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The DFT-B3LYP/6-311++G(d,p) method was employed to investigate the vibrational characteristics of 2-methyl-1,4-naphthoquinone (2MNQ), |
with results compared against FTIR and FT-Raman spectra recorded in the 3500—400 cm™ range. The optimized molecular geometry was |
validated through comparison with both theoretical predictions and experimental X-ray diffraction (XRD) data. Charge density distributions |
were analyzed to elucidate the energy gap between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) and to construct the molecular electrostatic potential (MEP) map, offering insights into the potential biological activity |
of compound. Electronic absorption spectra were simulated using time-dependent density functional theory (TD-DFT) with the same basis |
set. Mulliken charge analysis highlighted significant electron delocalization, supporting the electronic reactivity of molecule. Moreover, |
the density of states (DOS) spectrum was examined to identify key molecular orbital contributions. Molecular docking studies revealed that |
2MNQ exhibited the highest binding affinity with the breast cancer-related protein 1M17, showing a binding energy of —7.2 kcal/mol. |
ADMET predictions further assessed the drug-likeness and pharmacokinetic properties of the compound. These combined theoretical and
experimental findings provide valuable insights into the molecular structure and potential pharmacological applications of 2MNQ. I
|
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INTRODUCTION strong cytotoxic effects against various cancer cell lines, inclu-
ding breast cancer [4].

The anticancer mechanisms of naphthoquinone derivatives
involve multiple pathways, including the generation of reactive
oxygen species (ROS), inhibition of topoisomerases, modula-
tion of key signaling pathways and interactions with tumor
suppressor proteins [5]. Their ability to target multiple cellular
processes makes them promising candidates for breast cancer
therapy, either as standalone agents or in combination with
existing chemotherapeutic drugs [6]. This study explores the
potential of naphthoquinone derivatives in breast cancer treat-
ment, discussing their mechanisms of action, structure—activity
relationships and preclinical studies [7]. Understanding their
therapeutic potential could pave the way for the development
of new, more effective breast cancer treatments with reduced
toxicity and improved patient outcomes [8].

Breast cancer remains one of the most common and life-
threatening diseases worldwide, with increasing incidence and
mortality rates. Despite advancements in conventional treat-
ments such as surgery, chemotherapy and targeted therapies,
drug resistance and adverse side effects continue to present
significant challenges [1]. Consequently, the search for novel,
more effective and safer therapeutic agents is a critical area of
research [2]. Naphthoquinone derivatives, a class of naturally
occurring and synthetic compounds, have attracted considerable
attention due to their potent anticancer properties. These comp-
ounds are characterized by a quinone core structure, which plays
acrucial role in various biological activities, including the mod-
ulation of oxidative stress, induction of apoptosis and arrest
of the cell cycle [3]. Many naturally derived naphthoquinones,
such as lawsone, plumbagin and shikonin, have demonstrated
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According to current literature, researchers have investi-
gated the DFT (density functional theory) studies of various
naphthoquinone derivatives [9]. Furthermore, several studies
have examined their anticancer potential [ 10]. The application
of DFT calculations to better understand the structural and
vibrational characteristics of molecules has become increasin-
gly important in the pharmaceutical industry. However, no
quantum chemistry calculations or molecular docking investi-
gations of 2-methyl-1,4-naphthoquinone (2MNQ) have been
reported in the literature to date. In this context, DFT calcula-
tions, in combination with vibrational spectroscopy, have for
the first time revealed structural and quantum chemical data
for 2MNQ [11].

In this work, molecular stability and characterization were
investigated using a combination of X-ray diffraction (XRD),
infrared, Raman and ultraviolet—visible (UV-vis) spectroscopy
techniques. The extremely low energy state of 2MNQ molecule
was further confirmed through DFT optimization. Using the
DFT/6-311++G(d,p) basis set, extensive theoretical calculations
were carried out to optimize geometrical parameters, evaluate
the HOMO-LUMO energy gap, calculate Mulliken charges
analyze and the molecular electrostatic potential (MEP). The
density of states (DOS) spectrum was employed to characterize
each frontier molecular orbital and to compute key quantum
chemical descriptors, including electronegativity, hardness,
chemical softness and the electrophilicity index of 2MNQ.
Docking analysis was performed to investigate the pharmaco-
logical potential of 2MNQ and its interactions with breast cancer
related drug targets. The ADMET (absorption, distribution,
metabolism, excretion and toxicity) properties were also eval-
uated to assess its drug-likeness. Overall, this study presents a
comprehensive examination of the biological, vibrational and
electronic properties of 2MNQ, supported by both theoretical
and experimental data.

EXPERIMENTAL

Characterization: The 2MNQ compound was used with-
out any further purification after being acquired from Sigma-
Aldrich, USA. Structural information about the compound was
investigated in the 20 range of 10°-50° using a Bruker-D8 X-ray
diffractometer. The FTIR spectrum of the molecule (3500-
400 cm™) was recorded using a Perkin-Elmer FTIR spectro-
meter equipped with a globar source, a KBr beam splitter, an
MCT detector and a spectral resolution of = 1 cm™. The FT-
Raman spectrum of 2MNQ was obtained using a computer-
interfaced Bruker IFS 66V interferometer equipped with FRA-
106 FT-Raman accessories. The spectrum was recorded at a
scanning speed of 10 cm™ and a spectral resolution of 2 cm™
at ambient temperature. UV—visible spectra were acquired
using a U-3501 spectrophotometer.

Computational details: All quantum chemical calcul-
ations for 2MNQ molecule were performed at the DFT/B3LYP
level of theory [12,13], using the Gaussian 099W program suite
[14] without imposing any geometric constraints. The 6-311++
G(d,p) basis set was employed for all computations. Vibrational
frequencies were calculated using the VEDA program [15] and
scaled by a factor of 0.961 [16]. Moreover, frontier molecular

orbitals (FMO), molecular electrostatic potential (MEP) and
Mulliken charges were computed at the same theoretical level
by integrating the results from the GaussView program [17].

Molecular docking studies: Multiple downstream cellu-
lar signaling pathways activated by human progesterone and
estrogen receptors contribute to the development and progres-
sion of cancer. A computer-aided molecular modeling approach
was employed to evaluate the inhibitory potential of 2MNQ
against breast cancer. Epidermal growth factor (PDB ID: 1M 17),
estrogen receptor (PDB ID: 1A52) and human progesterone
receptor (PDB ID: 3D90) were selected as protein markers for
breast cancer. These receptors served both as protein indicators
and as ligands for the chemical compound 2MNQ. The PyRx
molecular graphics toolkit [ 18] and AutoDock Vina [19] were
used to visualize the protein-ligand binding sites. Discovery
Studio [20] was utilized to analyze the protein structures and
identify the positions of amino acids.

ADMET prediction: The pharmacokinetic and physico-
chemical properties of the drug 2MNQ were determined using
the pkCSM server [21]. The BOILED-Egg model was subse-
quently applied via the SwissADME web server, which predi-
cted various pharmacokinetic characteristics, including drug-
likeness and water solubility [22]. The chemical structure of
2MNQ was used to evaluate a range of physico-chemical and
pharmacokinetic parameters, such as absorption, aqueous solu-
bility, distribution, metabolism, excretion and toxicity.

RESULTS AND DISCUSSION

Geometrical parameters: The monoclinic space group
P2,/ais the crystallographic setting in which 2MNQ crystall-
izes, as determined by XRD data [23]. The unit cell parameters
are a = 11.13247(12) A, b = 20.67256(17) A, c = 7.44834(5)
A and B=97.9850(6)°. Fig. 1 shows the powder X-ray diffrac-
tion (XRD) pattern of the synthesized 2MNQ alongside the
standard pattern generated from the Crystallographic Infor-
mation File (CIF). The strong correlation between these two
patterns confirms the structural integrity of the molecule. The
mole-cular structure of 2MNQ exhibits C, point group symm-
etry. Using the DFT-B3LYP method with the 6-311++G(d,p)
basis set, the optimized structural parameters were determined
according to the atom numbering scheme shown in Fig. 2. As
presented in Table-1, theoretical values were compared with
the experimental data [23]. The root mean square deviation
(RMSD) was used to evaluate the agreement between the theo-
retical and experimental structures, yielding R* = 0.8969 for
bond angles and R* = 0.9913 for bond lengths. Structurally,
2MNQ consists of two C-O bonds, twelve C—C bonds and
seven C—H bonds. The lengths of the C—H bonds range from
1.08 to 1.09 A. Based on B3LYP/6-31 1++G(d,p) calculations,
the experimental C—C bond distances (1.37-1.50 ;\) increase
slightly in the theoretical results (1.39-1.50 A). Notable bond
angles that closely match their experimental counterparts include
C2-C1-C6 at 118.2° (119.0° by expt.), C3—-C4-0O11 at 120.6°
(121.0° by expt.) and C6—C7-H21 at 118.7° (120.0° by expt.).

Fig. 3 displays the correlation coefficient plot, which shows
the strong agreement between the estimated and experimental
parameters. To study the thermodynamic characteristics of




Vol. 37, No. 7 (2025) Structural and Molecular Docking Evaluation of 2-Methyl-1,4-naphthoquinone as Potential Anti-Breast Cancer Agent 1657

TABLE-1
OPTIMIZED STRUCTURAL PARAMETERS OF 2-METHYL-1,4-NAPHTHOQUINONE
Bond DAL Experimental Bond DS Experimental Bond D Experimental
length (&) ,BoLYF6: [Ref. 23] angle©  ,PoLYE/6: [Ref. 23] angle () BSILVE - [Ref. 23]
311++G(d,p) ’ 311++G(d,p) ’ 311++G(d,p) ’
Cl-C2 1.50 1.47 C2-C1-Co6 118.2 119.0 C6-C7-C8 120.0 119.7
C1-C6 1.49 1.47 C2-C1-012 120.1 121.1 C6-C7-H21 118.7 120.0
C1-012 1.22 1.23 C6-C1-012 121.7 120.0 C8-C7-H21 121.3 120.4
C2-C3 1.35 1.38 C1-C2-C3 119.9 120.0 C7-C8-C9 120.2 120.0
C2-C13 1.50 1.49 C1-C2-C13 116.6 118.8 C7-C8-H20 119.9 119.7
C3-C4 1.48 1.50 C3-C2-C13 123.5 120.2 C9-C8-H20 120.0 120.3
C3-H17 1.09 1.08 C2-C3-C4 123.7 120.8 C8-C9-C10 120.2 120.0
C4-C5 1.49 1.47 C2-C3-H17 121.4 119.4 C8-C9-H19 120.0 119.7
C4-011 1.22 1.24 C4-C3-H17 114.9 119.7 C10-C9-H19 119.9 119.7
C5-C6 1.40 1.41 C3-C4-C5 117.4 118.0 C5-C10-C9 120.0 119.3
C5-C10 1.40 1.38 C3-C4-011 120.6 121.0 C5-C10-H18 118.6 120.1
C6-C7 1.40 1.39 C5-C4-011 122.0 121.0 C9-C10-H18 121.4 120.5
C7-C8 1.39 1.37 C4-C5-C6 120.1 120.4 C2-C13-H14 111.1 109.4
C7-H21 1.08 1.08 C4-C5-C10 120.0 120.2 C2-C13-H15 110.5 109.0
C8-C9 1.40 141 C6-C5-C10 119.9 119.4 C2-C13-H16 110.5 109.8
C8-H20 1.08 1.09 C1-C6-C5 120.7 120.8 H14-C13-H15 109.2 108.0
C9-C10 1.39 1.40 C1-C6-C7 119.5 118.2 H14-C13-H16 109.2 108.0
C9-H19 1.08 1.08 C5-C6-C7 119.8 121.0 H15-C13-H16 106.1 105.0
C10-H18 1.08 1.08
CI13-H14 1.09 1.07
CI3-HI5 1.09 1.08
CI13-H16 1.09 1.08
2MNQ, the DFT/B3LYP method with the 6-311++G(d,p) basis
set was employed and the results are summarized in Table-2.
Due to the presence of strongly electronegative nitrogen and
bromine atoms, 2MNQ exhibits a relatively high dipole moment
of 1.1194 Debye. The molecule was found to have entropy of
= | | 1 J‘ Simulation 100.162 cal mol” K™ and a total energy of 106.683 kcal mol™.
8 A ‘ s —* The zero-point vibrational energy was calculated to be 100.148
-‘g kcal mol™. These thermodynamic properties provide valuable
2 insights for evaluating the chemical reactivity and potential
- applications of 2MNQ.
TABLE-2
Experimental THERMODYNAMIC PARAMETERS OF
__,J L J\,A 2-METHYL-1,4-NAPHTHOQUINONE (2MNQ)
. : . r r P DFT-B3LYP/6-
10 15 20 25 30 35 40 arameters 31144G(d,p)
20 () Optimized global minimum energy (Hartrees) -574.59068
Fig. 1. Simulated XRD of 2-methyl-1,4-naphthoquinone compared with Total energy (thermal), E,,, (kcal mol™) 106.683
experimental X-ray diffraction pattern Heat capacity, C, (cal mol™ k™) 40.428
Total entropy, S (cal mol™ k™) 100.162
Translational entropy (cal mol™ k™) 41.336
Rotational entropy (cal mol™ k™) 30.888
Vibrational entropy (cal mol™ k™) 27.939
Vibrational energy, E,;, (kcal mol™) 104.905
Zero-point vibrational energy (kcal mol™) 100.148
Rotational constants (GHz)
A 1.28793
B 0.76837
C 0.48267
Dipole moment (Debye) 1.1194

Fig. 2. Optimized structure of 2-methyl-1,4-naphthoquinone

Vibrational assignment: The vibrational modes of 2MNQ),
which are active in both infrared and Raman spectra, are gover-
ned by its 21 constituent atoms. The experimental and compu-
tational spectra of 2MNQ are presented in Fig. 4, while the
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Fig. 4. FTIR and FT-Raman spectrum of 2-methyl-1,4-naphthoquinone

fundamental vibrational modes are listed in Table-3. The primary
objective of this study is to accurately assign the experimental
frequencies to the corresponding vibrational modes of 2MNQ,
in alignment with the harmonic vibrational frequencies predi-
cted by density functional theory (DFT). A comparison between
the experimental results and the frequencies calculated using
the DFT-B3LYP method [12] reveals a systematic overestima-
tion of vibrational modes, which can be attributed to the absence
of anharmonic effects in the theoretical model.

The vibrational analysis of each CH; group in 2MNQ incl-
udes nine fundamental modes: symmetrical stretching, in-plane
and out-of-plane stretching, in-plane bending, symmetrical and
asymmetrical deformation, in-plane and out-of-plane rocking
and twisting (T(CHs)) modes. Frequencies were assigned to these
modes accordingly [24]. Asymmetric stretching vibrations are
observed in the 3010-2970 cm™ range, while symmetric stret-
ching vibrations appear between 2990 and 2940 cm™. The FTIR
and Raman spectra of 2MNQ reveal characteristic vibrational
modes associated with the CH; group. The in-plane stretching
and CH; symmetric stretching frequencies appear at 3016 cm™
(infrared), 2998 cm™ (Raman), 2978 cm™ (infrared), 2957 cm™
(Raman), respectively. CH3; symmetric bending is observed at
1350 cm™, while in-plane bending modes are evident at 1435
cm™. Furthermore, CH; in-plane and out-of-plane rocking

modes contribute to infrared bands at 1017 cm™ and 775 cm™,
respectively. Out-of-plane stretching and bending modes are
reflected in the infrared spectrum at 1154 cm™ and 2971 cm™
(FTIR), as well as at 2919 cm™' (Raman). The remaining vibrat-
ional modes of the CH; group are summarized in Table-3. These
spectral assignments are further supported by the literature and
show strong agreement with previously reported values [24].

Many of the weak bands typically observed in the 3100-
3000 cm™ region of aromatic compounds are attributed to C—H
stretching vibrations [25]. In case of 2MNQ, C-H stretching
vibrations are identified in the Raman bands at 3076 and 3049
cm™ as well as in the infrared bands at 3071, 3069 and 3039
cm™'. These vibrations are confirmed based on their potential
energy distribution (PED) values. Sharp bands in the 1300—
1000 cm™ range correspond to C—C stretching vibrations and
are associated with C—H in-plane ring bending. In 2MNQ, C-H
in-plane bending vibrations are represented by FT-IR bands
at 1085 and 1005 cm™ and FT-Raman bands at 1115 and 1053
cm™. The theoretically predicted C-H vibrational modes,
calculated using the B3LYP/6-311++G(d,p) method, show
excellent agreement with the experimental observations.

The C=O stretching vibration typically appears in the
1700-1600 cm™ range [26]. In case of 2MNQ, the scaled C=0
stretching frequencies are 1658 cm™ in FTIR (with 92% PED)
and 1651 cm™ in Raman (with 91% PED). Conjugation can
enhance the intensity of C=0 bands, making them easier to
identify. In 2MNQ, the vibrational bands corresponding to
C=0 in-plane and out-of-plane bending modes are presented
in Table-3. These frequency assignments are further supported
by the literature [26].

The C—C stretching vibrations, typically observed in the
1625-1200 cm™ range, are significant for substituted aromatic
compounds [27]. In 2MNQ, the C—C stretching modes corres-
ponding to experimental peaks exhibit PED values between
81% and 90%. These vibrations are observed in the infrared
spectrum at 1620, 1576, 1543, 1461, 1400, 1320, 1306, 1268,
1237 and 1200 cm™ and in the Raman spectrum at 1599, 1580,
1433, 1306, 1268 and 1238 cm™'. In addition to these stretching
modes, the in-plane and out-of-plane bending vibrations for
each normal mode have been calculated based on literature
data [27] and are listed in Table-3.

UV-vis analysis: The absorption characteristics of the
molecular system were investigated using time-dependent
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TABLE-3
VIBRATIONAL ASSIGNMENTS BASED ON PED CALCULATIONS FOR 2-METHYL-1,4-NAPHTHOQUINONE
S. No Observed wavenumber (cm™) Wavenumber (cm™) IR intensity Ranolan activity Assignment

e FT-IR FT- Raman Calculated Scaled (Km mol ™) (A*amu™) with PED (%)
1 - 3076(ms) 3202 3078 10 220 vCH (100)
2 3070(w) - 3198 3075 1 30 vCH (99)

3 3069(w) - 3185 3062 8 140 vCH (96)

4 - 3049(vw) 3171 3048 3 74 vCH (99)

5 3039(w) - 3170 3048 7 138 vCH (96)

6 3016(vw) 2998(vw) 3123 3002 12 70 CHiips (95)
7 2978(vw) 2957(vw) 3088 2968 6 87 CH;ss (94)
8 2917(w) 2919(ms) 3037 2920 8 261 CH;ops (93)
9 1658(vs) — 1723 1656 387 5 vC=0 (92)
10 - 1651(vs) 1719 1652 37 318 vC=0 (91)
11 1620(s) 1599(ms) 1676 1611 63 17 vCC (90)

12 1576(vs) 1580(w) 1629 1566 70 72 vCC (89)

13 1543(vw) - 1614 1551 1 11 vCC (91)

14 1461(w) - 1506 1448 2 1 vCC (90)

15 - 1433(vw) 1484 1426 0 3 vCC (88)

16 1435(w) - 1479 1421 10 25 CHs,ipb (87)
17 1400(w) - 1467 1410 9 9 vCC (86)

18 1350(ms) 1359(vw) 1416 1361 13 17 CH.sb (85)
19 1320(ms) - 1367 1315 38 14 vCC (87)

20 1306(ms) 1306(vw) 1358 1305 2 9 vCC (84)

21 1268(ms) 1268(vw) 1314 1263 155 28 vCC (83)

22 1237(vw) 1238(vw) 1280 1230 150 30 vCC (82)

23 1200(vw) - 1253 1204 16 17 vCC (81)

24 1154(w) - 1186 1140 4 9 CH;opb (80)
25 - 1115(w) 1179 1134 16 1 BCH (81)
26 1085(vw) - 1125 1082 4 23 BCH (79)

27 — 1053(ms) 1104 1061 2 8 BCH (78)

28 1017(w) - 1058 1017 3 0 CHipr (77)
29 1005(vw) - 1050 1010 3 45 BCH (76)
30 985(vw) - 1030 990 12 3 BCH (75)

31 979(vw) - 1020 980 0 0 Rasymd (74)
32 - 952(vw) 1002 963 1 0 Rsymd (75)
33 931(ms) - 951 914 40 5 Rtrigd (73)
34 895(ms) - 917 882 11 0 Rasymd (72)
35 879(w) - 916 880 0 Rsymd (71)
36 - 785(vw) 802 771 1 0 Rtrigd (70)
37 775(w) - 797 767 7 1 CHiopr (69)
38 749(ms) — 792 761 43 1 BCC (68)

39 - 691(vw) 720 692 3 5 TRasymd (67)
40 682(ms) — 705 677 17 0 TRsymd (66)
41 665(ms) 653(vw) 680 654 15 0 TRtrigd (65)
42 643(vw) - 660 635 2 4 TRasymd (66)
43 630(vw) — 652 627 2 3 TRsymd (64)
44 521(w) 521(w) 519 499 5 18 TRtrigd (62)
45 - - 480 461 0 0 TRasymd (63)
46 452(mw) 450(ms) 462 445 5 5 oCH (61)
47 407(ms) 412(vw) 426 410 0 0 ®CH (60)

48 = - 407 392 10 2 oCH (61)
49 - - 300 289 12 2 ®CC(59)

50 - - 355 341 0 0 BC=0 (58)
51 - - 379 365 0 2 BC=0 (57)
52 - - 253 243 1 2 oCH (56)

53 - - 206 198 0 1 oCH (57)

54 - - 159 153 1 2 ®C=0 (55)
55 - - 127 122 0 0 oC=0 (54)
6 _ - 120 115 0 1 CH; (55)
57 — — 58 56 9 0 Butterfly (53)
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density functional theory (TD-DFT) [28]. Electronic absorp-
tion spectra of 2MNQ in the gas phase were simulated using
the B3LYP/6-311++G(d,p) basis set. The UV-Vis spectra of
2MNQ are shown in Fig. 5a. An absorption peak corresponding
to a T—T* transition, primarily involving a HOMO-2 to LUMO
excitation with a 93.53% contribution, is observed at 342.57
nm. The predicted absorption wavelengths, oscillator strengths
and excitation energies [29] are summarized in Table-4. More-
over, the calculated spectra display absorption peaks at 352.47
nm, with associated excitation energies of 3.5176 eV.
Frontier molecular orbitals (FMOs): The electrical pro-
perties, chemical reactivity and molecular transitions of 2MNQ
were evaluated using frontier molecular orbital (FMO) analysis.
FMO analysis also provides insight into the characteristics of
ligand molecules and their interactions with biological recep-
tors [30]. The highest occupied molecular orbital (HOMO)
represents the ability to donate electrons of molecule, while
the lowest unoccupied molecular orbital (LUMO) reflects its
capacity to accept electrons. In 2MNQ, the HOMO energy

(Enomo) was calculated as —7.46 eV and the LUMO energy
(Erumo) as —3.42 eV, resulting in an energy gap (AE) of 4.04
eV, indicating a stable molecular structure. The FMOs of
2MNQ are illustrated in Fig. 5b. The LUMO is primarily loca-
lized on the naphthoquinone ring moiety, while the HOMO is
concentrated around the oxygen atoms and methyl group. In
the visual representation, red and green correspond to the posi-
tive and negative phases of the FMO, respectively. The energy
gap further supports the stability and low chemical reactivity
of molecule. Koopman’s theorem [31] was applied to determine
several molecular descriptors related to FMOs, which are listed
in Table-5. These include ionization potential, electron affinity,
chemical potential, hardness (1), softness (S) and electrophilicity
index (). In 2MNQ), the electronegativity (), representing
the molecule’s tendency to attract electrons, was calculated to
be 5.44 eV. The molecule exhibited a hardness of 2.02 eV and
asoftness of 0.25 eV, indicating moderate chemical reactivity.
According to Domingo et al. [32], the electrophilicity scale,
organic compounds are categorized as weak electrophiles (®

Theoretical (a)
Enomo =—7.46 eV
o
c
S5
o
< . AE =4.04 eV
Yy Experimental
o
C
©
£
S
(2]
o
<<
E umo =—3.42 eV
L v L] 1 1
100 200 300 400 500
Wavelength (nm)
Fig. 5. (a) UV-vis spectra and (b) HOMO-LUMO of 2-methyl-1,4-naphthoquinone
TABLE-4
MOLECULAR ORBITAL CONTRIBUTIONS OF 2-METHYL-1,4-NAPHTHOQUINONE
TD-DFI/B3LYP/6-311++G(d,p) Experimental
Energy (eV) Oscillator strength Computed wavelength (nm) Major contributions Assignment wavelength (nm)
3.5176 0.0016 352.47 H-2 to L (93.53%) T—* 342.57
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TABLE-5
GLOBAL REACTIVITY DESCRIPTORS FOR
2-METHYL-1,4-NAPHTHOQUINONE

Molecular properties B3LYP/6-311++G(d,p)
HOMO (eV) -7.46
LUMO (eV) -3.42
AE (Eyomo — ELumo) (€V) 4.04
Ionization potential (I) (eV) 7.46
Electron affinity (A) (eV) 342
Global hardness (1) (eV) 2.02
Global softness (S) (eV™) 0.25
Electronegativity () (eV) 5.44
Chemical potential (u) (eV) -5.44
Global electrophilicity (®) (eV) 7.31

<0.8 eV), moderate electrophiles (0.8 < w < 1.5 eV), or strong
electrophiles (> 1.5 eV). With an electrophilicity index of
7.31 eV, 2MNQ is classified as a strong electrophile.

In regions, where the molecular orbitals have nearly degen-
erate energy levels, describing electronic behaviour using only
HOMO and LUMO may be insufficient. The density of states
(DOS) analysis provides a more detailed perspective. Using
GaussSum 3.0, DOS was calculated by summing the alpha
(o) and beta (P) electron densities, incorporating Gaussian-
curved molecular orbital data [33]. For 2MNQ, the total DOS
includes 90 electrons, consisting of 45 o and 45 B electrons.
As shown in Fig. 6, the distribution of molecular orbitals plays
a critical role in defining the chemical bonding and electronic
characteristics of the molecule.

Molecular electrostatic potential & Mulliken charge:
In Fig. 7a, a molecular electrostatic potential (MEP) map is
projected onto the molecule’s van der Waals surface. On this
multicoloured surface, regions of high electron density (nega-
tive potential) are represented by red areas (oxygen atoms in
2MNQ), while regions of low electron density (positive poten-
tial) are shown in blue (hydrogen atoms in 2MNQ). This MEP
mapping helps in identifying the reactive sites of molecule
and predicting the potential interactions with electrophiles and
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Fig. 6. DOS spectrum of 2-methyl-1,4-naphthoquinone

nucleophiles [34]. The MEP surface also provides insights into
the charge distribution across the molecular framework, sugg-
esting that the molecule is an aromatic compound with various
substituents.

This is further supported by Fig. 7b, which presents a 3D
model of the molecule, with each atom’s atomic charge clearly
labeled in parentheses. The colour of the atoms reflects the
sign and magnitude of their atomic charges: black indicates
near-neutral atoms, green represents positively charged atoms
and red denotes highly negative regions. The numerical charges
help quantify local electron-rich and electron-deficient zones,
reinforcing the qualitative insights derived from the MEP
mapping in Fig. 7a. Together, these two visualizations offer a
comprehensive representation of the electronic structure of
molecule and are instrumental in identifying potential sites of
intermolecular interactions and chemical reactivity [35]. The
Mulliken charge distribution provides critical insight into the
electronic characteristics of atoms within the 2MNQ molecule.

-0.928

0.928

Fig. 7. (a) MEP plot of 2-methyl-1,4-naphthoquinone (b) Mulliken population analysis of 2-methyl-1,4-naphthoquinone
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Atoms such as C4 (-0.93), C1 (-0.58) and O11 (-0.23) carry
substantial negative charges, suggesting strong nucleophilic
behaviour shown in Table-6. These findings are consistent with
the red, electron-rich regions observed in the MEP map. Conv-
ersely, the electrophilic nature of hydrogen atoms H14-H16
is confirmed by their high positive Mulliken charges (0.16—
0.19), which correspond to the electron-deficient blue areas
in the MEP visualization. In combination, the Mulliken charge
analysis and MEP mapping effectively highlight the electron
density distribution, helping in the prediction of chemically
reactive sites within the 2MNQ molecule.

TABLE-6
MULLIKEN ATOMIC CHARGE FOR
2-METHYL-1,4-NAPHTHOQUINONE

Atomic charges Atomic Charges
Atoms (Mulliken) by Atoms (Mulliken) by
B3LYP/6-311++G(d,p) B3LYP/6-311++G(d,p)
Cl -0.58 0o12 -0.21
C2 0.88 C13 -0.28
C3 -0.37 H14 0.16
C4 -0.93 HI15 0.19
(63) 0.47 H16 0.19
C6 0.34 H17 0.18
C7 0.08 H18 0.18
C8 -0.39 H19 0.18
9 -0.28 H20 0.18
C10 0.05 H21 0.18
Ol1 -0.23

Molecular docking: In pharmacological drug research,
molecular docking is a widely used technique for investigating
the binding sites between proteins and ligands. Based on
previous studies, human progesterone and estrogen receptors
were selected for present analysis. in silico study (Fig. 8) illus-
trates the interactions between 2MNQ and several proteins
associated with breast cancer, including the human proges-
terone receptor (PDB ID: 1M17), epidermal growth factor,
human estrogen receptor (PDB ID: 1A52) and estrogen sulfo-
transferase (PDB ID: 3D90). As shown in Table-7, 2MNQ
exhibits the highest binding affinity with the IM17 protein,
with a binding energy of —7.2 kcal/mol. However, only one
hydrogen bond interaction was observed in this complex. The
hydrogen bond distance between the interacting residue, ASP
A:831 and the ligand is approximately 3.80 A.

As shown in Fig. 8b, this study indicates that 2MNQ interacts
with the 1A52 receptor with a binding energy of —7.1 kcal/mol,
forming a single conventional hydrogen bond. The interaction
involves the HIS A:524 residue, with a bond distance of 2.72
A. Additionally, 2MNQ forms a single hydrogen bond with
the 3D90 receptor via the SER A:728 residue, with a separation
of 2.76 A, as illustrated in Fig. 8c. The 3D90O protein also

exhibits a significant binding affinity (6.6 kcal/mol) for 2MNQ.
These interactions suggest that the 2MNQ ligand binds effec-
tively to proteins associated with breast cancer, potentially
impairing their biological function.

ADMET prediction: The absorption and metabolic prop-
erties of 2MNQ are presented in Table-8. A log Papp value
greater than 0.90, as reported by the pkCSM server, indicates
high Caco-2 permeability. Since, the intestine plays a crucial
role in the absorption of food and drugs, a compound is consi-
dered to have poor human intestinal absorption (HIA) if its
absorption rate is below 30% [36]. In case of 2MNQ, 97.779%
is absorbed in the human intestine, suggesting excellent oral
bioavailability. One of the main challenges in topical drug deve-
lopment is overcoming the protective barrier of skin. Several
in silico approaches were used to predict 2MNQ’s skin pene-
tration. According to the pkCSM server, 2MNQ has a skin
permeability (log Kp) of —2.346, indicating significant dermal
absorption. The volume of distribution at steady state (VDss)
reflects the extent to which a drug spreads throughout body
tissues relative to the plasma. A higher VDss suggests wider
tissue distribution. For 2MNQ, the VDss (log L/kg) was calcu-
lated to be 0.094, indicating a reasonable degree of distribution.
The blood-brain barrier (BBB) plays a key role in protecting
the brain from harmful substances. A log BB value greater
than 0.3 indicates good permeability across the BBB, while a
value below -1 implies poor distribution to the brain. 2MNQ
recorded a log BB value of 0.408, suggesting effective brain
penetration. CNS permeability (log PS), assessed through
direct carotid artery injection, provides another metric. Comp-
ounds with log PS < -3 are predicted to have poor CNS pene-
tration, whereas those with log PS > -2 are expected to penetrate
the CNS. 2MNQ’s log PS of -2.004 implies that it is likely
capable of crossing into the CNS. Regarding renal clearance,
the pkCSM server reports a total clearance rate of 0.223 for
2MNQ, when used as a renal OCT2 substrate. In terms of
toxicity, the LOAEL and oral LDy, in rats were found to be
2.657 mol/kg and 1.696 log mg/kg bw/day, respectively.
Notably, 2MNQ does not inhibit hERG I or II, according to
pkCSM predictions, which is favourable for cardiac safety.

The BOILED-Egg model was used to evaluate passive
gastrointestinal absorption and brain penetration, with results
displayed in Fig. 9. P-glycoprotein (P-gp) plays a key role in
drug transport through the intestinal, renal and hepatic systems
and is known to affect drug bioavailability and excretion [37].
The model shows that 2MNQ is located in the yolk region
(Fig. 9a), indicating its capability to cross the blood-brain
barrier. Among the drug-likeness rules assessed, 2MNQ violated
only the Ghose rule, due to its molecular weight of 172.18 g/
mol. The saturation level of compound, evaluated using the
fraction of sp® hybridized carbon atoms (Csp*), was found to

TABLE-7
MOLECULAR DOCKING BINDING ENERGY OF 2-METHYL-1,4-NAPHTHOQUINONE

Protein ID bRl Residues involved between ligand and protein H-bon.dmg AREIes) b.etween
(kcal/mol) ligand and protein
1M17 -7.2 LYS A:721, ASP A:831, LEU A:820, VAL A:702, ALA A:719 ASP A:831(3.80 A)
1A52 -7.1 LEU A:525, LEU A:384,ILE A :424, MET A :421, HIS A:524, GLY A:521 HIS A:524(2.72 A)
3D90 -6.6 LYS A:822, ARG A:766, PRO A:696, SER A:728, ILE A:699 SER A:728(2.76 A)
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Fig. 8. Molecular docking of 2D and 3D interaction with H-bond of 2-methyl-1,4-naphthoquinone with PDB ID: (a) IM17, (b) 1A52 and (c)
3D90



1664 Kumar ef al.

Asian J. Chem.

TABLE-8
PHARMACOKINETIC PREDICTION OF 2-METHYL-1,4-NAPHTHOQUINONE
ADMET properties MNQ  Anastrozole ADMET properties MNQ  Anastrozole
Slalc(?;igjgneablllty Uiy 12 Reee Total clearance (log mL/min/kg) 0.223 1.525
. . . . Excretion
Absorption z—(I;:;nan intestinal absorption 97.779 98.8 Renal OCT2 substrate No No
Skin permeability (log Kp) -2.346 -2.7 AMES toxicity test Yes Yes
VDss (human) (log L/kg) 0.094 -0.097 hERG I inhibitor No No
Distribution Fraction unbound (human) 0.328 0.163 hERG II inhibitor No No
BBB permeability (log BB) 0.408 -0.347 Oral rat acute toxicity (LDs,) 1.696 2.363
CNS permeability (log PS) -2.004 -2.736 (mol/kg)
CYP2D6 substrate No No Toxici Oral rat chronic toxicity (log 2.657 1.338
oxicity
CYP3A4 substrate No Yes mg/kg_bw/day)
CYP1A2 inhibitior Yes Yes Skin sensitization Yes No
Metabolism  CYP2C19 inhibitior Yes Yes T. pyriformis toxicity (log ug/L) 0.718 1.69
CYP2C9 inhibitior Yes No Minnow toxicity (log mM) 1.494 1.205
CYP2D6 inhibitior Yes No Hepatotoxicity Yes Yes
CYP3 A4 inhibitior No No
LIPO
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Fig. 9. (a) BOILED-Egg plot and (b) Radar plot of 2-methyl-1,4-naphthoquinone

be 0.09, indicating a relatively unsaturated structure. Lower
saturation levels are often associated with increased aromaticity
and planarity, which can influence bioavailability and binding
interactions. Also, the ideal range for drug-like physico-chemical
characteristics is represented by the pink-shaded area in the
radar plots. Good ADMET behaviour depends on favourable
properties such as appropriate lipophilicity, polarity and solub-
ility parameters that fall within this pink zone. Conversely,
the values outside this area indicate deviations from the optimal
range, which may negatively affect bioavailability, distribution,
or absorption. In this study, as illustrated in Fig. 11b, 2MNQ
falls within the pink region, indicating a well-balanced and
drug-like physicochemical profile. Lipophilicity values for
iLOGP, XLOGP3, WLOGP, MLOGP and SILICOS-IT were
1.74,2.20, 2.01, 1.20 and 2.72, respectively. Predicted water
solubility values from ESOL, ALI and SILICOS-IT were —2.64,
—2.55 and -3.42, respectively, indicating a solubility range

from moderate to high. Based on the predicted pharmacokinetic
and physico-chemical properties, 2MNQ appears to be a suffi-
ciently safe and promising candidate for therapeutic applications.

Conclusion

The optimal geometries, harmonic vibrational wavenum-
bers and vibrational band intensities of 2-methyl-1,4-naphtho-
quinone (2MNQ) were determined using the DFT-B3LYP
method with the standard 6-311 ++G(d,p) basis set. This level
of computation was found to align well with experimental obser-
vations. The frequency assign-ments were further supported by
potential energy distribution (PED) calculations. Furthermore,
the electronic properties of molecule were analyzed and com-
pared with the experimentally measured UV-Vis spectral values.
Molecular docking results revealed that 2MNQ exhibits strong
binding affinities to key breast cancer-related proteins 1M17,
1AS52 and 3D90O with binding energies of —7.2, —7.1 and —6.6
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kcal/mol, respectively. Finally, the physico-chemical and
ADMET profiles of 2MNQ confirmed its drug-like behaviour.
The compound complies with Lipinski’s rule of five and demon-
strates a favourable safety profile, supporting its potential as a
therapeutic candidate.
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