, CYP2D6, and CYP3A4) are
thought to be its estimated substrates. DHA inhibits
the activity of CYP2C9 isoforms, as shown by Figure
14,
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Figure 14. Physicochemical, lipophilicity, solubility, pharmacokinetics and druglikeness properties of the DHA

In Figure 15, DHA's BOILED-Egg graph,
the ADME parameters Gl (gastrointestinal absorp-
tion) and BBB (blood-brain barrier) were estimated.
In this diagram, the white region contains potential Gl
absorption locations, while the yellow region has po-
tential BBB permeability areas. Additionally, red dots
(PGP-) show that P-gp is not a substrate, whereas blue
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dots (PGP+) show that P-gp is an active substrate. A
red dot (PGP-) indicates that the synthesized DHA
compound is not a P-gp substrate, and its presence in
the white region indicates that it is predicted to have
high intestinal absorption and low brain permeability
[32].
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The DHA compound was assessed for phar-
macological similarity using five different filters, in-
cluding Lipinski (Pfizer), Ghose (Amgen), Veber
(GSK), Egan (Pharmacia), and Muegge (Bayer), that
are commonly employed by large pharmaceutical
companies to enhance the quality of their proprietary
drugs. According to all of the filters, it can be shown
that the compound meets all requirements.

When DHA, a medication candidate chemi-
cal, is assessed using the PAINS, Brernk, Lead-like-

ness, and synthetic accessibility metrics, it is discov-
ered that it provides two warnings in PAINS, one
warning in Brenk, and two warnings in Lead-likeness.
A measure of how simple it is to synthesize drug-like
compounds is called synthetic accessibility. A scale
from 1 (easiest to make) to 10 (very difficult to make)
is used to rate synthetic accessibility. The DHA com-
pound's synthetic accessibility score was determined
to be 3.11.
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Figure 15. BOILED-Egg model of the DHA

The toxicity level and LDsy number of DHA
were calculated using the ProTox-1I web server.
DHA's LDsp value was found to be 4000 mg/kg, and
it had no immunotoxicity or mutagenicity. Addition-
ally, the predicted toxicity classes for the compounds
were established on the web server from worst to best,

ranging from 1 to 6. The DHA was in the fifth class,
which was made up of substances with the highest
LDsg values due to its LDsg value of 4000 mg/kg (Fig-
ure 16).

Oral toxicity prediction results for input compound |
Name OC(=0)C1=CC(0)=CC=
Predicted LD50: 4000mg/kg | -
Molweight 37233
Predicted Toxicity Class: 5 | | Number of hydrogen 19
bond acceptors
_x Number of hydrogen 2
| /’1\/ bond donors
| Number of atoms 40
Z Q gore
“1 \7/ Average similarity: 55.39% | | Number of bonds 43
\\/W\\ Number of rotable 3
\%K Prediction accuracy: 67.38% | | b .
Molecular refractivity 99.35
Topological Polar 11639
Surface Area
ol S octanolwater partition 428

coefficient(logP)

Figure 16. The predicted toxicity classes of the DHA

4. Conclusion and Suggestions

This research involved the synthesis of 2-[(9,10-di-
0x0-9,10-dihydroanthracen-2-yl)diazenyl]-5-hy-
droxybenzoic acid (DHA). HR-ESI-MS, FT-IR, *H-
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NMR, **C-NMR, and UV-vis spectroscopy were used
to analyze the structure of the DHA. The
DFT/B3LYP/6-311G(d,p) level was used to compute
all of the DHA's spectral information. The character-
ization of the compound was helped by the fact that
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all of the experimental results were in good agreement
with the theoretical values. Additionally, DHA's
global reactivity parameters and frontier molecular
orbitals were determined. On the other side, it was
found that DHA had a very high LDsy value (4000
mg/kg). Thus, it was determined that the compound's
toxicity was extremely minimal. The DHA computed
all of the ADMET and drug similarity parameters
within allowable ranges. In light of this, we believe
that the DHA has the potential to be applied in more
extensive studies in related areas.
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