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Synthesis and characterization of fluorescent benzo[a]phenoxazines viz., M-1B (10-chloro-6-methyl-7a,11a-dihydro-5H-
benzo[a]phenoxazin-5-one), M-2B(6,10-dimethyl-7a,11a-dihydro-5H-benzo[a]phenoxazin-5-one), M-3B (6-methyl-7a,11a-dihydro-
5H-benzo[a]phenoxazin-5-one) and  benzo[a]phenthiazine, M-4B (6-methyl-5H-benzo[a]phenothiazin-5-one) were carried out. 1H and 
13C chemical shifts were assigned from the 2DgHSQCAD NMR experiments. Compound M-1B crystallizes in orthorhombic space 
group P212121, while M-2B and M-4B crystallize in monoclinic space group P21/c. The crystal network of M-1Bshowed slipped π-π 
stacking and Cl···Cl interaction, while M-2B facilitated ladder like π-π stacked polymeric chains. The C···S contacts were observed in 
the crystal environment of M-4B. All these structures possess C-H···O interactions. Electronic structure and charge distribution in terms 
of molecular electrostatic potential and frontier orbital analyses based on the MO6-2X based density functional theory further showed 
that monomer and dimer structures are in consonant with the single crystal X-ray data and provide insights for the growth of crystal 
network. Antiproliferative activity of M-1B – M-4B was determined from the MTT assay against human breast adenocarcinoma cell 
line (MCF-7), human carcinoma cell line (HeLa) and normal skin cell line. All these compounds showed significant cytotoxic activity 
against MCF-7 and HeLa by inducing apoptosis and thus can be viewed as potential candidates for antitumor therapy. Compounds M-

2B and M-4B were further found to be topoisomerase II inhibitors. 
 
 

 

Introduction 

Benzo[α]phenoxazines are the fluorescent molecules 
with wide range of pharmacological applications1. Phenoxazine 
derivatives viz., benzo[α]phenoxzinium salts, show absorption 
maxima higher than 600 nm and the strong red fluorescence 
thereof facilitate their use as long wavelength fluorophores2,3. 
preferred for biological applications4-9 those encompass  
labelling of small synthetic molecules as well as large 
biomolecules including proteins, antibodies or nucleotides in 
DNA studies. Phenoxazines possessing antiproliferative10, 
antitumor11, anti-inflammatory12, anti-tuberculosis13 and 
multidrug resistance activities14 prevent human amyloid 
disorders15 and protect neuronal cells from death by oxidative 
stress16,17. Furthermore, it was shown that the use of 
phenothiazine derivatives belonging to neuroleptic drugs18, 
reduce tumor-antigen expression19 and cytotoxicity against 
myelogeneous leukemia cell lines20. The underlying mechanism 
for antiproliferative activity of phenoxazine derivatives stem 
from DNA intercalative binding facilitated via noncovalent 
interactions or л-л stacking21,22 which render stability to these 
planar polycycles. Alternatively phenoxazine systems engender 
free radical intermediates leading to oxidative stress23. Some of 
these phenoxazine derivatives displayed apoptotic activity 
against different cell lines, both in caspase –dependent and 
independent manner24,25. Fluorescent heterocycle of 
phenoxazines are valuable for staining nucleic acids in solutions, 
electrophoretic gels, matrices, blotting experiments and assays 

employing intact, live cells26. Furthermore, modifications of 
phenoxazine moiety yield compounds those directly bind to 
proteins through hydrophobic interactions which subsequently 
are utilized in monitoring protein conformation alterations or for 
therapeutic purposes. 
 Topoisomerase are the enzymes those control the DNA 
topology, a requisite for division or proliferation of cells. These 
enzymes are important target for cancer chemotherapy and assist 
numerous DNA transactions through a complex series of DNA 
strand breakage and rejoining reactions. Topoisomerases 
resolves the entanglement problems generated during DNA 
replication, repair and transcription processes. Depending on the 
DNA breaks there are two types of topoisomerases;  Topo I, 
which break single strand DNA, while Topo II generate double 
strand DNA breaks27,28. Topo II enzymes plays key role in DNA 
metabolism and chromosome structure29 and it is the primary 
cytotoxic target for the potent anticancer drugs, which include 
anthracyclines, acridines and epipodo phyllotoxins30. Depending 
on the mode of action the topoisomerase II inhibitors are 
classified as i) Topoisomerase II poisons, which involves in 
breaking – rejoining reaction of the enzyme that involves 
trapping of covalent reaction intermediates, usually referred as 
the cleaved complexes, or ii) catalytic inhibitors inhibiting the 
activity of topoisomerase II  prior to the formation of the cleaved 
complex31. Heteroatom planar polycyclic compounds are used in 
cancer chemotherapy as topoisomerase inhibitor/poison32-39. 
DNA intercalation has been believed to be a prefer mode of 
action for such compounds. 
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In present endeavour, benzo[α]phenoxazines were 
synthesized by reacting vitamin K3(menadione, 2-methyl-1,4-
naphthoquinone) with 2-aminophenols (M-1Bto M-3B) and 2-
aminothiophenol (M-4B) derivatives. Molecular structures of M-

1B, M-3B and M-4B have been studied by single crystal X-ray 
diffraction studies, which revealed theirπ-π stacking abilities. 
The structural investigations were combined with those from the 
density functional based calculations. The antiproliferative 
activity against human carcinoma HeLa cell line, drug uptake 
and topoisomerase II inhibitor activity of these compounds have 
further been investigated. 
 

Results and discussion 

Synthesis 

Benzo[α]phenoxazine derivatives were synthesized by 
condensation of vitamin K3 (1) with 4-R-2-aminophenols (R= Cl 
= M-1B, CH3 = M-2B, H = M-3B) refluxed in methanol, while 
M-4B was obtained at room temperature (26°C) by reacting 
vitamin K3 and 2-aminothiophenol  (Scheme 1). 6-methyl-5H-
benzo[α]phenoxazine-5-one and 6-methyl-5H-
benzo[α]phenothiazin-5-one (M-3B in M-4 respectively in 
present investigation) were previously synthesized by reactions 
of alkyl radicals on corresponding 5H-benzo[α]phenoxazine-5-
one40 and 5H-benzo[α]phenothiazin-5-one41 respectively. 

 
Scheme 1 

 

FT-IR, UV-visible, fluorescence, 
1
H and 

13
C NMR 

studies 
The νC=O frequency in all compounds was assigned at 

1629±1 cm-1, while νC=N stretching frequency42-45  was assigned 
at 1585±10 cm-1 in the FT-IR spectra except in M-1B it was 
observed at 1574 cm-1 (Fig.S22 and Table S1 in ESI†). The 
paranaphthoquinone (p-NQ) vibration10 of quinonoid ring 
(~1260 cm-1) was absent in all compounds however a peak due 
to νC-O was observed ~1240 cm-1 in M-1B, M-3B and M-4B and 
~1226 cm-1 in M-2B.vC-Cl stretching frequency was assigned to 
736 cm-1 in M-1B.  

There were mainly two bands observed in UV-Visible 
spectra of parent vitamin K3 in DMSO at 266 nm and 330 nm 
and four bands to all compounds (Fig.1). In M-1B to M-3B the 
band ~330 nm (of parent MQ) showed shift ~25 to 30 nm (~ 355 
nm). Two another bands observed in UV region ~260 nm to 290 
nm were assigned to π-π* transitions. The n-π* transition was 
observed ~ 450 nm (M-1B to M-3B) which shifts to ~480 nm in 
M-4B. A fluorescence emission band was observed between 
450-700 nm. M-2B showed maximum fluorescent intensity than 
other compounds despite using the same concentrations in 
recording of the spectra.  

 
Fig.1 

 
1H and 13C chemical shift were assigned to all 

compounds and are presented in Fig.2. 
 

Fig.2 

 
Single crystal X-ray diffraction Studies of M-1B, 

M-2B and M-4B 

 
M-1B crystallizes in orthorhombic space group 

P212121, while M-2B and M-4B crystallize in monoclinic space 
group P21/c.  ORTEP plots are presented in Fig.3, and the 
crystallographic data is summarized in Table 1. All the 

crystallized compounds showed planar polycycles. The carbonyl 
distance C(2)-O(1) was observed as ~1.23Å in M-1Band M-

2B10,42-45 while it was longer in M-4B (1.246Å). The bond 
distance of C(9)-N(10) was found to be ~1.30 Å similar to the 
imino functional moiety (C=N) of the naphthoquinoneoximes46. 
The bond distances in all these crystalline systems usually by 
and large, match with those for quinonoid bond distances in ring 
B (Scheme 1). 

 
Fig.3 

 
Each M-1B molecule was in vicinity to eight 

neighbouring molecules (Fig.S23) via C-H···O, C-H···Cl, Cl···Cl 
(Table 2) and π-π stacking interactions. Slipped π-π stacking 
were observed in neighbouring molecules, carbon C(8)···C(11) 
(3.365(3)Å, 1+x,y,z) and C(15)···C(18) (3.367(3)Å, 1+x,y,z) 
were involved in the same. When viewed down a axis polymeric 
chains of M-1B molecules extend via C-H···O and Cl···Cl 
(3.358(3)Å, ½-x,1/2-y,-z) interactions (Fig. 4). A fascinating 
architecture with herring borne like structure forM-1B 
molecules can be noticed down c-axis (Fig.5) consequent to 
slipped π-πstacking interactions (Fig.S24a). A zig-zag chain of 
Cl···Cl contacts were further observed; the∠Cl···Cl···Cl being 
nearly 90° as shown in Fig. S24b. 

 
Fig.4, Fig.5 

 
M-2B molecule was in vicinity to four neighbouring 

molecules via C-H···O and π-π stacking interactions (Fig.S25). 
M-2B molecules with head to tail orientation lead to a dimer via 
C-H···O interaction of C(19)-CH3and carbonyl oxygen (C(2)-
O(1)). The dimers also revealπ-π stacking interactions of 
C(2)···C(12) (3.216(2)Å, 1-x,1-y,1-z), C(4)···C(14) (3.392(3)Å, 
1-x,1-y,1-z), C(8)···C(14) (3.386(3)Å, -x,1-y,1-z) and 
C(8)···C(16) (3.331(2)Å, 1-x,1-y,1-z) (Fig.6). Moreover, π-π 
stacking interactions from C(8)···C(14) extending as  ladder 
structure of dimers, can further be noticed  when viewed down c- 
axis of dimers. Neighbouring ladders of dimers were joined via 
C-H···O interactions. The “roller coaster” chain of dimers can be 
viewed down the c-axis (Fig.7). 

 
Fig.6, Fig.7 

 
M-4B possess four neighbours surrounding the central 

molecules connected via C-H···O interaction and C···S 
interaction (Fig.S26). The slipped C(18)···S(17) (3.458(3)Å, 
x,1+y,z) interactions are supported by C-H···π interactions 
(C(19)···H(21C) = 2.830Å, C(19)···C(21) = 3.685(4)Å, ∠C(21)-
H(21C)···C(19) = 146.1°)(Fig.S26) M-4Bpossessbutterfly like 
molecular packing when viewed down the c axis (Fig.S27), 
where the plane of molecules makes an angle of nearly 45° to 
one another. Slipped C···S stacked polymeric chains further can 
be viewed down a axis wherein the C-H···O interactions are 
present (Fig.8). 

 
Fig.8 

 

Crystal structures showed the π-π stacking in addition 
to hydrogen bonding interactions in M-1B, M-2B and M-4B.  
 

DFT investigations 

Optimized structures of M-1B, M-2B, M-3B and M-

4B from the M06-2x/6-31+G(d,p) density functional theory are 
shown in Fig.9. Selected bond distances (in Å) are given along 
with the net atomic charges obtained from Hirschfield 
partitioning scheme in parenthesis. The structural parameters 
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thus obtained agree fairly well with those from X-ray crystal 
data. To gain molecular insights for charge distribution 
governing dimer formation highest occupied molecular orbital 
HOMO were derived. An isosurface of -12.5 kcal mol-1 are 
portrayed in Fig.10 in the M-1B to M-4B systems. It is evident 
that the electron-rich regions are largely localized on aromatic 
moieties. Remarkably enough, Fig.10 points to diminutive 
charge localization around the phenolic ring, which partly has 
been attributed to –I effect from chlorine center. It may as well 
be inferred that π-π staking contribute significantly along with 
hydrogen bonding interactions in the extended crystal network of 
M-1B, M-2B and M-4B. 

 

Fig.9, Fig.10 

 

To understand interplay between stacking interactions 
and hydrogen bonding, we further delve into dimer formation 
accompanying M-1B to M-4Bwhich has been shown in Fig.11 
(a) through Fig.11 (d). The π-π stacking separations in the 
dimers range from 3.1 Å – 4.7 Å. Besides slipped π-π stacking 
interactions contributing to M-1B can be noticed from Fig.11. 
The present theoretical calculations thus support inferences from 
the single crystal X-ray diffraction experiments. SCRF-PCM 
calculations further demonstrated that the solvent (DMSO) has 
no profound effect on the electronic structure.  

 
Fig.11 

 
Antiproliferative activity 

 
The in-vitro cytotoxicity of compounds M-1B to M-

4B against MCF-7(breast) and HeLa (cervical) cancer cell lines 
and normal skin cell cancer cell lines has been tested by MTT 
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] 
assay. All the compounds did not show any toxicity to normal 
skin cell; however, exhibit significant cytotoxicity in 
concentration dependent manner against MCF-7and HeLa cells 
(Fig.S28-Fig.30 in ESI†). The percent cell viability of MCF-7, 
HeLa and normal skin cell lines in the presence of complex M-

1B to M-4B was measured in the concentration range of 5 µM to 
25 µM, the compounds tested were found to be active at lower 
concentrations. 

 
Table 3 

 
The IC50 values against MCF-7 and  HeLa cell lines 

are presented in Table 3, which is comparable to cis-platin47 

having IC50 of 16.7±2.5 µM after 48 hours. Interestingly the M-

2B is highly toxic against both MCF-7 and HeLa cell lines than 
the other compounds which possibly can be attributed to its 
stronger π-π stacking ability. Compounds M-1B to M-4B 
exhibits significant cytotoxicity against both cell lines viz. HeLa 
and MCF-7 by inducing apoptosis and can be envisaged as 
potential candidates for antitumor therapy. Cis-platin exhibits 
cytotoxic effect by covalent binding to DNA forming cis-platin-
DNA adduct, which obstruct with DNA transcription, 
replication, and eventually leading cell death. It may thus be 
conjectured that the anticancer activities of M-1B to M-4B arise 
from partial intercalation or groove binding; the specific 
chemical structure and the nature of these compounds, on the 
other hand contribute significantly to enhanced cytotoxicity.  
 
Cellular Uptake 

HeLa cells were treated with 25 µM of the respective 
compounds and after 24 hrs the cells were fixed and the images 
were captured using a fluorescence microscope. The cellular 
localization of compounds is monitored by fluorescence 

microscopy as these compounds emit green light on excitation 
with visible light. These complexes stain the nucleus of the cells 
(Fig.12) and the mode of cell death was found to be apoptosis.  

 
Fig.12 

 

 Fig.13 depicts the gel decatenation assay analyzed for 
the compounds M-1B to M-4B. A wide network of many 
interlocked circular DNA forms the kDNA. Topoisomerase II, 
decatenates the kDNA which yields 2.5 kilobase relaxed 
decatenated kDNA monomers. Since smaller in size the 
monomers tend to run much faster on the gel48. Topo-II act on 
the intact kDNA substrate to produce covalently closed circular 
decatenated kDNA (CC in Fig.13). While its action on the 
nicked kDNA substrate formed during the isolation of kDNA 
produces nicked, open circular decatenated kDNA (NOC in Fig. 
13).  Noteworthy enough, compounds M-2B and M-4B are able 
to inhibit the topo-II catalyzed decatenation of kDNA. 
 

Fig.13 

Conclusions 

Benzo[α]phenoxazines (M-1B to M-3B) and 
benzo[α]phenthiazine (M-4B) have been synthesized and 
characterized in this investigation.  The precursor vitamin K3 
was used in synthesis for the very first time with various 
derivatives of amino phenol and thioaminophenol. All 
synthesized planar polycycles are fluorescent. Molecular 
structures of M-1B, M-2B and M-4B revealed π-π stacking 
interactions as well as C-H···O, C-H···Cl and Cl···Cl non-
covalent interactions.MO6-2X based density functional theory 
predicted electronic structures of M-1B- to M-4B monomers as 
well as dimers agree well with the single crystal X-ray 
experiments wherein the π-π interactions are evident. The in-
vitro cytotoxicity of all compounds evaluated against MCF-
7(breast), HeLa (cervical) and normal skin cancer cell lines. All 
the compounds exhibits significant cytotoxicity against the 
MCF-7 and HeLa cell line by inducing apoptosis and further can 
be regarded as potential candidates for antitumor therapy. 
Moreover, and more important, compounds M-1B to M-4B 
showed very low cytotoxicity vs normal skin cell lines.Cellular 
uptake studies on HeLa cell line of all compounds stain the 
nucleus of the cells and apoptosis causing the cell death. DNA 
catenation assay further suggested M-2B and M-4B are potential 
topoisomerase II inhibitors. 
 
Experimental Section  

General Materials and Methods 

The materials used viz. vitamin K3 (2-methyl-1,4-
naphthoquinone), 2-aminophenol, 2-aminothiophenol were 
purchased from Sigma-Aldrich, 2-amino-4-methylphenol and 2-
amino-4-chlorophenol were obtained from Across chemicals. 
The solvents used such as toluene, methanol are of analytical 
grade were purchased from Merck Chemicals. Solvents were 
distilled by standard methods49 and dried wherever necessary.  

The FT-IR spectra of all the compounds were recorded 
between 4000-400 cm-1 as KBr pellets on SHIMADZU FT 8400 
spectrometer (Fig.S1 to Fig.S5 in ESI†).). Mass of all 
compounds were determined by GC-MS 2010-eV (Make 
SHIMADZU) (Fig.S6 to Fig.S9 in ESI†). Melting points of all 
compounds were determined using melting point apparatus 
(Make-METTLER) and were corrected using DSC (Differential 
Scanning Calorimetry) (Make- TA Q2000) (Fig.S10 to Fig.S13 
in ESI†). UV-Visible spectra of compounds were recorded on 
SHIMADZU UV 1650 in DMSO between 200 to 800 nm. The 
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fluorescence spectra of the compounds were recorded on JASCO 
spectroflurometer FP-8300. 1H, 13CNMR and 2DgHSQCAD of 
compounds was recorded in CDCl3 on Varian mercury 500 MHz 
NMR instrument, TMS (tetramethylsilane) was used as the 
internal reference (Fig.S14 to Fig.S21 in ESI†). Elemental 
analysis was performed on Elementar Vario EL III.  

 
Synthesis 

Synthesis of M-1B, M-2B, M-3B, M-4B  

Vitamin K3, 1g (5.8 mM) was dissolved in 25 mL of 
dry methanol, the solution was stirred for 20 min. The solids of 
2-amino-4-chlorophenol (0.834g, 5.8 mM) for M-1B, 2-amino-
4-methyl-phenol (0.850 g, 5.8 mM) for M-2B, 2-aminophenol 
(0.872g, 5.8 mM) for M-3B, 2-aminothiophenol (0.621 mL, 5.8 
mM) for M-4B were dissolved in 15 mL of dry methanol 
independently; each solution was added drop wise to the solution 
of vitamin K3 with continuous magnetic stirring. The color of 
solution turns dark red to brown. The reaction mixtures of M-1B 
to M-3B were stirred at room temperature (26°C) for 24 hours 
and are further refluxed for 60, 32 and 28 hours respectively for 
M-1B, M-2B and M-3B. The reactions were monitored by thin 
layer chromatography with 2% methanol in toluene (methanol: 
toluene (2:8)) as a mobile phase. Orange band was separated for 
all three compounds as a major product which was dried in air 
followed by vacuum. The X-ray quality crystals for M-1B and 
M-2B were obtained after recrystallization in toluene. In M-4B a 
dark orange coloured precipitate was obtained within 5 minutes 
of mixing the reactants at room temperature 26°C, which showed 
single spot on TLC. This precipitate further filtered and dried in 
vacuum. An X-ray quality crystal of M-4B was obtained after 
recrystallization of the powder product in toluene. 

 
Characterization 

10-chloro-6-methyl-7a,11a-dihydro-5H-benzo[a]phenoxazin-

5-one; M-1B 

 
Dark orange solid, Yield: 0.492 g (29 %), m. p. 222.58°C. Anal. 
data. calc for C17H10ClN02: C, 69.05; H, 3.41; N, 4.14. Found: C, 
69.19; H, 3.78; N, 4.56. FT-IR (KBr, νmax/ cm-1): 3063, 3030, 
2953, 2914, 2852, 1630, 1574, 1523, 1462, 1413, 1381, 1348, 
1306, 1259, 1240, 1151, 1095, 1082, 962, 922, 871, 825, 783, 
736, 682, 642, 588, 538,497, 437. 1H NMR (500MHz, CDCl3, 
δ/ppm): 2.221 (s, 3H), 7.264 (d, 1H, J = 8.00 Hz), 7.794 (d, 1H, 
J = 8.00 Hz), 7.239 (s, 1H), 7.756 (2, 2H, J = 8.00 Hz), 8.239 (d, 
1H, 7.25 Hz), 8.646 (d, 1H, J = 8.00 Hz). 13C NMR (500 MHz, 
CDCl3, δ/ppm): C(1) = 124.85, C(2) = 132.11, C(3) = 132.21, 
C(4) = 126.32, C(4A) = 131.99, C(5) 183.71, C(6) = 116.99, 
C(6A) 143.41, C(7A) = 133.50, C(8) = 117.04, C(9) = 130.84, 
C(10) = 129.93, C(11) = 129.16, C(11A) = 147.43, C(12A) = 
148.52, C(12B) = 130.80, C(13) = 8.37. UV-Vis; (λmax /nm, 
DMSO): 450, 355, 297. GC-MS (EI) m/z: 295 (M++H).   
 

6,10-dimethyl-7a,11a-dihydro-5H-benzo[a]phenoxazin-5-

one; M-2B 

 
Dark orange solid, Yield: 0.603 g (40 %), m. p. 193.24°C. Anal. 
data. Calc for C18H13NO2: C, 78.53; H, 4.76; N, 5.09; Found: C, 
78.53; H, 5.11, N, 5.44. FT-IR (KBr, νmax/ cm-1): 3066, 3030, 
2916, 2739, 1630, 1585, 1532, 1458, 1373, 1338, 1309, 1280, 
1267, 1134, 1093, 1039, 966, 871, 783, 700, 642, 588, 536, 464, 
434.  1H NMR (500MHz, CDCl3, δ/ppm); 2.230 (s, 3H), 7.205 
(d, 1H, J = 7.50 Hz), 7.261 (d, 1H, J = 8.25 Hz), 7.589 (s, 1H), 
7.729 (m, 2H, J = 8.25 Hz), 8.311 (d, 1H, J = 8.00 Hz), 8.769 (d, 
1H, J = 8.00 Hz). 13C NMR (500MHz, CDCl3, δ/ppm): C(1) = 
124.70, C(2) = 131.74, C(3) = 131.85, C(4) = 126.30, C(4A) = 

132.59, C(5)183.81, C(6) 116.14, C(6A) = 142.86, C(7A) = 
135.00, C(8) = 115.60, C(9) = 131.19, C(10) = 132.59, C(11) 
129.83, C(11A) 141.36 C(12A) = 148.08, C(12B) = 132.07, 
C(13) = 8.36, C(13’) = 21.06. UV-Vis; (λmax /nm, DMSO): 445, 
355, 293. GC-MS (EI) m/z: 279 (M++H). 

 
6-methyl-7a,11a-dihydro-5H-benzo[a]phenoxazin-5-one; M-

3B 

 
Dark orange solid, Yield: 0.58 g (39 %), m. p. 179.45°C. Anal. 
data. Calc for C17H11NO2: C, 78.15; H, 4.24; N, 5.36; Found: C, 
77.84; H, 4.24, N, 4.93.  FT-IR (KBr, νmax/ cm-1): 3061, 2995, 
2914, 2850, 1936, 1836, 1628, 1591, 1523, 1452, 1379, 1352, 
1313, 1230, 1184, 1149, 1089, 1028, 962, 893, 856, 763, 684, 
642, 586, 538, 474, 436. 1H NMR (500 MHz, CDCl3, δ/ppm): 
2.239 (3H, s), 7.270 (d, 1H, J = 8.00 Hz), 7.795 (d, 1H, J = 7.50 
Hz), 7.324 (t, 1H, J = 7.25 Hz), 7.457 (t, 1H, J = 7.75 Hz), 7.773 
(m, 2H, J = 8.00 Hz), 8.307 (d, 1H, J = 7.00 Hz), 8.935,  (d, 1H, 
J = 7.50 Hz). 13C NMR (500 MHz, CDCl3, δ/ppm): C(1) = 
124.71, C(2) = 131.79, C(3) = 131.90, C(4) =126.21, C(4A) = 
132.03, C(5) = 183.82, C(6) = 116.39, C(6A) = 144.85, C(7A) = 
132.84, C(8) = 115.98, C(9) = 125.11, C(10) = 131.21, C(11) = 
129.84, C(11A) = 147.47, C(12A) = 147.86, C(12B) = 131.10. C 
(13) = 8.24. UV-Vis; (λmax /nm, DMSO): 443, 356, 296. GC-MS 
(EI) m/z: 261 (M++H).  
 
6-methyl-5H-benzo[a]phenothiazin-5-one; M-4B 

Dark orange crystal, Yield: 1.30 g (80 %), M. P. 178.06⁰C. Anal. 
data. calc. for C17H11NOS: C, 73.62; H, 4.00; N, 5.05; S, 11.16; 
Found; C, 73.24; H, 4.22, N, 5.44. FT-IR (KBr, νmax/ cm-1): 
3055, 2982, 2899, 1628, 1593, 1541, 1439, 1310, 1244, 1184, 
1095, 1031, 966, 891, 756, 688, 617, 569, 518, 449.  1H NMR 
(500MHz, CDCl3, δ/ppm): 2.210 (s, 3H), 7.271 (d, 1H, J = 7.75 
Hz), 7.405 (t, 1H, J = 7.50 Hz), 7.465 (t, 1H, 7.75 Hz), 7.914 (d, 
1H, J = 8.00 Hz), 7.727 (m, 2H, J = 7.50 Hz), 8.316 (d, 1H, 7.50 
Hz), 8.853 (d, 1H, J = 7.50 Hz). 13C NMR (500MHz, CDCl3, 
δ/ppm): C(1) = 125.23, C(2) = 131.37, C(3) = 131.61, C(4) = 
126.27, C(4A) = 133.88, C(5) = 179.62, C(6) = 124.00, C(6A) = 
134.63, C(7A) = 133.88, C(8) = 125.73, C(9) = 127.78, C(10) = 
129.70, C(11) = 133.21, C(11A) 138.54, C(12A) = 144.99, 
C(12B) = 132.30, C(13) = 13.27.UV-Vis; (λmax /nm, DMSO): 
258, 314, 380, 483. GC-MS (EI) m/z: 277 (M++H). 

 
X-Ray Crystallography   

An orange single crystal of M-1B, M-2B and M-4B 

were coated with perfluoropolyether, picked up with nylon loops 
and mounted in the nitrogen cold stream of the Bruker APEX-II 
Diffractometer. Graphite monochromated Mo-Kα radiation (λ= 
0.71073Å) from a Mo-target rotating-anode X-ray source was 
used. Final cell constants were obtained from least squares fits of 
several thousand strong reflections. Intensity data were corrected 
for absorption using intensities of redundant reflections with the 
program SADABS50. The structure was solved readily by direct 
methods and subsequent difference Fourier techniques. The 
Siemens ShelXTL51 software package was used for solution and 
artwork of the structures, ShelXL9752 was used for the 
refinement. All non-hydrogen atoms were anisotropically refined 
and hydrogen atoms were placed at calculated positions and 
refined as riding atoms with isotropic displacement parameters. 
The crystallographic data is presented in Table 1. 

 
Computational details 
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Structures of M-1B, M-2B, M-3B and M-4B were 
optimized within the framework of dispersion corrected M06-2x 
based density functional theory employing the Gaussian-09 
program53. The internally stored 6-31G basis set with diffuse 
functions being added on all the heavy atoms (designated as 6-
31+G(d,p) basis) have been used for these optimizations54-

55.Stationary point structures thus obtained were confirmed to be 
local minima on the potential energy surface through vibrational 
frequency calculations (all the normal vibration frequencies were 
turned out to be real).  Frontier orbital were subsequently 
analyzed for these local minima structures at the M06-2x/6-
31+G(d,p) level  of theory. To derive molecular insights 
accompanying extension of crystal networks in M-1B-M-

4Btheir dimeric structures were optimized subsequently.  
 
Cytotoxicity Studies 

Maintenance of Cancer Cell Line 

MCF-7, HeLa and normal skin cell lines were obtained 
from National Centre for Cell Sciences Repository, Savitribai 
Phule Pune University, Pune, India. The cells were maintained in 
DMEM media with 10% FBS and 0.1% antibiotic solution at 
37oC at 5% CO2 in the steri-cycle CO2 incubator with HEPA 
Class 100 filters, Thermo Electron Corporation. 
 
Preparation of sample for cell line testing 

The compounds were dissolved in 1% DMSO to 
obtain a solution of 1 mM concentration each. These samples 
were then filter sterilized using a 0.22 µM filter using syringe 
filter. 

 
Testing of compounds on cell line 

The cells were trypsinized using TPVG solution. 1 ml 
of 1 x 105 cells/ml of medium and dilutions of concentration 5, 
10, 15 and 20 µM was added in 96 well plates (Tarsons) and 
kept in the CO2 incubator for 24, 48, 72 and 96 hours. All 
experiments were carried out in Laminar flow hoods, Laminar 
Flow Ultraclean Air Unit, Microfilt, India. The cells were 
visualized using an Inverted Microscope, Olympus. 
 
MTT assay 

Solution of 5 mg/ml MTT was dissolved in PBS and 
filter sterilized using syringe filter. After incubation for the 
stipulated time 20 µL of MTT solution was added to 200 µL of 
cell content solution. The plate was incubated for 2hours in the 
CO2 incubator. After incubation the media was removed. 200 µL 
of DMSO was added to each well to dissolve the crystals. The 
plate was kept into the 37oC incubator for 5 mins. Reading was 
taken on Plate reader, Thermo Electron Corporation and 
absorbance was measured at 540 and 620 nm. 
 
Cellular uptake 

For preparation for fluorescent images (HeLa cell line 
preinoculated with compounds, in 24 well plate), 100 µL of cell 
content was pipetted out and centrifuged at 5000 rpm for 10 
minutes. Cells were briefly washed with PBS twice. The pellet 
was resuspended in 50 µL of PBS. Ten microliters of the 
suspended cells was placed on a clean glass slide and a cover 
slip was imposed in such a way that no air bubbles were 
obtained. Images were taken in a Carl Zeiss Axio Scope A1 
fluorescence microscope with filter set no. 9 and excitation at 
450-490 nm. 

DNA decatenation assay 

Reagents for the assay were purchased from TopoGEN 
(catalogue number 1001–1, TopoGEN, Inc., Port Orange, FL). 
Topoisomerase II was extracted according to the manufacturer's 
instructions from nuclei of HeLa cells (NCCS repository, India) 
and contained both isoforms as assessed by Western blotting. 
Calculation of specific topoisomerase II decatenation activity 
was based on complete decatenation of a given amount of 
catenated input DNA (100 ng kDNA) by a defined amount of 
nuclear extract containing the alpha and beta isoforms or of a 
defined amount of purified enzyme in a particular amount of 
time. The topoisomerase II activity from nuclei decatenated 0.07 
ng catenated kDNA · min-1 · ng-1 extract. Purified topoisomerase 
II alpha (see above) decatenated 0.13 ng catenated kDNA·min-1· 
ng-1. Vehicle (DMSO) or drug substance at concentrations to 
yield the desired end concentrations were added and 20 µL of 
the samples were preincubated for 5 minutes at 37°C and 400 
rpm in an Eppendorf thermomixer. Reactions were started by 
adding ATP (to 450 µM final concentration) to each sample and 
incubation was continued for 20 minutes. Reactions were 
terminated by placing the samples on ice and adding 4 µL 
stop/gel loading buffer. 20 µL of each sample were separated by 
1% agarose gel electrophoresis. Gels were analyzed under a UV 
transilluminator and decatenated kDNA products were 
quantified using Alpha Ease FC (Fluor Chem 8900) image 
analysis software version 3.2.3 (Alpha Innotech, San Leandro, 
CA). 

Supporting information available 

Characterization of M-1B to M-4B by FT-IR (Fig.S1-Fig.S5 and 
Fig.S22), GC-MS (Fig.S6-Fig.S9), DSC (Fig.S10-Fig.S13) and 
1H,13C and 2DgHSQCAD NMR (Fig.S14-Fig.S21). 
Crystallography figures Fig. S23-Fig.S27, Cytotoxicity assay 
Fig.S28-Fig.S30. Table S1 (FT-IR data) and crystallographic 
Table S2-S12.Crystallographic data have been deposited with 
the Cambridge Crystallographic Data Centre and may be 
obtained on request quoting the deposition numbers CCDC 
1039205(M-1B), 1039206(M-2B) and 1039204(M-4B), from 
the CCDC, 12 Union Road, Cambridge CB21EZ, UK 
(Fax:+441223336033; E-mail address:deposit@ccdc.cam.ac.uk). 
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Table 1 Crystallographic data of M-1B, M-2B and M-4B 

Identification code M-1B M-3B M-4B 

Empirical formula C17H10ClNO2 C18H13NO2 C17H11NOS 
Formula weight 295.71 275.29 277.33 
Temperature 100(2) K 100(2) K 100(2) K 
Wavelength 0.71073 Å 1.54178 Å 0.71073 Å 
Crystal system Orthorhombic Monoclinic Monoclinic 
Space group P212121 P 21/c P21/c 

Unit cell dimensions a = 4.7569(9) Å, 
b = 9.660(2) Å, 
c = 28.117(5) Å 

a = 7.1715(6) Å,  
b =21.816(2) Å,  
β = 112.283(4) Å, 
c = 8.9610(9) Å 

a = 15.172(3) Å,  
b = 3.8385(8) Å,  
β = 107.902(9)° 
c = 22.105(4) Å 

Volume 1292.0(4) Å
3
 1297.3(2) Å

3
 1225.0(4) Å

3
 

Z 4 4 4 
Density (calculated) 1.520 mg/m

3
 1.410 mg/m

3
 1.504 mg/m

3
 

Absorption coefficient 0.299 mm
-1

 0.742 mm
-1

 0.257 mm
-1

 
F(000) 608 576 576 
Crystal size 0.264 x 0.037 x 0.012 mm

3
 0.32 x 0.12 x 0.08 mm

3
 0.40 x 0.02 x 0.02 mm

3
 

Theta range for data collection 3.028 to 30.210°. 4.053 to 67.383°. 2.724 to 28.999°. 
Index ranges -6<=h<=6, -13<=k<=13, -

39<=l<=39 
-7<=h<=8, -26<=k<=25, -
10<=l<=10 

-20<=h<=20, -5<=k<=5, -30<=l<=30 

Reflections collected 35695 30049 15404 
Independent reflections 3840 [R(int) = 0.0956] 2298 [R(int) = 0.0581] 3243 [R(int) = 0.0734] 
Completeness to theta = 25.242° 99.6 % 98.0 % 99.6 % 
Absorption correction Gaussian Gaussian Gaussian 
Max. and min. Transmission 0.99706 and 0.95811 0.94601 and 0.84701 0.99571 and 0.94895 
Refinement method Full-matrix least-squares on F

2
 Full-matrix least-squares on F

2
 Full-matrix least-squares on F

2
 

Data / restraints / parameters 3840 / 0 / 191 2298 / 0 / 193 3243 / 0 / 182 
Goodness-of-fit on F

2
 1.040 1.059 1.116 

Final R indices [I>2sigma(I)] R1 = 0.0397, wR2 = 0.0813 R1 = 0.0543, wR2 = 0.1482 R1 = 0.0657, wR2 = 0.1519 
R indices (all data) R1 = 0.0545, wR2 = 0.0870 R1 = 0.0660, wR2 = 0.1611 R1 = 0.0898, wR2 = 0.1659 
Extinction coefficient n/a 0.0032(8) n/a 
Largest diff. peak and hole 0.314 and -0.378 e.Å

-3
 0.295 and -0.297 e.Å

-3
 0.720 and -0.611 e.Å

-3
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Table 2 Hydrogen bond geometries for M-1B, M-2B and M-4B 
Com Sr. No D-H···A D-H(Ǻ) H···A(Ǻ) D···A(Ǻ) ∠D-H···A(°) 

M-1B 1 C(5)-H(5)···Cl(20)(i) 0.950(2) 2.797 (1) 3.743(3) 177.0(1) 

 2 C(15)-H(15)···O(1)(ii) 0.951(1) 2.399(2) 3.285(3) 154.8(1) 

M-2B 3 C(20)-H(20C)···O(1)(iii) 0.951(2) 2.686(2) 3.481(3)        138.5(1) 

 4 C(4)-H(4)···O(1)(iv) 0.951(2) 2.695(1) 3.356(3) 127.2(1) 

M-4B 5 C(13)-H(13)···O(1)(v) 0.951(3) 2.623(2) 3.382(4) 137.1(2) 

 6 C(21)-H(21C)···C(19)(vi) 0.980(3) 2.830(3) 3.685(4) 146.1(2) 
 

(i)-2+x,1+y,z (ii) 3-x,1/2+y,1/2-z (iii)1-x,1-y,1-z, (iv) x,1/2-y,-1/2+z,(v) x, 2.5-y, ½+z(vi) x, 1+y, z 
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Table 3 Antiproliferative data (IC50) of M-1B to M-4B 

 

 
 
 
 
 
 
 
 

*Each value reported here is a mean value of 3  
independent experiments obtained after 48 hours 
  

Compound MCF-7 (µM) HeLa(µM) 

M-1B 21.52 ± 0.23* 25.35 ± 0.13  

M-2B 3.86± 0.33 4.35± 0.08 

M-3B 8.32± 0.25 12.62± 0.12 

M-4B 3.52 ± 0.21  13.75 ± 0.13  
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Scheme1 General reaction scheme for synthesis of M-1B to M-4B 
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Fig.1 UV-visible and fluorescence spectra of M-1B to M-4B in DMSO 
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                    Fig. 2 1H and 13C NMR chemical shifts of M-1B to M-4B 
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Fig. 3 ORTEP plots of M-1B, M-2B and M-4B 
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Fig. 4 Polymeric chains of M-1B via C-H···O and Cl···Cl interactions 
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Fig. 5 Molecular packing in M-1B down the c-axis 

 

 
Fig. 6 π-π stacked ladders in M-2B 
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Fig. 7 “Roller coaster”  dimer chain in M-2B  down the c-axis 

 
Fig. 8 C···S stacked polymeric chains of M-4B facilitated via C-H···O interactions 
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Fig. 9 M06-2x/6-31+G(d,p) optimized structures of M-1B, M-2B, M-3B and M-4B. Bond distances and net atomic charges (in parentheses) are 
given 
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Fig.15 Frontier orbitals HOMO and LUMO (isosurface of -12.5 kcal mol-1) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10 Frontier orbitals (isosurfaces of -12.5 kcal mol-1 in HOMO and LUMO) 
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Fig.16 M062x/6-31+G(d,p) optimized structures of dimers of M-1B, M-2B, M-3B and M-4B. 

  

 

 

 

 

 

 

 

Fig. 11 M06-2x/6-31+G(d,p) optimized structures of M-1B, M-2B, M-3B and M-4B dimers 
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  M-1B      M-2B 

 
     M-3B     M-4B 

 

Fig. 12 Fluorescence microscopy images of HeLa cells incubated (48 h) with 15 µM of complexes 1-4.M-1B to M-4B 
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Fig. 13 Lane 1: kDNA with no topoisomerase II; lane 2, decatenated kDNA control with no topoisomerase II in the assay buffer. Lane 3; Topo 
II+ M-1B; Lane 4; Topo II +M-3B; Lane 5; Topo II + M-2B; Lane 6 ; Topo II + M-4B. ORI, loading well origin; NOC, nicked, open circular 
decatenated kDNA; CC, covalently closed circular decatenated kDNA. The assay buffer contained 1.0 unit of topoisomerase II and 100 ng of 
kDNA. 
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