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A B S T R A C T

The vibrational, electronic and charge transfer studies on 2-bromo-6-methoxynaphthalene (2BMN) were done
using DFT method with B3LYP/6-311þþG(d,p) theory using GAUSSIAN 09W software. Theoretical and experi-
mental investigations on FT-IR and FT Raman were executed on 2BMN. The calculated vibrational wavenumbers
were scaled using suitable scaling factors and vibrational assignments were done to all modes of vibrations using
Potential Energy Distribution (PED). Frontier Molecular Orbitals were calculated using TD-DFT method and the
HOMO-LUMO energy gap was also obtained. Other electronic properties and global parameters for 2BMN were
found using the HOMO-LUMO energy values. An energy gap of 4.208 eV shows the stability of the molecule. The
reactive sites were predicted using Molecular Electrostatic Potential (MEP), Electron Localization Function (ELF)
and Fukui calculations. Hence all electrophilic sites and nucleophilic areas of the molecule were determined. The
delocalization of electron density was studied using NBO calculations. The intramolecular transitions and stability
of structure were explained using in detail using the former. As the compound satisfies drug-like properties and
has a softness value (indicating its less toxic nature), it may be used as a pharmaceutical product. Molecular
docking studies were made and the protein-ligand binding properties were discussed. It was found out that title
compound exhibits anti-cancer activities. The low binding energy predicts that the compound may be modified as
a drug for treating Cancer.
1. Introduction

Cancer is listed as one of the most life-threatening diseases of the
present time. Several studies on prevention and cure of this are prevalent
nowadays. Cancer is a disease in which abnormal growth of cells is
observed that are malignant or benign [1, 2]. Advancement in technology
has resulted in the detection of cancerous cells and their observation [3].
Several studies have shown that Cancer accounts for 16% of total death.
In 2018, estimates showed that 18.1 million people are diagnosed with
Cancer and deaths counting to 9.6 million globally [4, 5]. This calls for
research in developing drugs for the treatment of this life-threatening
disease. Studies on anti-inflammatory drugs have shown that taking
Nonsteroidal Anti-Inflammatory Drugs (NSAIDs) has decreased cancer
risk [6, 7, 8, 9]. NSAIDs can be very effective as they tend to work
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quickly. They generally have fewer side effects than other steroidal drugs
that lower inflammation. A thorough study of literature shows that
NSAIDs have a cancer-protective impact on various types of cancers such
as breast, prostate, colourectal, ovarian, head and neck [10, 11, 12, 13,
14].

2-bromo-6-methoxynaphthalene is a compound that acts as an in-
termediate in the production of anti-inflammatory drugs like Naproxen
and Nabumetone by Heck reaction [15, 16]. This compound also exhibits
anti-inflammatory properties and therefore calls for further research in
developing drugs. Literature shows that exhaustive spectroscopic evalu-
ation and quantum computational observations using DFT were not
carried out for 2BMN. In this study, meticulous calculations on vibra-
tional spectroscopic data, DFT and molecular docking are performed.
thu).
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Table 1. Selected geometric parameters of the title compound.

Bond Length(Å) Bond Angle (ᵒ)

Atoms Theoretical Experimental* Atoms Theoretical Experimental*

C1–C2 1.370 1.374 C2–C1–C10 119.8 120.74

C1–C10 1.421 1.424 C1–C2–C3 121.6 120.06

C2–C3 1.415 1.414 C1–C10–C5 119.5 119.33

C3–C4 1.372 1.375 C1–C10–C9 122.1 121.97

C4–C5 1.422 1.426 C2–C3–C4 119.5 120.52

C5–C6 1.411 1.419 C3–C4–C5 121.3 120.72

C5–C10 1.431 1.423 C4–C5–C6 122.2 121.59

C6–C7 1.381 1.378 C4–C5–C10 118.4 118.62

C7–C8 1.418 1.422 C6–C5–C10 119.4 119.79

C7–O11 1.365 1.427 C5–C6–C7 120.8 119.53

C8–C9 1.376 1.364 C5–C10–C9 118.3 118.69

C9–C10 1.415 1.426 C6–C7–C8 120 120.8

O11–C12 1.422 1.425 C6–C7–O11 116.4 114.01

C2–Br13 1.920 - C8–C7–O11 123.6 125.18

C7–C8–C9 120 120.35

C7–O11–C12 119.1 117.22

C8–C9–C10 121.4 120.72

C1–C2–Br13 119.9 -

C3–C2–Br13 118.5 -

* Taken from Ref [27].

Figure 1. Optimized geometry of title compound using DFT B3LYP/6-311þþG(d,p) basis set.
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These results are interpreted to predict its anti-inflammatory properties
and relevance in treatment of Cancer.

2. Materials and methods

2.1. Experimental details

2BMN was bought from Sigma Aldrich with a purity of 99%. Without
further purifications, the study was carried out. The FT-Raman spectrum
with a resolution 2cm�1 was obtained using Nd-YAG laser at wavelength
1064nm and power 100mW, in the region 4000-100cm�1 equipped in
BRUCKER RFS 27 available at IIT SAIF, Chennai, India. The FT-IR spec-
trum of 2BMN was reported in the region 4000-400 cm�1, with a reso-
lution of 1.0 cm�1. PERKIN ELMER FT-IR spectrophotometer at SAIF IIT-
Chennai, India, which uses KBr pellet technique, was used to get the data.
The UV-VIS analysis on 2BMN was done at SAS, VIT, Vellore in the range
200–800nm using DMSO as solvent.
2

2.2. Computational details

The quantum chemical calculations for 2BMN were done using DFT
(B3LYP) with 6–311þþG (d, p) as the theory level [17, 18]. Unlike
other basis sets, this basis set has a more detailed description and lists
the orbitals used for valance and core electrons as a separate entity.
Further, the above basis set has been polarized (d, p) and diffused
(þþ) for better approximations. The selected basis set is decent for
calculating final accurate energies. Literature shows that 6-311þþG
(d, p) is quite effective in giving acceptable calculated geometries and
energies, which can be achieved at a relatively low computational
cost.

The structure was optimized using GAUSSIAN09W. The bond angles
and bond length of the molecule were achieved from this optimized
structure making use of CHEMCRAFT [19]. The harmonic vibrational
frequencies were assigned with the help of VEDA software for this
optimized structure [20]. A scaling factor of 0.967 was included to



Table 2. Experimental and Theoretical (DFT B3LYP/6-311þþG(d,p) basis set) vibrational spectroscopic data with vibrational assignments for title compound.

Wavenumber(cm�1) IR intensity Raman activity Vibrational assignments(%PED)

Experimental Theoretical

IR Raman Unscaled Scaled* Absolute Relative** Absolute Relative**

3205 3099 8 3 144 62 as ʋ CH(99)

3202 3096 4 1 131 56 as ʋ CH(93)

3188 3083 2 1 77 33 as ʋ CH(92)

3184 3079 6 2 113 48 as ʋ CH(98)

3061 (vw) 3169 3064 6 2 61 26 as ʋ CH(94)

3058 (vs) 3167 3062 7 2 53 23 as ʋ CH(94)

3009 (vw) 3009 (ms) 3135 3032 23 8 164 70 as ʋ CH(92)

2967 (vw) 2941 (w) 3066 2965 37 14 73 31 as ʋ CH(100)

2841 (w) 3006 2907 71 26 207 89 as ʋ CH(92)

1626 (m) 1626 (w) 1665 1610 81 30 95 41 as ʋ CC(39)

1581 (s) 1574 (w) 1627 1573 124 46 5 2 as ʋ CC(47)

1601 1548 2 1 42 18 as ʋ CC(30) þ δ CCC(17)

1497 (s) 1473 (w) 1537 1486 98 36 13 6 δ HCC(25)

1506 1456 40 15 5 2 δ HCH(58) þ t HCOC(20)

1448 (ms) 1498 1449 8 3 38 16 as ʋ CC(10) þ δ HCC(16)

1433 (vw) 1494 1445 9 3 18 8 δ HCH(76) þ t HCOC(16)

1405 (s) 1475 1426 6 2 8 3 δ HCH(68)

1388 (s) 1388 (s) 1437 1390 1 0 129 55 as ʋ CC(37)

1365 (ms) 1400 1354 1 0 233 100 as ʋ CC(41) þ δ CCC(10)

1386 1340 27 10 0 0 as ʋ CC(40)

1361 1316 6 2 7 3 as ʋ CC(15) þ δ HCH(29)

1262 (s) 1296 1253 272 100 11 5 as ʋ OC(28) þ δ HCC(10)

1284 1242 8 3 0 0 δ CCC(42) þ δ HCC(14)

1208 (s) 1209 (vw) 1245 1204 111 41 19 8 as ʋ CC(17) þ δ HCC(32)

1162 (s) 1163 (vw) 1199 1159 10 3 6 2 δ HCH(12) þ t HCOC(42)

1183 1144 55 20 12 5 δ HCC(45)

1178 1139 25 9 1 0 s ʋ CC(14) þ δ HCC(27)

1166 1128 1 0 3 1 δ HCH(28) þ t HCOC(53)

1161 1123 38 14 2 1 as ʋ CC(13) þ δ HCC(35)

1072 (w) 1065 (vw) 1077 1041 22 8 29 12 as ʋ CC(57) þ δ HCC(14)

1030 (s) 1064 1029 59 22 1 0 as ʋ OC(57) þ δ HCC(12)

957 (w) 974 942 1 0 0 0 t HCCC(79) þ t CCCC(11)

953 (w) 966 934 5 2 15 6 as ʋ CC(14) þ δ CCC(39)

900 (vs) 952 921 2 1 1 0 t HCCC(77) þ t CCCC(12)

901 871 51 19 2 1 δ CCC(88)

888 859 41 15 0 0 t HCCC(60)

851 (vs) 880 851 13 5 0 0 t HCCC(67)

814 (vs) 797 (w) 811 784 3 1 0 0 t HCCC(66)

800 (s) 806 779 32 12 0 0 t HCCC(61)

801 775 2 1 31 13 as ʋ CC(17) þ δ CCC(35)

729 (vw) 724 (w) 746 721 0 0 0 0 t CCCC(67)

733 709 0 0 17 7 s ʋ CC(17) þ as ʋ OC(19) þ δ HCC(24)

655 (w) 654 632 4 2 0 0 t HCCC(11) þ t CCCC(41) þ t OCCC(16)

654 632 4 2 1 1 s ʋ CC(13) þ δ CCC(38)

571 552 31 11 3 1 δ CCC(20) þ δ COC(23) þ δ OCC(22)

520 (w) 546 528 0 0 1 0 t HCCC(11) þ γ BrCCC(13) þ γ OCCC(22)

519 (w) 529 512 1 0 11 5 as ʋ CC(13) þ δ HCC(32)

467 (vs) 479 (vw) 477 461 16 6 0 0 t CCCC(81)

401 (vw) 443 428 2 1 1 0 as ʋ BrC(12) þ δ CCC(34)

413 399 0 0 2 1 t CCCC(59)

383 370 1 0 1 1 as ʋ BrC(12) þ δ CCC(26) þ δ COC(26) þ
δ BrCC(11)

350 338 0 0 0 0 t CCCC(25) þ γ BrCCC(25)þγ OCCC(14)

282 (w) 254 246 3 1 6 2 δ OCC(32) þ δ COC(20) þ δ BrCC(20)

(continued on next page)
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Table 2 (continued )

Wavenumber(cm�1) IR intensity Raman activity Vibrational assignments(%PED)

Experimental Theoretical

IR Raman Unscaled Scaled* Absolute Relative** Absolute Relative**

244 236 1 0 0 0 t HOCC(72)

208 (s) 232 224 1 0 6 3 s ʋ CC(10) þ ʋ BrC(32) þ δ CCC(10) þ δ OCC(12) þ
δ BrCC(11)

187 181 0 0 1 1 t CCCC(22) þ γ BrCCC(17) þγ OCCC(14)

175 169 1 1 1 0 t CCCC(41) þ γ BrCCC(12) þγ CCCC(14)

104 (vs) 139 134 0 0 1 0 δ CCC(19) þ δ OCC(17) þ δ BrCC(44)

84 (vs) 84 81 3 1 0 0 t COCC(48)

49 47 1 0 0 0 t CCCC(24) þ t COCC(35) þ γ CCCC(16)

ʋ-stretching, δ-in-plane bending, γ - out-of-plane bending and t-torsion.
as-asymmetric stretching, s-symmetric stretching.
vs-very strong, s-strong, ms-medium strong, w-weak, vw-very weak.

* scaling factor 0.967 for B3LYP/6-311þþG(d,p) basis set.
** Normalised to 100.
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compare the experimental and theoretical vibrational wavenumber [21,
22]. TD-DFT/B3LYP theory was used in obtaining UV results. Frontier
Molecular Orbital analysis was done and HOMO-LUMO energy levels
were calculated. Electron density delocalization within donor and
acceptor NBOs of the molecule was also estimated. This supported in
evaluating the hyper-conjugation together with intramolecular
Figure 2. Experimental and scaled theoretical FT-IR spectra for 2BMN for (a) higher
wavenumbers (4000-2500 cm�1) and (b) lower wavenumbers (2500-50 cm�1).
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interactions. Electron Localization Function (ELF) maps were obtained
using MULTIWFN [23]. GAUSSSUM 2.2 was used to prepare the DOS
and PDOS spectra [24]. Molecular docking simulations were done using
AutoDock 4.2.6 [25] and to get the protein-ligand interaction, PyMOL
2.0 was used [26].
Figure 3. Experimental and scaled theoretical FT-Raman spectra for 2BMN for (a)
higher wavenumbers (4000-2500 cm�1) and (b) lower wavenumbers (2500-50 cm�1).



Table 3. Second-order perturbation theory analysis of fock matrix in NBO basis.

Donor Type ED/e Acceptor Type ED/e E(2) (a)

kcal/mol
E(j)-E(i) (b)

a.u.
F(i,j) (c)

a.u.

C 1 - C 2 π 1.741 C 3 - C 4 π* 0.2669 18.21 0.29 0.065

C 1 - C 2 π C 5 - C 10 π* 0.4899 14.6 0.3 0.063

C 1 - C 10 σ 1.9664 C 1 - C 2 σ* 0.0252 3.25 1.19 0.056

C 1 - C 10 σ C 2 -Br 13 σ* 0.0299 4.83 0.79 0.055

C 1 - C 10 σ C 5 - C 10 σ* 0.0353 3.66 1.24 0.06

C 1 - H 14 σ 1.9804 C 2 - C 3 σ* 0.2632 3.92 1.04 0.057

C 1 - H 14 σ C 5 - C 10 σ* 0.0353 4.27 1.08 0.061

C 3 - C 4 σ 1.9726 C 2 -Br 13 σ* 0.0299 4.92 0.8 0.056

C 3 - C 4 σ C 5 - C 6 σ* 0.0192 3.1 1.24 0.055

C 3 - C 4 π 1.727 C 1 - C 2 π* 0.3407 18.2 0.26 0.062

C 3 - C 4 π C 5 - C 10 π* 0.4899 16.74 0.29 0.066

C 3 - H 15 σ 1.9806 C 1 - C 2 σ* 0.0252 4.06 1.03 0.058

C 3 - H 15 σ C 4 - C 5 σ* 0.0204 3.25 1.06 0.052

C 4 - C 5 σ 1.9746 C 5 - C 6 σ* 0.0192 3.07 1.23 0.055

C 4 - C 5 σ C 5 - C 10 σ* 0.0353 3.6 1.25 0.06

C 4 - H 16 σ 1.9809 C 2 - C 3 σ* 0.0263 3.31 1.04 0.053

C 4 - H 16 σ C 5 - C 10 σ* 0.0353 4.34 1.08 0.061

C 5 - C 6 σ 1.9724 C 5 - C 10 σ* 0.0353 3.54 1.24 0.059

C 5 - C 6 σ C 7 - O 11 σ* 0.0268 3.53 1.06 0.055

C 5 - C 10 σ 1.9625 C 1 - C 10 σ* 0.0232 3.31 1.2 0.056

C 5 - C 10 σ C 1 - H 14 σ* 0.0129 2.05 1.09 0.042

C 5 - C 10 σ C 4 - C 5 σ* 0.0240 3.41 1.22 0.058

C 5 - C 10 σ C 5 - C 6 σ* 0.0192 3.28 1.23 0.057

C 5 - C 10 σ C 6 - H 17 σ* 0.0117 2.02 1.1 0.042

C 5 - C 10 σ C 9 - C 10 σ* 0.0205 3.49 1.23 0.059

C 5 - C 10 π 1.5198 C 1 - C 2 π* 0.3407 20 0.25 0.065

C 5 - C 10 π C 3 - C 4 π* 0.2669 16.62 0.26 0.062

C 5 - C 10 π C 6 - C 7 π* 0.3121 16.25 0.26 0.061

C 5 - C 10 π C 8 - C 9 π* 0.2732 17.55 0.26 0.064

C 6 - C 7 σ 1.9776 C 7 - C 8 σ* 0.0318 3.21 1.22 0.056

C 6 - C 7 π 1.7067 C 5 - C 10 π* 0.4899 18.03 0.29 0.068

C 6 - C 7 π C 8 - C 9 π* 0.2732 17.59 0.27 0.062

C 6 - H 17 σ 1.9792 C 5 - C 10 σ* 0.0353 4.38 1.08 0.062

C 6 - H 17 σ C 7 - C 8 σ* 0.0318 4.04 1.04 0.058

C 7 - C 8 σ 1.9789 C 6 - C 7 σ* 0.0257 3.18 1.24 0.056

C 8 - C 9 σ 1.9781 C 1 - C 10 σ* 0.0232 2.98 1.21 0.054

C 8 - C 9 σ C 7 - C 8 σ* 0.0318 2.17 1.22 0.046

C 8 - C 9 σ C 7 - O 11 σ* 0.0268 3.63 1.06 0.055

C 8 - C 9 π 1.7395 C 5 - C 10 π* 0.4899 15.71 0.29 0.064

C 8 - C 9 π C 6 - C 7 π* 0.3121 19.8 0.28 0.067

C 8 - H 18 σ 1.9784 C 6 - C 7 σ* 0.0257 4 1.06 0.058

C 8 - H 18 σ C 9 - C 10 σ* 0.0205 3.27 1.07 0.053

C 9 - C 10 σ 1.9739 C 1 - C 10 σ* 0.0232 3.35 1.2 0.057

C 9 - C 10 σ C 5 - C 10 σ* 0.0353 3.66 1.25 0.06

C 9 - H 19 σ 1.9820 C 5 - C 10 σ* 0.0353 4.37 1.08 0.062

C 9 - H 19 σ C 7 - C 8 σ* 0.0318 3.3 1.05 0.053

O 11 - C 12 σ 1.9825 C 12 - H 22 σ* 0.0181 25.23 4.26 0.293

C 12 - H 20 σ 1.9911 C 7 - O 11 σ* 0.0268 3.73 0.89 0.052

C 12 - H 20 σ C 12 - H 22 σ* 0.0181 9.39 3.95 0.172

C 12 - H 21 σ 1.9937 C 12 - H 22 σ* 0.0181 5.56 3.97 0.133

C 12 - H 22 σ 1.9956 C 12 - H 20 σ* 0.0112 4.78 0.97 0.061

C 12 - H 22 σ C 12 - H 21 σ* 0.0180 5.91 1.02 0.069

C 12 - H 22 σ C 12 - H 22 σ* 0.0181 39.46 3.96 0.354

O 11 LP (1) 1.9521 C 7 - C 8 σ* 0.0318 6.36 1.04 0.073

O 11 LP (2) 1.8952 C 6 - C 7 σ* 0.0257 4.62 0.89 0.058

O 11 LP (2) C 6 - C 7 π* 0.3121 12.43 0.38 0.065

O 11 LP (2) C 12 - H 21 σ* 0.0180 4.91 0.85 0.059

Br 13 LP (2) 1.9725 C 1 - C 2 σ* 0.0252 3.68 0.8 0.049

(continued on next page)
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Table 3 (continued )

Donor Type ED/e Acceptor Type ED/e E(2) (a)

kcal/mol
E(j)-E(i) (b)

a.u.
F(i,j) (c)

a.u.

Br 13 LP (2) C 2 - C 3 σ* 0.0263 3.87 0.82 0.05

Br 13 LP (3) 1.9300 C 1 - C 2 π* 0.3407 11.48 0.3 0.056

(a) E (2) represents the stabilization energy coupled with each donor (i) and acceptor (j) orbitals.
(b) Ei and Ej are the diagonal elements expressed in a.u.
(c) Fij is the second order Fock matrix.

Figure 4. Molecular Electrostatic Potential Mapping for title compound.
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3. Results and discussions

3.1. Geometry

Table 1 gives the optimized structural parameters of 2BMN. The
optimized structure of 2BMN following the scheme of atom numbering is
shown in Figure 1. The basis set selected to do calculations yields final
accurate energies and is quite effective in giving acceptable calculated
geometries and energies. The geometry of molecule was optimized to
minimum energy using DFT-B3LYP/6-311þþG(d,p) basis set and was
compared with the experimental determined by X-ray diffraction for 2-
methoxynaphthalene determined by Bolte et al. [27]. Experimental and
theoretical results were in concurrence.

The C–O bonds C7–O11 and C12–O11 show bond distance 1.365 and
1.422Å respectively. C–Br bond has a value of 1.920Å. C–C bonds in the
Figure 5. Electron Localization Function map
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ring have bond distance values within the range of 1.370–1.431Å. The
maximum bond length within the ring was observed at the junction of
two benzene rings forming naphthalene (C5–C10) and shorter bond
lengths were observed at C1–C2, C3–C4, C6–C7 and C8–C9. This can be
explained by the fact that at the junction of a bicyclic compound, there is
bond localization and change in electron density.

The angles between carbon atoms within the ring were found to be in
the range 118.3–121.4ᵒ. Usually, in a benzene ring, the angles inside the
ring are equal and 120ᵒ each, but in a naphthalene ring, due to conju-
gation, the bond angles inside the ring are different. Another significant
angle was the angle C7–O11–C12 showing a value of 119.1ᵒ. At the same
time, C6–C7–O11 and C8–C7–O11 have values 116.4ᵒ and 123.6ᵒ. Angles
around Bromine atom were found to be 119.9ᵒ and 118.5ᵒ for
C1–C2–Br13 and C3–C2–Br13, showing no much deviation from 120ᵒ.

3.2. Vibrational spectral analysis

2BMN will show 60 modes of vibrations as it has 22 atoms. Wave-
numbers (theoretical and experimental) of the molecule along with
corresponding vibrational assignments and intensities are given in
Table 2. Theoretical (scaled) and experimental vibrational spectra of
2BMN are shown in Figures 2 and 3.

3.2.1. CH vibrations
Asymmetric stretching of C–H bond for 2BMN was observed at

higher wavenumbers. C–H stretching vibrations usually occur over 3000
cm�1 [28]. Theoretical wavenumbers 3064 cm�1 and 3062 cm�1

correspond to asymmetric stretching of C–H bond. FT IR peak at 3061
cm�1 and FT-Raman peak at 3058 cm�1 matches with theoretical C–H
stretching.

For methyl group, vibrations occur at the region 3000-2925 cm�1 or
2940-2904 cm�1 [29]. FT-IR peaks at 3009 for experimental FT-Raman
ping for 2-bromo-6-methoxynapthelene.



Table 4. Fukui functions and dual descriptor values for all atoms of 2BMN.

Atoms Fukui functions

fr þ fr - fr 0 Δf

1 C 0.234 -0.314 -0.040 0.549

2 C -0.108 -0.133 -0.121 0.025

3 C -0.007 0.011 0.002 -0.018

4 C -0.071 -0.049 -0.060 -0.022

5 C 0.028 0.005 0.017 0.023

6 C -0.122 -0.094 -0.108 -0.028

7 C 0.049 -0.001 0.024 0.050

8 C -0.046 -0.020 -0.033 -0.026

9 C -0.073 -0.050 -0.061 -0.023

10 C 0.051 0.011 0.031 0.040

11 O -0.033 -0.060 -0.047 0.027

12 C 0.075 0.018 0.047 0.057

13 Br -0.138 -0.184 -0.161 0.045

14 H -0.058 -0.058 -0.058 0.000

15 H -0.063 -0.052 -0.057 -0.011

16 H -0.067 -0.061 -0.064 -0.006

17 H -0.063 -0.067 -0.065 0.004

18 H -0.067 -0.055 -0.061 -0.013

19 H -0.068 -0.061 -0.065 -0.007

20 H -0.098 -0.047 -0.072 -0.052

21 H -0.020 -0.020 -0.020 0.000

22 H -0.028 -0.027 -0.028 0.000

Table 5. Calculated Energy values for 2BMN.

Parameter B3LYP/6-311þþG(d,p)

EHOMO(eV) -6.089

ELUMO(eV) -1.881

Ionization potential 6.089

Electron affinity 1.881

Energy gap(eV) 4.208

Electronegativity 3.985

Chemical potential -3.985

Chemical hardness 2.104

Chemical softness 0.237

Electrophilicity index 3.773
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and 3009 cm�1 correspond to stretching of C–H in the methyl group.
Peaks at 3058, 3009 and 2841 cm�1 for experimental FT-Raman spec-
trum falls in the methyl group stretching. Theoretical wavenumbers
3032, 2965, 2907 cm�1 falls in the desired region. These theoretical
observations were found to agree with the results of experimental data.

Theoretical bending vibrations for methyl group can be assigned to
wavenumbers 1486, 1449, 1445 and 1426 cm�1. As per literature,
asymmetric bending modes involving CH3 vibrations were seen in the
region 1485-1400 cm�1 [30]. Experimental peaks for the same were
observed at 1497, 1448 and 1388 cm�1 for FT- IR spectrum. While in FT
Raman spectrum, peaks at wavenumbers 1473, 1433 and 1405 cm�1

represent CH3 bending.
Figure 6. Energy gap obtained from HOM
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3.2.2. CC vibrations
For an aromatic ring, CC vibrations belong to the region 1300-1000

cm�1 while other CC vibrations are present in a range of 1650–1000
cm�1 [31, 32, 33]. For 2BMN, the theoretical peaks corresponding to CC
stretching were at 1610, 1573, 1390, 1354, 1204 and 1041 cm�1. FT-IR
peaks observed at 1626, 1581, 1388, 1208 and 1072 cm�1 were marked
as CC bonds stretching. FT Raman peaks for compound were observed at
1626, 1574, 1388 and 1365 cm�1 respectively.

3.2.3. C–Br and C–O vibrations
C–Br stretching can be found between wavenumbers 650–395 cm�1

and for 2BMN, the same is assigned at 428, 370 and 224 cm�1 [34]. The
matching experimental peaks were found at 401 cm�1 and 208 cm�1 in
FT-Raman.C–Ostretchingpeaks for 2BMNwere at 1262and1030 cm�1 in
the IR spectrum. Equivalent theoretical spectrum was at 1253 and 1029
cm�1. This is matching with an expected range of 1310–1095 cm�1 [35].
3.3. NBO

NBO studies are essential in examining the intra and intermolecular
bonding within the molecule [36]. It gives a clear understanding of the
interactions between the bonds. Donor and acceptor orbitals together
with stabilization energy were computed using the same theory and are
listed in Table 3. A considerable stabilization energy value denotes a
significant interaction of donors and acceptors. This means that there is
an extra donation propensity for the electron donors to acceptors and a
more substantial degree of conjugation.
O and LUMO energy levels of 2BMN.



Figure 7. Experimental deconvoluted UV spectrum compared with theoretical
UV absorption spectra with DMSO as solvent.
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Prominent σ to σ * were observed at O11–C12 to C12–H22 and
bonding orbital of C12–H22 to the anti-bonding orbital of C12–H22 of
stabilization energies 25.23 kcal/mol and 39.46 kcal/mol respectively.
This accounts for the maximum stabilization energy. At the same time, π
to π* transitions with energies 20 kcal/mol and 19.8 kcal/mol were
calculated for transitions from bonding orbital C5–C10 to anti-bonding
orbital C1–C2 and π C8–C9 to π* C6–C7 respectively. Transfer of lone
pair LP (1) of the O11 atom to anti-bonding orbital σ* (C7–C8) showed
stabilization energy of 6.36 kcal/mol. While lone pair transition of LP (2)
of O11 atom to π* (C6–C7) showed considerable stabilization energy of
12.43 kcal/mol. E(2) value for transition of lone pair from LP (3) of Br13
atom to π* (C1–C2) transition was 11.48 kcal/mol. This suggests an
electron density transfer from the lone pair, which results in a substantial
interaction within the molecule.

For the bond C5–C10 found at the junction of two benzene rings
forming naphthalene ring, several transitions and electron density
transfer were yielding to high stabilization energies. Transitions from σ
(C5–C10) to σ* (C1–C10), σ* (C1–H14), σ* (C4–C5), σ* (C6–H17), σ*
(C9–C10) showed stabilization energies 3.31, 2.05, 3.41, 3.28, 2.02 and
3.49 kcal/mol respectively. Very high stabilization energies (>16 kcal/
mol) were observed for transitions of π (C5–C10) to π* (C1–C2), π*
(C3–C4), π* (C6–C7), π* (C8–C9). This plays a major part in the stabili-
zation of 2BMN molecule.
3.4. Molecular Electrostatic Potential

Molecular Electrostatic Potential maps give details of electron den-
sity. This helps in identifying sites of positive and negative electrostatic
potential for electrophilic and nucleophilic attack or hydrogen bonding
Table 6. UV-Vis. data obtained theoretically and experimentally for title compound

Theoretical: TD-DFT B3LYP/6-311þþG(d,p)

No. Wavelength (nm) Band Gap (eV) Energy (cm-1) Oscillatory Strength A

1 330.38 3.75 30267.78 0.064 H

2 298.82 4.15 33464.98 0.014 H

3 255.57 4.85 39128.65 0.003 H

4 248.91 4.98 40174.75 0.432 H
H

5 244.53 5.07 40894.21 1.036 H
H

6 239.13 5.18 41818.52 0.051 H

7 234.43 5.29 42656.54 0.018 H

8 224.77 5.52 44489.85 0.164 H

9 222.33 5.58 44977.82 0.011 H

10 221.51 5.6 45145.58 0.0004 H
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[37, 38, 39]. Different colours represent the difference in electrostatic
potential. For high density regions, the colour codes used are red, orange
or yellow. In case of low electron density, areas are marked with blue
colour. Regions that are neutral within the molecule are denoted with
green colour.

The optimized structure was used to map MEP which is given in
Figure 4. Oxygen atoms are in red/orange regions denoting regions of
electrophilic attack. Carbon atoms of ring are in yellow region while
methyl group is in blue region.

3.5. Electron localization functions

Electron Localization Function (ELF) uses the idea of finding an
electron in the likely neighbourhood that has same spin like that of the
reference electron. ELF analysis gives information on structure, bonding
and reactivity [40]. The ELF values are colour coded. Red colour repre-
sents refers to high ELF value (0.8–1) and blue denotes the low ELF values
while values that lie in the intermediate region are marked by green
colour. ELF gives sensitive information on electron localization by
determining additional local kinetic energy that results from Pauli
repulsion [41]. The ELF representation for 2BMN is shown in Figure 5.
Carbon atoms were found in blue area and Hydrogen atoms were in red
area. This result compliment MEP result. Bonds between the carbon
atoms of ring structure are in red areas. This was as the sp orbital of
carbon overlapped with the s orbital of the hydrogen [41].

3.6. Fukui function calculations

To study the site of selectivity of the chemical system, local de-
scriptors are to be introduced. Table 4 gives the values of condensed
Fukui functions and dual descriptor Δf. The study is done to predict the
changes in electron density on altering the number of electrons in the
compound [42].

A clear understanding of electrophilic sites and nucleophilic sites of
2BMN was made from the dual descriptor investigation. It was seen that
H14 and H17 atoms have positive dual descriptor values indicating lo-
cations of nucleophilic attack. While all other hydrogen atoms have
negative dual descriptor values showing their affinity to electrophilic
attack. Bromine atom has positive value implying that they favour
nucleophilic attack. C2 atom, which was attached to Bromine atom and
carbon atoms (C12 and C7) attached to Oxygen also has a positive value
of Δf.

3.7. Frontier molecular orbital, UV ANALYSIS, DOS and PDOS spectrum

Electronic properties of a compound can be studied using Frontier
Molecular Orbital (FMO) data. The energy gap (Eg) of a molecule is the
difference in the energy values of HOMO and LUMO energies. HOMO and
using DMSO as solvent.

Experimental

ssignments (Major contributions) Wavelength max (nm) Band Gap (eV)

OMO- > LUMO (90%) 418 2.97

-1- > LUMO (51%), HOMO- > Lþ1 (41%) 341 3.64

OMO- > Lþ2 (96%) 307 4.04

-2- > LUMO (18%), H-1- > LUMO (14%)
OMO- > Lþ1 (18%), HOMO- > Lþ3 (46%)

233 5.32

-1- > LUMO (26%), HOMO- > Lþ1 (32%)
OMO- > Lþ3 (29%)

-2- > LUMO (70%), HOMO- > Lþ3 (14%)

OMO- > Lþ4 (93%)

-1- > Lþ1 (84%)

OMO- > Lþ5 (94%)

-3- > LUMO (97%)



Figure 8. (a) DOS and (b) PDOS spectrum of title compound.

Figure 9. Ramachandran plot for proteins (a) 6QDZ, (b) 2Z7S and (c) 6OAV.
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LUMO can be understood as the electron donor and electron acceptor
respectively [43, 44]. This energy gap explains the reactivity as well as
stability of molecule [45]. HOMO-LUMO values were used to determine
the global reactivity parameters. These are listed in Table 5. Figure 6
shows the HOMO and LUMO energy levels and energy gap calculated for
2BMN. Using HOMO-LUMO, the energy gap was calculated to be
4.208eV. A high tendency to accept electrons can be attributed to low
value (-1.881eV) of LUMO energy level. This low HOMO–LUMO energy
gap value has a considerable impact on the IMCT and bioactivity. The
high chemical hardness value (2.104eV) shows low stability of the
molecule [46]. Electrophilicity index was 3.773eV. This displays that
2BMN is biologically active [47].

UV analysis was done by time-dependent DFT technique with basis
set B3LYP/6-311þþG(d,p) was used. The theoretical study was done,
taking DMSO as the solvent and was calculated for ten excitation states.
Theoretically obtained spectrum using TD-DFT B3LYP/6-311þþG(d,p)
and DMSO as solvent was compared with the UV-VIS spectrum (experi-
mental) and is given in Figure 7. The theoretical electronic excitation
Table 7. Drug Likeness parameters for title compound.

Descriptor Value

Hydrogen Bond Donor(HBD) 0

Hydrogen Bond Acceptor(HBA) 1

MlogP 3.52

Molar Refractivity 58.14 g/mol

Number of Atoms 22

Number of Rotatable Bonds 1
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wavelengths, oscillator strengths, energies, bandgap and assignments
were obtained for first ten excitations using GAUSS SUM 2.2 software
and are given in Table 6.

The calculated UV absorption maxima of a compound are related to
electron availability. The absorption maximum was observed at 244.53
nm. The maximum oscillator strength (1.0366), among the ten excited
states, was observed for wavelength 244.53 nm with an energy of
40894.21 cm�1. HOMO→LUMO (90%) was observed at 330.38 nm. This
has been compared to the experimentally deconvolved spectrum showing
peaks at wavelengths 418, 341, 307 and 233 nm.



Figure 10. Molecular docking representation showing bonded residues and
bond distances of 2BMN with proteins (a) 6QDZ, (b) 2Z7S and (c) 6OAV.
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Molecular Orbital composition is shown by DOS spectrum with vir-
tual orbital in red colour and occupied orbital in green colour. In the
borderline region, the adjoining orbitals may depict quasi degenerate
levels of energy. So the FMOs cannot be perfectly describing. Density of
States allows in obtaining a graphical illustration of Molecular Orbital
(MO) composition and their contribution to chemical bonding. The
contribution of different orbitals MOs is given in PDOS [48]. The
Gaussian curves containing information of MOs were convoluted to get
DOS and PDOS spectrum. These spectra of unit height and Full Width at
Half Maximum (FWHM) of 0.3 eV are shown in Figure 8 (a) and (b).
Table 8. Docking parameters for title compound with selected proteins.

Protein Bonded Residues Bond Distance
(Å)

6OAZ His268(A) 2.6

Ser159(A) 1.8

6QDZ Gly110(A) 2.1

Met109(A) 2.6

2Z7S Leu144(A) 2.4
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3.8. Drug likeness

The drug-likeness properties of 2BMN have been studied using Veb-
er's rule, Lipinski's rule of 5 and Ghose filter [49, 50, 51]. Lipinski's rule of
5 deals in predicting if a biologically active compound is orally active by
studying its chemical and physical properties. The ADME (Absorption,
Distribution, Metabolism and Excretion) of the compound on human
body were analyzed using Veber's rule, which deals with polar surface
area (3.52 Å2) and number of rotatable bonds (1). For 2BMN, the Rule of
5 was not violated. Drug likeness properties are listed in Table 7.

By checking molar refractivity (58.14 g/mol) and the number of
atoms (22), which falls under the Ghose filter components, it was found
that 2BMN satisfies the Ghose filter in addition to Lipinski's rule and
Veber's rule. This illustrates the drug-liken nature of 2BMN.

3.9. Ramachandran plot

The stability of protein molecules can be studied using the Ram-
achandran plot. It also provides data for protein structure determination,
prediction and validation. The dihedral angles of protein's backbone are
pictured on a plane, where various regions are known to be stable con-
figurations [52, 53]. Ramachandran plot for proteins 6QDZ, 2Z7S and
6OAV are given in Figure 9 (a-c). This shows that the allowed regions are
above 90% for both proteins. These proteins also have a large number of
residues. In addition, there were no residues in the areas marked dis-
allowed for both the proteins. The total number of residues for 6QDZ was
272 and for 2Z7S, it was 256. The residue counts for 6OAV, protein with
anti-inflammatory property, were 327 respectively.

3.10. Molecular docking

The structure-based drug design assay contains docking molecules
into the binding site of proteins and through which binding affinity of the
complex can be estimated. Molecular docking is vital as a visual in-
spection of predicted binding poses help in further development of a lead
compound or to a drug with improved binding affinity.

Proteins 6QDZ, 2Z7S and 6OAV were taken from RCSB protein data
bank [54, 55, 56]. 6QDZ and 2Z7S have properties related to Tyrosine
kinase inhibition, while 6OAZ has anti-inflammatory properties.
Figure 10 (a), (b) and (c) show protein-ligand interactions and Table 8
gives details on binding energy and residues. The molecular docking
outcomes support that 2BMN has anti-inflammatory properties. In
addition to this, 2BMN also exhibits Tyrosine-protein inhibitor proper-
ties. The compound shows low binding energy for protein-ligand binding
for proteins used. From the low interaction energy and inhibition con-
stant for 6QDZ and 2Z7S we can infer that 2BMN may be effective in
cancer treatment.

4. Conclusion

Using DFT B3LYP/6-311þþG(d,p) basis set, 2BMN was optimized
and the geometrical values were determined. Theoretical FT-IR and FT
Raman spectra (scaled) were compared to experimental data and sig-
nificant peaks were discussed in detail. For all 60 modes of vibration of
the molecule under study, vibrational assignments were done. Frontier
Binding Energy
(Kcal/mol)

Inhibition Constant
(micro molar)

Reference RMSD
(Å)

-4.71 352.54 103.577

-5.69 67.49 22.036

-6.03 37.9 27.076
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Molecular Orbital examination helped to identify HOMO and LUMO
energy levels of the molecule. Energy gap and global reactivity param-
eters were obtained from these results. The energy gap calculated in-
dicates that the molecule is stable. The electrophilicity index was
calculated and confirmed that 2BMN is biologically active. The calcu-
lated chemical softness value explains the low toxicity nature of 2BMN.
All the active sites were studied using 2D colour-coded maps of MEP and
ELF. Inter and intramolecular interactions were determined using NBO.
Thus σ to σ*, π to π* and lone pair transitions accounting to the stability of
the molecule were calculated. Transitions containing C5–C10 bond of the
naphthalene ring contribute to higher stabilization energy. This is mainly
because of an electron density delocalization due to hyper-conjugation at
the junction of naphthalene ring of 2BMN. The compound does not
violate Lipinski's rule, Veber's rule and Ghose filter. Therefore, it can be
concluded that 2BMN has drug-like properties and may be used as a
pharmaceutical compound. The proteins selected for molecular docking
studies showed a good quality model, with a considerable number of
residues in the most allowed region. The proteins 6OAV, 6QDZ and 2Z7S
were found to form hydrogen bonds with oxygen atom (O11) of 6BMN to
form protein-ligand complexes. Molecular docking of 2BMN with 6OAV
reveals that the compound has anti-inflammatory properties. A low value
of binding energy and low inhibition constant of 2BMN with Tyrosine
kinase inhibitor (6QDZ and 2Z7S) confirms the stability of protein-ligand
complexes formed, which shows that the compound has anti-cancer
properties. These results predict its ability to act as a possible drug in
treating Cancer.
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