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Abstract

	 Phenothiazine derivative synthesized 
from hydroxy anthraquinone, characterized by 
X-ray crystallography, spectroscopic, Hirshfeld 
surface, DFT studies and molecular docking 
investigation intent to ascertain its anti-cancer 
activity. The title compound 7-hydroxy-8-H-
naptho[2,3-α]phenothiazine-8,13(14H)-dione 
crystallizes in orthorhombic lattice. UV-VIS, 
IR, NMR and mass spectrometric data were 
employed for characterization. Computation-
al chemistry studies are conducted to further 
detail its geometrical and spectroscopic char-
acteristics performed with unrestricted DFT 
method at of B3LYP/ 6-311+G (d, p) level and 
a comparison between the experimental and 
simulation results was performed. Non-covalent 
interactions primarily H-bonding and π-π stack-
ing close contacts were observed at intermolec-
ular levels. Small HOMO-LUMO energy gap of 
2.2902 eV, shows the stability of molecule and 
effectiveness towards charge transfer interac-
tions.  Furthermore, MEP is used for predicting 
reactive sites. Based on Hirshfeld surface anal-
ysis, there is evidence for a wide range of inter-
actions and a significant contribution from sev-
eral non-covalent interactions to crystal packing. 
The bio-viability study was done using pre AD-

MET tool. The study elaborates the antitumor 
activity employing  in silico  molecular docking 
studies using the protein over-expressed in 
lymphoma cell lines namely p53 and BCL2 and 
when compared with standard drug doxorubicin 
revealed promising results. The study’s results 
may inspire to  develop more potent derivatives 
and similar scaffolds for cancer treatment and 
to explore phenothiazine’s role in fields of mate-
rial science, photochemistry, and catalysis, that 
can be analyzed from its structural and electron-
ic properties. Hirshfeld surface analysis sheds 
light on the role of non-covalent interactions in 
crystal packing, influencing the compound’s sol-
id-state properties.

Keywords: hydroxyanthraquinone, phenothi-
azine, quinizarin, ADMET, DFT

Introduction

	 The anthracycline drugs comprise a 
number of chemotherapy medications common-
ly employed for the treatment of cancer and are 
popular for their potent anti-tumor activity and 
have been widely used for several decades. 
It works by inhibiting DNA replication and in-
terfering with the function of topoisomerase 
enzymes, which are essential for DNA repair 
Studies on quinone compounds revealed that 
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anthraquinone ring when fused with oxazine 
moiety resembles that of anthracyclines, and 
exhibits various biological activity, involving a 
reduction in multidrug resistance [1]. Phenothi-
azines are related to oxazine in such a way that 
both came under the class of heterocyclic com-
pounds which exhibits diversified pharmacolog-
ical property in which the oxygen atom in the 
oxazine ring is replaced by sulphur atom which 
is an isostere of oxygen that forms the phenothi-
azine ring. These compounds can show varied 
biological activities like antimicrobial, antitumor, 
anticancer, and anti-inflammatory properties. It 
is believed that the diverse biological activity of 
phenothiazines is due to the presence of a fold-
ed axis along sulphur and nitrogen-containing 
heterocyclic ring. The reports on the bioactivity 
of DAQ are very few and less likely to be bioac-
tive so an attempt was made to modify the struc-
ture of 1,4-dihydroxy anthraquinone by coupling 
reaction. Various amino and acetyl derivatives 
of anthraquinone have been reported [2]. There 
are several reports related to phenothiazine de-
rivative of hydroxy benzoquinones and naphth-
aquinones, but the phenothiazine derivatives 
synthesized from hydroxy anthraquinone with 
C=O group in the 9 and 10 positions are very 
rare.

	 Cancer is caused mainly by the uncon-
trolled growth of cells or through different mu-
tations which block the normal defenses that 
protect against unnatural growth. High levels of 
expression of p53 were found in many cancers 
so p53 was originally believed to be an onco-
gene [3,4]. The p53 protein is a phosphoprotein 
made of 393 amino acids and about 50% of all 
human tumors contain p53 mutants [5]. Though 
p53 is a tumor suppressor gene that shows a 
key role in the protection of our body from can-
cer. Mutated p53 could allow abnormal cells 
to proliferate, resulting in malignancy. Protein 
p53 gets mutated by the error caused due to 
placing an incorrect amino acid at a point in the 
protein chain. Thus, the normal functions of it 
will be blocked thereby, it is unable to repair the 
damaged cell. The work published by Zhen W et 

al., [6] about the p53 protein state that synthetic 
drugs identified was selectively used to kill mu-
tant p53-containing cancer cells and are very 
much helpful for chemoprevention. The certain 
synthetic drug can eliminate mutant p53-con-
taining cancer-prone cells, at their early stage 
of carcinogenesis but one of the main adverse 
effects of drugs against mutated p53 is, normal 
cells containing non-mutated p53 will also be 
get destroyed. If the cell has other mutations, 
then that also causes uncontrolled growth which 
leads to the formation of the tumor. To prevent 
cell proliferation and to reduce genotoxic stress 
thereby maintaining genome integrity, tumor 
suppressor drugs are essential. The family of 
BCL2 protein consists of mainly 3 subgroups; 
BCL-2(anti-apoptotic/pro-survival proteins), 
BAX and Bak (pro-apoptotic proteins), BAD 
and BID (pro-apoptotic BH3-only proteins) [7].  
Over-expression of the BCL2 gene is involved 
in cancer development. A large number of B-cell 
leukemias and lymphomas have the BCL2 
gene transferred to a different chromosome. In 
this way, the BCL2 protein is produced in larg-
er amounts, which may keep cancer cells alive. 
Thus it is found as a protein target within the 
breakpoint region of the t(14;18) translocation 
carried by persons with the follicular variant of 
B-cell lymphoma. The overexpression of BCL-2 
can be found in 80% of B-cell Lymphomas. It is 
one of the key anti-cancer targets, which is cho-
sen in the present study. One of the major roles 
of BCL-2 is it represses apoptosis by blocking 
the release of cytochrome complex from the mi-
tochondria.

	 Owing to its multifunctional properties, 
this investigation focuses on the synthesis of 
an o-amino thiophenol derivative of anthraqui-
none. 1,4-dihydroxy anthraquinone (DAQ), also 
known as quinizarin, is a dye containing an-
thraquinone moiety. The interaction of the phar-
macophoric substituent, via interaction of the 
multicyclic ring system improves the lipophilic 
character and allows the penetration of mole-
cule into the biological membranes. From the 
study it has been revealed that the formation of 
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the phenothiazine core is a very potent phar-
macophoric moiety which can be a rich source 
of desirable biological activities. In the present 
work the in silico biological activity was studied 
using iGEMDOCK software. Predicted poses 
of protein and ligand can be further understood 
from the post-analyzing tag. This can guide the 
biological researchers to explore better binding 
sites and interacting aminoacid. It was reported 
by Hamda M et al., [8] 1996 that p53 mutations 
are associated with lymphoma. The apoptosis 
of cancer cells could be achieved by inhibition 
of this protein. In the present work, the synthetic 
derivative of hydroxyquinone and the standard 
drug doxorubicin was taken as the ligands and 
it is then docked with the targeted proteins. 
Though numerous in vitro methods are avail-
able to predict the absorption, distribution, me-
tabolism and toxicity studies, all are time con-
suming so it is a common trend to predict and 
determine the toxicity and the ADME properties 
using different soft wares like SWISS  ADME, 
preADMET etc. This the method to identify the 
effectiveness of a molecule to reach its target 
site.  In the present work preADMET is used 
for predicting the various ADME parameters 
and Toxicity properties. The present study also 
investigates the electronic structure of the title 
compound, its quantum computational stud-
ies and supramolecular non-covalent contacts 
present in the crystal structure.

Materials and M ethods

Synthesis of 7-hydroxy-14-H-naptho[2,3-α]
phenothiazine-8,13-dione (HNPD)

	 Quinizarin, o-aminothiophenol, and io-
dobenzene diacetate were purchased from Mer-
ck and used as such. All the solvents used for 
synthesis and purification were double distilled 
and dried using anhydrous calcium sulphate. 
A pre-coated aluminum plate of silica gel 60F 
254 plates (0.25mm) was used for TLC. Column 
Chromatography is performed using silica gel of 
mesh size 100-200.

	 The derivative HNPD was synthesized 
as reported [9]. For the synthesis, 0.024 g of 

DAQ was dissolved in 20 ml of dichloromethane 
and a solution of 0.2 ml of o-aminothiophenol 
dissolved in 5 mL dichloromethane is added 
followed by the addition of a catalytic quantity 
of iodobenzenediacetate (IDA) and is shown in 
Scheme 1. The mixture is refluxed under a nitro-
gen atmosphere for 5 hours. The progress of the 
reaction was ascertained by TLC. After distilling 
CH2Cl2, the crude product is then washed with 
dil. HCl and neutralized with NaHCO3 solution, 
extracted with ethyl acetate. The water content 
of the extract was removed by the addition of 
anhydrous sodium sulphate. precipitate was 
subjected to column chromatography by gradi-
ent elution method, using petroleum ether and 
ethyl acetate (60:80). The required product was 
eluted using pet ether: ethyl acetate in the ratio 
8:2. Product was obtained as dark blue precip-
itate (55% yield).  It was recrystallized by vapor 
deposition method using a mixture of CH2Cl2 
and methanol, in which the product was highly 
soluble in CH2Cl2 and partially soluble in meth-
anol. Thus obtained a dark blue colored nee-
dle-like crystals.

Scheme 1. Synthesis of HNDP

Spectroscopic analysis

	 Infrared spectra were recorded on a 
Shimadzu IR Prestige-21 FTIR spectrometer 
using KBr pellets. Proton NMR was taken in 
Bruker advanced spectrometer of 500 MHz with 
CDCl3 as the solvent. The mass spectrum was 
recorded in the Shimadzu GCMS spectrome-
ter. UV-Vis spectrum was recorded in Shimad-
zu-UV-3600. Single crystal X-ray diffraction was 
performed in Bruker AXS Kappa Apex2 CCD 
diffractometer with Mo Kα radiation using ωϕ 
scan mode at ambient temperature. The pro-
gram SAINT/XPREP was used for data reduc-
tion and APEX2/SAINT for cell refinement. The 
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structure was solved using SIR 92 and refine-
ment was carried out by full-matrix least square 
of F2 using SHELXL-97. 

Quantum computational investigations and 
molecular docking

	 Density Functional Theory calculations 
are aimed to study electronic structure of mole-
cules using Gaussian 16W software with B3LY-
P/6-311+G(d,p) level of theory and graphical 
representations are generated using Gauss-
View 6.1. Corresponding Molecular graphics are 
generated by MERCURY and PLATON. Crystal 
explorer 21 sketches and quantitatively express 
interactions in molecular crystal, through Hirsh-
feld surfaces and corresponding 2D- fingerprint 
plots. It can be used to calculate and visualize 
various properties of crystals, such as electron 
density, electrostatic potential and electron lo-
calization function. It also analyzes intermolec-
ular interactions and chemical bonding in crys-
tals. The B3LYP/6-311G (d,p) level of theory 
was used for generating energy framework in 
crystal fabrication.

	 iGEMDOCK is a computational soft-
ware that works on empirical scoring functions 
that integrate; docking, post-analysis, visual-
ization, and screening. iGEMDOCK is used for 
finding the interactions of the compounds with 
the targeted protein molecules BCL2 and p53. 
The predicted pose generated after the docking 
procedure is   visualized and then analyzed by 
post-analysis tool Discovery Studio visualizer 
[10,11]. iGEMDOCK provides the post-analysis 
tools using k-means and hierarchical clustering 
methods based on the docked poses and atom-
ic compositions. The ADMET results were ob-
tained from PreADMET tool [12, 13].

	 To start a docking/screening procedure, 
two files are to be prepared, a protein struc-
ture file and a ligand file. The protein structure 
file can be obtained from a protein data bank. 
Selection and identification of a drug target or 
receptor is the first step involved in the drug-de-
signing process. Different computational tools 
are being used to find out excellent drug tar-

gets. For a drug target to be ideal, it must be 
linked closely to the selected human disease. 
In the present investigation, BCL2 and mutated 
p53 were taken as the drug targets. 

Results and Discussion

Commentary on crystal structure

	 The crystal structure was reported 
by our research group earlier. [9]. The space 
group of phenothiazine derivative HNPD is 
P2(1)2(1)2(1) and crystallizes in orthorom-
bic space lattice. The ORTEP diagram of the 
molecule is given (Fig.1).  C-O bond distance 
C19-O1 1.249 Å and C6-O21.242 Å, indicated 
that the molecule existed in the keto form. From 
SCXRD analysis, bond distance of C8-N1 and 
C9-N1 were 1.365 Å and 1.393 Å respectively 
which was found to be greater than 1.28 Å.and 
this confirmed the presence of C-N bond rather 
than C=N bond. The bond angle of C9-N1-C8 
was found to be 128.94°. The bond angle be-
tween C15-S1-C14 was observed at 103.6 Å 

which revealed that the S atom has taken part 
in the cyclisation leading to the formation of het-
erocyclic phenothiazine ring system [14].

                        

                          

Fig. 1. Crystal structure of HNPD

Prediction of ADMET Properties

	 Different biological parameters like 
blood-brain barrier permeability (BBB), solubil-
ity, various inhibitions, skin permeability, plasma 
protein binding affinity, partitions coefficient, and 
different toxicity study to find the mutagenic ac-
tivity, liver toxicity, etc. were determined using 
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preADMET software. All the parameters were 
then compared with the sample compound 
and the standard drug Doxorubicin. HNPD and 
Doxorubicin got a human intestinal absorption 
ability of 95.91%, 56.84%. There is CYP2C9 
and CYP3A4 enzyme inhibition observed with 
HNPD   while no inhibitory activity on CYP2D6, 
which is essential for metabolism of many drugs 
and toxic chemicals.  Doxorubicin inhibits the 
enzymes CYP2C9, CYP2D6 but a substrate of 
CYP3A4.  

	 The MDCK (Madin Darby Canine Kid-
ney Cell line) evaluation, which is helpful for the 
rapid screening of cell permeability gave a low 
value of 16.10 for HNPD which means its diffu-
sivity through the cell membrane is low. A value 
of 1.02 has been observed for the standard drug 
doxorubicin, means good diffusivity through the 
cell membrane. The HNPD compounds can act 
as an inhibitor of Pgp (glycoprotein) but  doxo-
rubicin has no Pgp(glycoprotein) inhibition. The 
solubility of HNPD in water is 0.001 but the stan-
dard drug doxorubicin has got high water solu-
bility (8.34).  The permeability though the skin is 
the next important parameter. The skin perme-
ability value is -3.624 which means the  HNPD 
compound provides good absorption via skin. 
The doxorubicin has also good value (-4.737). 
The more the negative value of permeability, 
lower will be the solubility. The toxicity predic-
tion of all HNPD compounds were conducted by 
Ames test, and from the results   HNPD is mu-
tagen exhibiting carcinogenic activity in rat and 
mouse model. The doxorubicin is non mutagen-
ic. The negative  values for TA1535_10RLI indi-
cates non mutagenic while TA100_NA is posi-
tive for HNPD compound.  The negative values 
for doxorubicin which means non mutagenic. 
The hERG (The Human Ether-a-go-go-Related 
Gene) analysis when done using the PreAD-
MET software displays high risk for HNPD but 
was ambiguous in the case of standard drug 
doxorubicin. All the data of ADME and toxicity 
are given in Table 1 and Table 2 respectively.

Table 1. ADME-parameters

             ID For ADME
Values

HNPD DOXO
BBB 1.02598 0.0355281
Buffer_solubility_mg_L 0.196846 3963.51
CaCO3 3.41067 17.7263
CYP_2C19_inhibition Non Inhibitor
CYP_2C9_inhibition Non Inhibitor
CYP_2D6_substrate Non Non
CYP_3A4_inhibition Non Weakly
CYP_3A4_substrate Weakly Inhibitor
HIA 95.910386 Weakly
MDCK 16.1011 56.840587
Pgp_inhibition Inhibitor 1.0236
Plasma_Protein_Bind-
ing

97.123298 Non

Pure_water_solubili-
ty_mg_L

0.0014759 31.160238

Skin_Permeability 3.62419 8.34623
SKlogD_value 4.379130 4.73786
SKlogP_value 4.379130 0.314800
SKlogS_buffer -6.244160 -2.137140
SKlogS_pure 8.369230 -4.813730

Table 2. Toxicity parameters

             ID For 
Toxicity

Values
DOXO HNPD

algae_at 0.0118035 0.0202937
Ames_test non-mutagen mutagen
Carcino_Mouse negative negative
Carcino_Rat negative negative
daphnia_at 0.553548 0.0092121
hERG_inhibition ambiguous high_risk
medaka_at 0.704316 0.000247842
minnow_at 0.511881 0.000340659
TA100_10R negative positive
TA100_NA LI negative positive
TA1535_10RLI negative positive
TA1535_NA negative positive
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Computational chemistry studies

Geometry optimization

	 The optimized molecular geometry of 
HNPD  was reported using B3LYP/6-311+G(d,p) 
and is shown in fig.2. The C28-O32 bond length 
is found to be 1.2488 Å close to actual value 
of 1.249 Å. The newly formed bonds between 
C13-N15 & C21-S30 are found to have an 
optimized bond lengths of 1.3901 Å & 1.7701 
Å which coincides with 1.393 Å & 1.767 Å re-
spectively in crystal structure. The bond lengths 
C25-O26 & C10-O33 are found be 1.3336 & 
1.2437 that agrees to values 1.329 Å & 1.242 Å. 
The other optimized bond lengths N15-C12, 
C29-C9, C27-C28, C10-C9, C23-S30, C25-C27, 
C23-C12, C10-C11 and C28-C29 are 1.3698, 
1.4053, 1.4542, 1.485, 1.7707, 1.4055, 1.4313, 
1.4664 Å and 1.476 that concede to speculative 
results of 1.365, 1.402, 1.436, 1.476, 1.747, 
1.435, 1.435, 1.462 &1.438 Å respectively. All 
the optimized bond angles are exploratory to 
crystal structure values. The bond angle rang-
es from 117.80- 122.70 throughout the molecule, 
except C21-S30-C23, C12-N15-C36, C24-
C23-S30, C25-O26-H35 and C12-N15-C13 
bond angles are 103.20, 112.60, 116.40, 106.00 
and 128.40 respectively. The newly formed bond 
angles show maximum deviation of  103.20 and 
128.40. A tremendous amount of agreement ex-
ists between experimental and theoretical val-
ues.

Fig. 2. Optimized geometry of HNPD

	 As shown in the simulated FT-IR spec-
trum, -OH and -NH stretching frequencies are 
detected peak at 3230 cm-1 and 3104 cm-1 
along with aromatic C-H at 3066cm-1. A strong 
peak at 1609 cm-1is due to >C=O group. The 

band at 1262cm-1 and 1350cm-1 are due to the 
C-N and C-S stretching frequencies. The C-S-C 
stretching frequency was seen at 734cm-1. The 
experimental IR spectrum gave peaks at 1350 
cm-1 which corresponds to C-N stretching. The 
C-S stretching frequency was observed at 1262 
cm-1and stretching frequency due to C-S-C gave 
an absorption in the finger print region 744 cm-1. 
Aromatic C-H stretch was observed at 3066 cm-

1. N-H and O-H functional groups gave absorp-
tion bands in the range 3452-3200 cm-1. These 
values are in tune with the simulated values.

	 In the UV-Visible spectrum, the absorp-
tion maxima λmax in CHCl3 were observed at 692 
nm, 641 nm and 597 nm. A bathochromic shift 
which was observed in HNPD indicated the in-
tra molecular charge transfer transition (ICT) 
between electron donor and electron acceptor 
moiety. We computed the UV-Visible spectrum 
using TD-DFT method with maximum absor-
bance at 604 nm and the theoretically calculat-
ed absorption wavelength of the title compound 
shows variation as it is calculated for a single 
molecule in vacuum and not in solid state.

	 The structure was further confirmed 
by NMR and mass spectral analysis. The 1H 
NMR spectrum of HNPD in CDCI3 gave peaks 
at δ 6.717, δ 6.801, δ 6.816, δ 6.833, δ 6.8796, 
δ 8.967, δ 7.052, δ 7.071, δ 7.800 which 
corresponded to the aromatic protons. -NH and 
-OH protons are observed at δ 12.698 and δ 
14.202 respectively. The 13C NMR in CDCl3 re-
vealed the presence of different aromatic carbon 
environment at δ 115.23, δ 115.93, δ 117.26, δ 
118.25, δ 102.83, δ 123.81, δ 125.77, δ 126.35, 
δ 126.84, δ 127.08, δ 128.32, δ 131.60, δ 
133.28, δ 133.88, δ 134.51 and δ 136.83. The 
-C=O groups of anthraquinone moiety were ob-
tained at δ 180.90 and δ 181.25. The presence 
of one hydroxyl group was indicated by the 
presence of a peak in the region δ 160.60. In 
the mass spectrum of HNPD the molecular ion 
peak was observed at 345(100%) which was 
the base peak, M+1 peak at 346 and (M+OH) at 
328.
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 Thermodynamic parameters of HNPD obtained 
through DFT studies are given in Table 3.

Table 3. Thermodynamic properties of HNPD

Thermal energy  175.053845 kcal/mol
Heat Capacity (Cv) 74.263 cal/mol-kelvin
Entropy (S) 137.78 cal/mol-kelvin
Electronic Energy 
(EE)

-908452.43665 kcal/mol

Zero-point Energy 
Correction

163.703452 kcal/mol

Enthalpy 175.64621 kcal/mol
Free Energy 134.567553 kcal/mol
EE + Zero-point En-
ergy

-908288.71939 kcal/mol

EE + Thermal Energy 
Correction

-908277.36147 kcal/mol

EE + Thermal Enthal-
py Correction

-908276.79671 kcal/mol

EE + Thermal Free 
Energy Correction

-908317.83584 kcal/mol

Mulliken population analysis

	 In quantum chemical calculations, Mul-
liken charge calculations have a significant role 
because they affect electronic structures, dipole 
moments, polarization, and other properties of 
molecules. By studying each atom’s electronic 
population, Mulliken charges can be determined. 
The total atomic charges of HNPD obtained by 
Mulliken population analysis with 6-311+G(d,p) 
basis set is given in fig. 3. The Mulliken atomic 
charge of C21 atom of phenyl group attached to 
Sulphur has highest positive value of 1.060576 
and is acidic in nature. An increased electron 
density is seen in carbon atoms C2, C5, C10, 
C12, C13, C14, C16, C17, C20, C25, C26 and C28 that 
has values -0.3647, -0.4353, -0.1321, -0.2387, 
-0.532, -0.2092, -0.3735, -0.0585, -0.3894, 
-0.3017, -0.3106, -0.120. All other carbon at-
oms are positively charged. Here in HNPD all 
eleven hydrogen atoms shows positive charge, 
among which the highest positive charge is on 
hydrogen atom attached to nitrogen atom, H36 
with value 0.3406 and oxygen, H35 having value 

0.3348. The nitrogen atom has a net charge of 
0.0297. All the three oxygen atoms are nega-
tively charged O26, O32, O33 with -0.3106, -0.322 
and -0.2879 values. The Sulphur atom is nega-
tive and has a value of -0.5083 value. The elec-
trophilic substitution can happen on Sulphur 
rather than on nitrogen.

Fig. 3. Mulliken charges of HNPD

Molecular electrostatic potential (MEP)

	 The MEP was evaluated using DFT 
to investigate the reactive sites of HNPD. The 
distribution of electrostatic charge is illustrated 
in three dimensions by molecular electrostatic 
potential energy maps. Fundamentally, electro-
static potential energy computes the strength 
of nearby charges, nuclei, and electrons. The 
MEP can be used to predict chemical reactions 
by giving insight into the active sites of attack by 
electrophile or nucleophile [15]. Hydrogen bond 
interactions and behavior towards charged 
species can be sketched with the help of MEP. 
Interactions towards various receptors like pro-
teins, enzymes can be recognized by MEP plots 
as shown (Fig. 4).

	 Those regions with attractive potential 
are red, while those with repulsive potential are 
blue. So, the red region holding negative po-
tential depicts the minimum electrostatic poten-
tial. In the present system the alcoholic oxygen 
and two carbonyl oxygen atoms act as site for 
electrophilic attack. The blue regions can re-
ceive nucleophile, hydrogen atoms on aromatic 
rings in present case. To generate and display 
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diff erence in electron density, the diff erence in 
electron density between the fi rst excited state 
from total CI density matrix and the ground 
state based on total SCF density is mapped to 
SCF density and is shown in Fig.5.  The blue 
contour maps positive values of diff erence den-
sity where excited state density is larger than 
ground state density and red contour denotes 
the opposite. In present system, the electron 
density fl ows from the left side to anthraquinone 
ring as the transition happens from ground state 
to excited state.

Fig.4. Plot of ESP on electron density surface

Fig. 5. MEP plot of diff erence of SCF and CI into 
ground state

Frontier molecular orbital analysis (FMO)

 Analyzing FMOs can provide insight 
into organic compounds’ optical and electronic 
properties. The properties of molecular orbit-
als, including energy, help us predict the most 
reactive site in two-electron systems and also 
describe many diff erent types of reactions that 

occur in conjugated systems. To evaluate the 
chemical reactivity of molecules, it is useful to 
know how HOMO and LUMO interact, as well 
as their properties, such as their energy. As 
electrons transfer from the LUMO to the HOMO 
during molecular interactions, the LUMO’s en-
ergy correlates with electron affi  nity, and the 
HOMO’s energy corresponds to the ionization 
potential (IP). HOMO-LUMO energy gaps are 
useful for determining molecular electrical trans-
port properties and explaining charge transfer 
interactions within molecules. FMO of HNPD is 
shown in fi g. 6.

 In HNPD the electron density is local-
ized on phenyl ring on C25, C27, C28 Sulphur and 
Nitrogen atom and in HOMO-1 it is seen entirely 
on phenyl ring alone. In HOMO and HOMO+1, 
the third hexagon of anthracene ring lacks elec-
tron density. On moving from HOMO to LUMO 
the electron density shifts towards anthracene 
ring, where phenyl ring has nil electron den-
sity. In LUMO+1 the electron density occurs 
throughout the whole molecule. There is an en-
ergy gap of 2.2902 eV in this system [16]. Struc-
ture’s fi rmness is highlighted by the energy gap. 
In contrast to a high HOMO-LUMO gap, a low 
HOMO-LUMO gap indicates a more stable mol-
ecule with higher charge transfer. Especially in 
conjugated and soft molecules, a small energy 
gap can cause low excitation energies and high 
levels of intramolecular charge transfer. 

Fig.  6. HOMO and LUMO of HNPD

Hirshfeld surface (HS) analysis

 Hirshfeld surface analysis is a valuable 
tool in computational chemistry that allows for 
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Fig. 8. Packing in crystal lattice mapping with 
Hirshfeld surface

 Bright red spots in Fig.7 are due to C-H-
--O- interaction at an internuclear distance of 
2.49±0.01Å. these major interactions held the 
molecules in XY plane as shown in Fig.8. The 
aromatic rings are spatially arranged through 
parallel displaced π-π stacking interactions 
where all the carbon atoms and heteroatoms of 
two layers keeps the exact interacting distance. 
The average distance between two adjacent lay-
ers is 3.806 Å (Fig. 10). Ideal distance between 
two aromatic platform keeps a centroid-centroid 
distance of ~3.5 Å [17] and in present case its 
slightly higher due to higher Van der Waals ra-
dius of sulphur and oxygen atoms of the ring 
system and forms a see-saw motif (Fig.9).

Fig. 9. The ring system forming a see-saw motif

Fig. 10. Crystal packing showing molecular ar-
ray with π-π stacking interactions

the visualization and quantifi cation of intermo-
lecular interactions with a detailed emphasis on 
the spatial distribution and nature of these inter-
actions, aiding in the interpretation of molecular 
behavior and properties in crystal architecture. 
The analysis is based on the concept of the 
Hirshfeld surface, which is constructed by map-
ping the density distribution of one molecule 
onto a surface surrounding another molecule or 
group of molecules. This surface represents the 
region of space where the interacting molecule 
or group of molecules infl uence the electron 
density of the molecule of interest.

 The following expression generates a 
Hirshfeld surface formed by the continuous sca-
lar function on 0.5 isosurface.

Where      
are weight function, promolecule electron den-
sity, procrystal electron density and atomic elec-
tron density respectively. 

The Crystalexplorer 21 program maps the 
normalized contact distance depicted by dnorm
in terms of the closest nucleus externally and 
internally to the Hirshfeld surface which is de
and di. The blue shade denotes atoms in close 
contacts with longer vdW than the red patched 
regions, whereas the red spots denote the op-
posite. In cases where distances are approxi-
mately vdW, white is predominant.

Fig. 7.  dnorm mapped on Hirshfeld surface show-
ing the intermolecular contacts

( )( ) = ρ ( ) ρ ( ) = (

( ) = ρ ( ) ρ ( ) ( )
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Fig. 13. Energy frameworks in 3D molecular 
packing (Energies <10 kJ mol−1 have been dis-
carded)

	 For fabricating energy frameworks, sin-
gle point wavefunctions with B3LYP functional 
incorporating 6-31G(d,p) basis set in order to  
compute interaction energies inside a cluster 
of molecules [Fig. 13]. Total energies, bench-
marked for B3LYP/6-31G(d,p) energy model 
and scaled appropriately, are provided as the 
sum of four principal energy components namely 
electrostatic (Eele), polarization (Epol), dispersion 
(Edisp) and exchange-repulsion (Erep) (Table). 
For simplification, close contacts with energies 
below 10 kcal/mol have been discarded.  The 
distinct 3D topology with respect to b-axis., give 
different infrastructure for coulomb energy and 
dispersion energy. Stacked layers are maneu-
vered into a hexagon motif and larger tubes of 
dispersion energy fame work passed between 
NH and CO groups which seems to run along 
with the crystallographic c-axis. The packing of 
crystal lattice of the title complex is majorly driv-
en by the dispersion energy component.

	

Molecular docking studies

	 iGEMDOCK (integrated GEMDOCK) 
is a molecular docking software used for pre-
dicting the binding modes and affinities of small 

It is possible to better understand the interac-
tions occurring within a crystal by using two-di-
mensional fingerprint plots, shown in Fig.11, 
associated with the Hirshfeld surface. A mole-
cule’s immediate surroundings influence 2D fin-
gerprint plots, and filtering is done by the type 
of element and surface area, which enumerates 
close contacts between atoms inside and out-
side the HS surface, shown in fig.12 [18]. H—H 
close contacts are characterized by blunt peak 
which is positioned at di+de ≈ 2.4 Å. Remarkable 
and well-defined O—H/H—O interactions are 
observed as sharp peaks at di+de ≈ 2.8 Å which 
spans around 17.9 % of the total HS area. The 
pale green region falls diagonally in the finger-
print plot of C--C contacts at di ≅de ≅ 1.7 Å rein-
forces the existence of characteristic π-π stack-
ing, comprising 19.8 % of HS area [19]. C--H 
and S--H close contacts are also prominent 
which appears as two sharp wings comprising 
12.3 and 5.2 % respectively of total area. 

Fig. 11. Decomposed 2-D fingerprint plots of 
HNPD

Fig. 12. Relative contributions of major close 
contacts in crystal lattice

Table 4. Interaction energies generated within a 
cluster of radius 3.8 Å

N Symop R E_ele E_pol E_dis E_rep E_tot

2 x, y, z 3.81 -9.2 -2.7 -111.9 54.8 -67.5

2 -x, y+1/2, -z+1/2 7.86 -8.9 -2.3 -22.6 14.5 -19.3

2 x+1/2, -y+1/2, -z 13.13 -3.3 -1.0 -11.8 7.3 -8.7

2 -x+1/2, -y, z+1/2 14.04 -1.5 -0.7 -9.2 4.5 -6.6

2 x+1/2, -y+1/2, -z 12.66 -6.9 -1.6 -10.0 3.7 -14.1

2 -x, y+1/2, -z+1/2 7.77 -6.3 -2.4 -22.2 8.1 -21.5

2 -x+1/2, -y, z+1/2 14.50 2.3 -0.9 -8.0 3.7 -2.5

‘N’ corresponds to the number of molecules with centroid-to centroid 
distance ‘R’. 

 Energy values in kJ mol–1 and R in Å.
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molecules with protein targets. It is specifically 
designed for high-throughput virtual screening 
and drug discovery applications. iGEMDOCK 
employs a combination of a genetic algorithm 
and an empirical scoring function to perform 
molecular docking simulations. The software 
takes a protein structure and a small molecule 
ligand as input and generates a set of possi-
ble binding conformations. These conforma-
tions are then scored using an empirical scor-
ing function that evaluates the intermolecular 
interactions between the protein and the ligand. 
The genetic algorithm is used to optimize the 
conformational search and exploration of the li-
gand binding space. The tool is used to predict 
the affinity of the molecule towards two proteins 
BCL2 and p53 which are the mutated proteins 
responsible for the cancer in lymph nodes. Both 
the proteins were selected from the Protein 
Data bank with PDB id 2X0W (p53 protein) and 
4LVT (BCL2 protein). By preparing two files, the 
protein structure file, and Ligand file docking 
was performed using iGEMDOCK software, and 
the results obtained were expressed in terms of 
free energy. Both the standard drug and sample 
compound HNPD were subjected to computa-
tional studies and the results were compared. 
Discovery Studio Visualizer is used to sketch 
the docked poses and to shine light upon dif-

ferent types of interactions existing between the 
ligand and proteins [20].

	 The most frequently interacting amino 
acids with compounds of anthraquinone moiety 
were PRO, THR and LEU. The interactions of 
major amino acid residues present in p53 pro-
tein with ligands of a particular class having bet-
ter docking affinity along with the docking pose 
of standard drug (Doxorubicin) is given below. 
Interactions of amino acids with ligands in the 
active site of mutated p53(2XOW) protein indi-
cates that Hydrogen bonded interactions, pi-al-
kyl, pi-sigma and van der Waals interactions are 
dominant in the case of derivative while van der 
Waals and hydrogen bonded interactions are 
exist in Doxorubicin. Different types of interac-
tions of p53 with the standard drug and HNPD 
are given. (Table 5) From the in-silico studies 
the interaction of amino acids with ligands in the 
active site of mutated BCl2(4LVT) protein with 
various amino acid residues indicate that the ti-
tle compound is found to be higher than that of 
the standard drug Doxorubicin. The derivative is 
found to possess all types of interactions like 
pi-sigma, pi-alkyl, Pi-Anion, Pi-Donor Hydrogen 
Bond, Pi-sulfur and van der Waals interactions 
while the standard drug Doxorubicin has got 
pi-alkyl interactions alone. (Table 6)

Table 5. Docked files of ligand and standard drug with 2X0W(p53)
Sl.No. Ligand Amino acid residues

van der Waals Hydrogen
 bond

Pi-sigma Pi-alkyl Pi-donar 
hydrogen 
bond

1 HNPD PROB153 GLYB:154
THRB:155
CYSB:220

PROB:151 PROB:222
VALB:147
PROB:223

THR B:150
GLU B:220

2 DOXO

(STD)

T H R B : 2 3 0 , 1 5 5 , 
150
VALB:147
PROB:151, 223, 
219 
GLYB:154
GLUB:221
ARGB:202

CYSB:220

        -       -            -
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Table 6. Docked files of  ligand and standard drug  with 4LVT(BCL2)
Sl.

No.

Ligand Amino acid residues
van der Waals Pi-Anion Pi-Donor 

hydrogen bond

Pi-sulfur Pi-Alkyl

1 HNPD GLUB:133
ALAB:146
VALB:130
PHEB:150
GLUB:149
SERB:113

ASPB:108 TYR B:105 PHEB:109

PHEB:101

LEUB:134

VALB:134

METB:112

2 DOXO

(STD) - -

ASPB:108

-

PHEB:150

ALAB:146

METB:112
Table 7. Docking parameters of proteins with title compound and standard drug

Docking score of p53 (pdb-2X0W)

Sl. No. Name Energy VDW H bond Electrostatic 
force

1 HNPD -112.57 -100.62 -12.15 0

2 DOXO(STD) -117.99 -100.08 -17.91 0

Docking score of BCL2 (pdb-4LVT)
Sl. No. Name Energy VDW H bond Electrostatic

 force

1 HNPD -79.68 -54.65 -25.03 0
3 DOXO(STD) -99.21 -68.43 -30.77 0

Fig. 11. 2D representation of ligands inside 
4LVT receptor pocket

Fig. 12. 2D representation of ligands inside 
2X0W receptor pocket
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Potential as drug candidate of a molecule can 
be inferred from the ligand (drug)- protein inter-
action in terms of binding energy. The docked 
scores of the molecules are given in Table 7. 
Various interactions like van der Waals, Pi-al-
kyl, Pi-sigma and hydrogen bonded interactions 
were found to be exist between ligand and pro-
tein pocket. HNPD and standard drug Doxoru-
bicin has got van der Waals and hydrogen bond 
interactions in common with p53 and all other 
interactions like Pi-sigma, pi-alkyl and pi-donor 
hydrogen bond is present only within HNPD that 
is all the latter interactions are absent. In the 
case of binding affinity towards BCL2 the stan-
dard drug Doxorubicin has got Pi-Donor Hydro-
gen Bond and Pi-alkyl interaction. The van der 
Waals, Pi-sulphur and Pi-alkyl interactions are 
dominant in the case of HNPD. 

Conclusion

	 One of the most feared cancers is lym-
phoma, which spreads easily and is extreme-
ly deadly, but effective drugs are a few. The 
present investigation purports to synthesize 
an o-amino thiophenol derivative of anthraqui-
none with potent biological activity. The SCXRD 
data of 7-hydroxy-8-H-naptho[2,3-α]phenothi-
azine-8,13(14H)-dione suggests an orthorhom-
bic lattice. UV-VIS, IR, NMR and mass spectro-
metric data were collected and analyzed and 
supports the formation of intended compound. 
A potential for drug candidate was assessed for 
its ADMET and toxicological properties to as-
sess drug likeness and therapeutic efficacy. IR, 
UV-Visible, Mulliken charge analysis, geometry 
optimization and thermochemical investigation 
were performed with unrestricted DFT method 
at the level of B3LYP/6-311+G(d,p) and the re-
sults were in consistent with experimental data. 
Small HOMO-LUMO energy gap of 2.2902 eV  
of shows the stability and effectiveness of the 
title molecule to incorporate charge transfer 
interactions. Numerous non-covalent interac-
tions have been revealed in crystal packing, 
according to Hirshfeld surface analysis. Aro-
matic rings are arranged spatially through π-π 
stacking interactions in which carbon atoms 

and heteroatoms of two layers maintain the 
exact same distance between them. Separat-
ing adjacent molecular layers require 3.806 Å 
internuclear distance. The predominant C---C, 
O--H and H--H close contacts comprise 73.8 % 
of the total HS area.  An in silico inhibitory ac-
tivity of HNPD on two over expressed protein in 
lymphoma namely p53and BCL2 were carried 
out using iGEMDOCK tool which gave compa-
rable score with standard drug Doxorubicin. The 
bio-viability study of HNPD using preADMET 
software also gave a promising result. Thus, 
HNPD can be used as a lead molecule against 
Lymphoma. There are remarkable weak inter-
actions involving hydrogen bonds and aromatic 
stacking close contacts that can be tuned with 
high selectivity which in turn are responsible for 
the enhanced pharmacological activity revealed 
through molecular docking studies.
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