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the compounds exhibits antitumor activity.

INTRODUCTION

Carbazole derivatives are heterocyclic compounds [1]
which exhibit antitumour, antioxidative, anti-inflammatory [2]
antifungal [3,4] antimutagenic [5-7], antimicrobial [8], anti-
Alzheimer [9], pim kinase inhibitory [10] and cytotoxic activity
properties [11]. Carbazole derivatives exhibit redox, lumine-
scent properties and also has thermal and environmental stability.
Carbazole derivatives are used in synthetic and medicinal
chemists [12]. They are used in industrial applications of
polyvinylcarbazole (PVCZ) in electrophotographic materials
and in the production of organic light emitting diodes [13],
colour displays, organic semiconductors, laser and solarcells
[14]. Literature survey gives the idea that because of the wide
band-gap energy, high triplet energy and hole-transporting
competence [15,16] they are used as blue phosphorescent host
materials. Carbazole derivatives are vital for the design of novel
antitumor agents [17]. Now-a-days, different carbazole deriva-
tives are used in photodynamic therapy [17-22]. They are also
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Carbazole derivatives are important compounds from medicinal point of view because of their widespread biological significance. In the |
present work two compounds 7-(4-chlorophenyl)-5-methyl-12-(phenylsulfonyl)-12H-naphtho[ 1,2-b]carbazole (I) and 7-ethyl-5-methyl- |
12-(phenylsulfonyl)-12H-naphthol[1,2-b]carbazole (II) have been synthesized and characterized by XRD, Hirshfeld surface, energy |
framework and docking analysis. Single crystal X-ray diffraction analysis shows that the compound I crystallizes in monoclinic system
with space group P2,/n whereas compound II crystallizes in triclinic with space group P-1. In both compounds there are two intramolecular |
C-H---O hydrogen bonds, which generates two S (6) ring motifs. The crystal packing is stabilized through weak C-H---O and C-H---Cl |
interactions. The molecules also features C-H---w interactions. The intermolecular interactions of both compounds were analyzed using |
Hirshfeld surface analysis and two dimensional fingerprint plots, which was confirmed by the XRD data. Energy frameworks were used |
to calculate the intermolecular interaction energies and their distribution over the crystal structure. Molecular docking studies show that |
|
|

used as precursor compounds for the synthesis of pyrido-
carbazole alkaloids [23] and indole alkaloids [24]. It has been
noticed that introduction of additional heterocyclic rings to
the carbazole core tends to exert profound influence in increa-
sing the anticancer activity.

Rechargeable batteries [25] and electrochromic displays
[26] can be produced from carbazole based heterocyclic polymer
systems and hence they are used as building blocks for the
design and synthesis of molecular glasses, which are widely
studied as components of electroactive and photoactive materials
[27]. Carbazoles exhibit several pharmalogical activities and
are used in medicinal and synthetic organic chemists [28].

Among the aromatic hydrocarbon phenanthrene groups,
carbazoles are very interesting heterocyclic derivatives. Since
decades they are used in industrial applications of polyvinyl-
carbazole (PVCZ) in electrophotographic materials [29].
Carbazole derivatives are precursors of materials used in elec-
tronics and photonics [30-33] which is used as an alternative
for energy crisis. Remarkable studies have been done on 3,6-
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substituted and 2,7-substituted carbazole derivatives [34-37].
Carbazole derivatives exhibits photoconductivity [38] and
optical [39] properties. Carbazoles exhibits fluorescent proper-
ties, because of which they are used for the production of light
emitting diodes (OLEDs) [40,41] and sensors [42-45]. For
these reasons, there is a constant search for new carbazole
derivatives as potential substrates for new materials with promi-
sing optoelectronic properties.

In this present work, the structures of compounds I and II
and their intra- and intermolecular hydrogen bond interactions
were determined by X-ray crystallography. The contribution
percentage of intermolecular contacts in the crystal structure is
determined with the fingerprint plots analyzed by the Hirshfeld
surface technique. To analyze the nature of interactions present
in the molecule, Hirshfeld surface and 2D fingerprint plot studies
were performed. The intermolecular interaction energies were
also calculated and their distribution over the crystal structure
were visualized graphically using energy frameworks. Docking
studies were performed using AUTODOCK software to check
their binding interactions with selenium-containing target
protein, thioredoxin reductase (PDB ID: 3QFA).

EXPERIMENTAL

Synthesis of compound I: A solution of (3-(4-chloro-
benzoyl)-1-(phenylsulfonyl)-1H-indol-2-yl)methyl pivalate
(0.2 g, 0.39 mmol) in dry DCE (10 mL), SnCl, (0.122 g, 0.47
mmol) and 1-methylnaphthalene (0.061 g, 0.43 mmol) were
added and refluxed for 12 h under nitrogen atmosphere. After
the completion of the reaction, it was poured into ice water
(30 mL) containing conc. HCI (3 mL). The organic layer was
separated and the aqueous layer was extracted with DCM (2 x
20 mL). The combined organic layer was washed with water
(2 x 20 mL) and over anhydrous Na,SO4. Removal of solvent
followed by column chromatographic purification (silica gel,
hexane:ethyl acetate 9:1) furnished 7-(4-chlorophenyl)-5-
methyl-12-(phenylsulfonyl)-12H-naphtho[1,2-b]carbazole as
a colourless solid (Scheme-I). Yield 0.152 g, 73 %; m.p. 228-
230 °C. HRMS (EI, 70 eV): m/z caled. for C33H,NOLCIS [M*]
531.1060; Found 531.1057. Elemental analysis calcd. for
C3:H»NOCIS: C, 74.50; H, 4.17; N, 2.63; S, 6.03: Found C,
74.24; H, 4.03; N, 2.41; S, 6.26
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Scheme-I: Synthetic route of compound I

Synthesis of compound II: A solution of (1-(phenylsul-
fonyl)-3-propionyl-1H-indol-2-yl)methyl pivalate (0.2 g, 0.47
mmol) in dry DCE (10 mL), SnCl, (0.146 g, 0.56 mmol) and
1-methylnaphthalene (0.073 g, 0.51 mmol) were added and
refluxed for 12 h under nitrogen atmosphere. After the comp-
letion of the reaction, it was poured into ice water (30 mL)
containing conc. HCI (3 mL). The organic layer was separated

and the aqueous layer was extracted with DCM (2 x 20 mL).
The combined organic layer was washed with water (2 x 20 mL)
and dried over Na,SO,. Removal of solvent followed by column
chromatographic purification (silica gel, hexane:ethyl acetate
9:1) furnished 7-ethyl-5-methyl-12-(phenylsulfonyl)-12H-
naphtho[1,2-b]carbazole as a colourless solid (Scheme-II).
Yield 0.143 g, 68 %; m.p. 224-226 °C.
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Scheme-II: Synthetic route of compound II

Characterization techniques: A Bruker AXS (Kappa
Apex II) X-ray diffractometer was used for single crystal XRD
studies at 296 K with graphite monochromatic MoK, radiation
of wavelength (L) = 0.71073 A. Hirshfeld surface analysis,
energy framework and fingerprint plots were generated by
Crystal Explorer (Version 17.5) program [46]. Molecular
docking studies were performed using the software Autodock.

RESULTS AND DISCUSSION

X-ray crystallography: Data were corrected for Lorentz-
polarization and absorption factors. The structure was solved
by direct methods using SHELXT-2014/4 [47] and refined
using SHELX1.2014/7 [47], by full matrix least squares on
F2. All non-hydrogen atoms were refined anisotropically and
H atoms were localized from the difference electron-density
maps and refined as riding atoms with C—H = 0.93 or 0.97 A
with Uj,(H) = 1.5U(C) for methyl H atoms and 1.2U(C) for
other H atoms. The geometrical calculations were carried out
using the program PLATON [48]. The molecular and packing
diagrams were generated using the software MERCURY [49].

The ORTEP diagrams of compounds I and II are shown in
Fig. 1. The packing of the molecules of both compounds are
shown in Fig. 2. The space group was deduced to be P2,/n for
compound I and P-1 for compound II, respectively. The struc-
tural overlap drawing shows that the overall conformation of
two molecules is similar as shown in Fig. 3.

The geometric parameters of both the compounds agree
well with those reported for closely related structures [50,51].
The carbazole skeleton in compound I and II are planar with
maximum deviation of 0.0213(3) A for atom C8 and 0.0310(9)
A for atom C13, respectively. The dihedral angle between the
naptho-carbazole ring (C8-C16) and the sulphonyl bound
phenyl ring is 76.98(14)° in compound I, whereas in compound
I it is 85.92(16)°.

In both compounds there are two intramolecular C-H:--O
hydrogen bonds, which generates two S (6) ring motifs. Atom
S1 has a distorted tetrahedral geometry. The widening of the
angle 01—S1—02[120.13(15)° A in compound I and 119.99
(1)° A in compound II] and narrowing of angle N1---S1---
C28 [105.26(14)° A] in compound I and N1---S1---C6
[104.89(14))° A from the ideal tetrahedral value are attributed
to the Thorpe-Ingold effect [52] The widening of the angles
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Fig. 1. Molecular structure of compounds I and II with 40 % probability displacement ellipsoids for non-H atoms
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Fig. 2. Crystal packing of compounds I and II showing the intermolecular interactions

may be due to the repulsive interaction between the two short
S---O bonds. As aresult of the electron-withdrawing character
of the phenylsulfonyl group, the bond lengths [N1-C19
(1.432(3)° A) N1-C22 (1.429(4)° A)] in compound I and [N1-
C7 (1.429(4))° A and N1-C14(1.433(4))° A] in compound II
are longer than the normal value of 1.355(14)° A [53]. In both
compounds, sum of the bond angles around atom N1 are
347.92 (23)° and 351.21(2)°, indicating hybridization between
sp? and sp’. The compounds are stabilized by intramolecular
S (6) ring motifs with the sulfone oxygen atoms. The crystal
data and structure refinement details are given in Table-1. The
selected bond lengths, bond angles, torsion angles and hydro-
gen bonds are listed in Tables 2-5, respectively.

In compound I the molecules are linked by C30-H30---O2,
C29-H29---Cl1, hydrogen bonds, whereas in compound II they
are linked by C8-H8:--.02, C23-H23---O2 interactions. Both
compounds features C-H:--1 interactions, in compound I with
C6-Ho6---Cg where Cg is the centroid of the six member ring
[C11-C12-C13-C14-C15-C16]) with C-Cg distance of 3.065
A and H--Cg distance of 2.204 A (symmetry code : -x, 1-y,
Fig 3. Structural overlap view of compounds I and II 1-z) and in compound II with with C20-H20--Cg where Cg
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TABLE-1
CRYSTAL DATA AND STRUCTURE REFINEMENT FOR THE COMPOUNDS I AND II
Compound I Compound II
CCDC No 1569609 1867913
Empirical formula C4;H,NO,CIS C,,H,;NO,S
Formula weight 532.02 449.54
Temperature 293(2) K 296(2) K
Wavelength 1.54178 A 0.71073 A
Crystal system Monoclinic Triclinic
Space group P2,/n P-1

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 6 = 67.474°
Absorption correction
Maximum and minimum transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F*

Final R indices [I>206(1)]

R indices (all data)

Largest diff. peak and hole

a=12.8572(3) A; o.=90°
b=11.6802(4) A; B = 105.198(6)°
¢ =17.933509) A; y=90°
2598.97(18) A’

4

1.360 Mg/m’

2.304 mm''

1104

0.100 mm x 0.100 mm X 0.050 mm
3.800 to 67.474°

-14<=h<=15, -13<=k<=13, -21<=1<=20
28545

4627 [R(int) = 0.0500]

98.90 %

Semi-empirical from equivalents
0.7536 and 0.6117

Full-matrix least-squares on F*
4627/0/343

1.09

R1=0.0593, wR2 =0.1431
R1=0.0724, wR2 = 0.1525

0.399 and -0.339 e. A

a=8.2462(5) A; o= 102.500(2)°
b =9.7832(6) A; B = 93.222(2)°
¢ =14.2249(8) A; y=92.127(2)°
1117.18(12) A°

2

1.336 Mg/m’

0.173 mm’

472

0.250 mm x 0.200 mm x 0.150 mm
3.233 t0 24.997°

-9<=h<=9, 11<=k<=13, 21<=1<=20
36661

3902 [R(int) = 0.0499]

99.3 %

Semi-empirical from equivalents
0.7454 and 0.5014

Full-matrix least-squares on F*
3902/0/301

1.116

R1=0.0633, wR2 = 0.1653
R1=0.0829, wR2 =0.1973
0.870 and -0.313 e. A®

TABLE-2
SELECTED BOND LENGTHS (A) OF COMPOUNDS I AND II
Compound I Compound II
Bond Bond length (A) Bond Bond length (A) Bond Bond length (A) Bond Bond length (A)
C(1)-C(6) 1.367(5) C(12)-C(13) 1.406(5) C(1)-C(2) 1.381(5) C(15)-C(16) 1.406(4)
C(1)-C(2) 1.376(5) C(12)-C(17) 1.463(4) C(1)-C(6) 1.385(5) C(16)-C(17) 1.410(5)
C(2)-C(3) 1.367(5) C(13)-C(14) 1.378(5) C(2)-C(3) 1.376(6) C(16)-C(24) 1.459(5)
C(3)-C(4) 1.388(4) C(14)-C(15) 1.361(7) C(3)-C(4) 1.385(7) C(17)-C(18) 1.421(5)
C(5)-C(6) 1.369(4) C(15)-C(16) 1.365(7) C(4)-C(5) 1.376(6) C(17)-C(21) 1.449(5)
C(7)-C(20) 1.385(4) C(17)-C(18) 1.401(4) C(5)-C(6) 1.386(4) C(18)-C(19) 1.516(5)
C(7)-C(8) 1.424(4) C(18)-C(19) 1.370(4) C(7)-C(8) 1.382(5) C(19)-C(20) 1.518(5)
C(8)-C(17) 1.414(4) C(19)-C(20) 1.412(4) C(7)-C(12) 1.401(5) C(21)-C(22) 1.346(6)
C(8)-C(9) 1.436(4) C(19)-N(1) 1.432(4) C(7)-N(1) 1.429(4) C(22)-C(23) 1.417(6)
C(9)-C(10) 1.353(5) C(20)-C(21) 1.458(4) C(8)-C(9) 1.380(6) C(22)-C(29) 1.513(6)
C(10)-C(11) 1.440(5) C(21)-C(26) 1.388(4) C(9)-C(10) 1.381(7) C(23)-C(24) 1.408(5)
C(11)-C(12) 1.402(5) C(21)-C(22) 1.405(4) C(10)-C(11) 1.366(6) C(23)-C(28) 1.437(6)
C(11)-C(16) 1.434(5) C(22)-C(23) 1.382(4) C(11)-C(12) 1.396(5) C(24)-C(25) 1.408(5)
C(12)-C(13) 1.453(5) C(25)-C(26) 1.363(5)
C(13)-C(18) 1.402(4) C(26)-C(27) 1.352(7)
C(13)-C(14) 1.410(4) C(27)-C(28) 1.368(7)
C(14)-C(15) 1.365(4) 0o(1)-S(1) 1.417(3)
C(14)-N(1) 1.434(4) 0(2)-S(1) 1.422(2)

is the centroid of the six member ring [C23-C24-C25-C26-
C27-C28]) with C—Cg distance of 3.793 A and H---Cg distance
of 3.676 A (symmetry code: -x, -y+1, -z+1). Fig. 4 shows the
crystal packing of compounds I and II featuring C—H---w inter-
action.

Hirshfeld surface analysis: The data obtained from single
crystal XRD analysis were used to generate the Hirshfeld

surface [54,55]. Crystal Explorer version 17.5 software was
used to analyze the intermolecular contacts by generating
Hirshfeld surface using the CIF as input file. 2D fingerprint
plots were used to see the graphical visualization of the inter-
molecular contacts. The factor du.m has been used to analyze
the intermolecular contacts with the combination of three
colours red, blue and white. It comprises of two elements, d.
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TABLE-3
SELECTED BOND ANGLES (°) OF COMPOUNDS I AND II
Compound I Compound II
Bond Bond Bond Bond
Bond angle (%) Bond angle (°) Bond angle (%) Bond angle (%)
C(6)-C(1)-C(2) 121.0(3) C(14)-C(15)-C(16) 119.6 C(2)-C(1)-C(6) 118.9(3) C(5)-C(6)-S(1) 119.2(3)
C(3)-C(2)-C(1) 119.1(3) C(14)-C(15)-H(15) 120.5(4) | C(2)-C(1)-H(1) 120.5 C(8)-C(7)-C(12) 122.7(3)
C(3)-C(2)-H(2) 120.4 C(15)-C(16)-H(16) 120.6(4) | C(6)-C(1)-H(1) 120.5 C(9)-C(8)-C(7) 117.1(4)
C(2)-C(3)-C4) 121.6(3) C(18)-C(17)-C(12) 119.9(2) | C(3)-C(2)-C(1) 119.9(4) C(9)-C(8)-H(8) 121.4
C(5)-C4)-C(3) 117.3(3) C(8)-C(17)-C(12) 121.5(3) | C(3)-C(2)-H(2) 120.1 C(7)-C(8)-H(8) 121.4
C(5)-C(4)-C(7) 122.6(2)  C(18)-C(19)-C(20) 120.6 | C(1)-C(2)-H(?2) 120.1 C(8)-C(9)-C(10) 121.7(4)
C(3)-C(4)-C(7) 120.0(2)  C(23)-C(22)-C(21) 119.03) | C(2)-C(3)-C(4) 120.7(4) C(8)-C(9)-H(9) 119.1
C(6)-C(5)-C4) 122.0(3) C(23)-C(22)-N(1) 121.3(3) | C(2)-C(3)-H(3) 119.6 C(10)-C(9)-H(9) 119.1
C(4)-C(5)-H(5) 119 C(24)-C(23)-H(23) 118.0(3) | C(4)-C(3)-H(3) 119.6 C(11)-C(10)-C(9) 120.4(4)
C(1)-C(6)-C(5) 118.93)  C(23)-C(24)-C(25) 121 C(5)-C(4)-C(3) 120.1(4) C(11)-C(10)-H(10) 119.8
C(5)-C(6)-H(6) 120.5 C(23)-C(24)-H(24) 121.93) | C(5)-C(4)-H4) 119.9 C(9)-C(10)-H(10) 119.8
C(7)-C(8)-C(9) 120.4(3) C(26)-C(25)-C(24) 119.1 C(3)-C(4)-H4) 119.9 C(10)-C(11)-C(12) 120.2(4)
C(10)-C(9)-C(8) 122.8(3)  C(26)-C(25)-H(25) 120.2(3) | C(4)-C(5)-C(6) 118.7(4) C(10)-C(11)-H(11) 119.9
C(9)-C(10)-C(27) 119.2(4) C(25)-C(26)-C(21) 119.9 C(4)-C(5)-H(5) 120.6 C(12)-C(11)-H(11) 119.9
C(11)-C(10)-C27)  121.6(3)  C(29)-C(28)-C(33) 1202 | C(6)-C(5)-H(5) 120.6 C(11)-C(12)-C(7) 117.7(3)
C(12)-C(11)-C(10)  120.6(3)  C(33)-C(28)-S(1) 119.2(3) | C(1)-C(6)-C(5) 121.6(3) C(18)-C(13)-C(14)  119.2(3)
C(11)-C(12)-C(13)  118.8(3)  C(30)-C(29)-C(28) 121.1(3) | C(1)-C(6)-S(1) 119.2(3) C(14)-C(15)-H(15) 120.6
C(11)-C(12)-C(17) 119.7(3) C(28)-C(29)-H(29) 119.5(3)
C(13)-C(12)-C(17)  121.5(3)  C(31)-C(30)-H(30) 120.3
C(14)-C(13)-C(12)  120.8(4)  C(32)-C(31)-C(30) 119.5
C(15)-C(14)-C(13) 120.9(4) C(30)-C(31)-H(31) 119.4(4)
C(15)-C(14)-H(14) 119.6 C(31)-C(32)-H(32) 120.3
TABLE-4
SELECTED TORSION ANGLES (A) OF COMPOUNDS I AND 11
Compound I Compound II
Bond Ef;"(ﬁ) Bond ;Fr?;e‘"(“) Bond ;F;’gr;:’(“) Bond ;Flfgr;:z“)
CI(1)-C(1)-C(2)-C(3) 179.822)  C(#)-C(7)-C(20)-C(19) -177.02) | C#)-C(5)-C(6)-S(1) 177.83)  C(21)-C(22)-C(23)-C(28) -178.7(3)
C(2)-C(3)-C(4)-C(7) -17803)  C(8)-C(7)-C(20)-C(21) -176.93) | N(1)-C(7)-C(8)-C(9) -1764(3)  C(22)-C(23)-C(24)-C(25) -175.2(3)
C(7)-C(4)-C(5)-C(6) 177.83)  N(1)-C(19)-C(20)-C(7) -178.12) | C(10)-C(11)-C(12)-C(13) 1788(4)  C(28)-C(23)-C(24)-C(16) -178.4(3)
CI(1)-C(1)-C(6)-C(5) -179.93)  C(18)-C(19)-C(20)-C(21) 177.3@2) | N(1)-C(7)-C(12)-C(11) 176.1(3)  C(17)-C(16)-C(24)-C(25) 173.5(3)
C(4)-C(7)-C(8)-C(17) 176.92)  C(19)-C(20)-C(21)-C(26) -176.93) | C®)-C(7)-C(12)-C(13) -180.03)  C(15)-C(16)-C(24)-C(23) 175.903)
C(20)-C(7)-C(8)-C(9) 17692)  C(7)-C(20)-C(21)-C(22) 178.13) | C(7)-C(12)-C(13)-C(18) -179.43)  C(16)-C(24)-C(25)-C(26) 178.7(3)
C(7)-C(8)-C(9)-C(10) -179.03)  C(20)-C(21)-C(22)-C(23) -177.4(3) | C(11)-C(12)-C(13)-C(14) -176.8(4)  C(22)-C(23)-C(28)-C(27) 178.0(4)
C(8)-C(9)-C(10)-C(27) 1763(3)  C(26)-C(21)-C(22)-N(1) 177.2Q2) | C(12)-C(13)-C(14)-C(15) 178.73)  C(8)-C(7)-N(1)-C(14) -179.93)
C27)-C(10)-C(11)-C(12) -175.13)  N(1)-C(22)-C(23)-C(24) -176.0(3) | C(18)-C(13)-C(14)-N(1) -179.12)  C(15)-C(14)-N(1)-C(7) -179.8(3)
C(9)-C(10)-C(11)-C(16) -179.3(3)  C(20)-C(21)-C(26)-C(25) 176.5(3) | N(1)-C(14)-C(15)-C(16) 17892)  C(7)-N(1)-S(1)-O(1) 172.9(2)
C(10)-C(11)-C(12)-C(13) 17853)  S(1)-C(28)-C(29)-C(30) 179.8G3) | C(14)-C(15)-C(16)-C(24) 17772)  C(21)-C(17)-C(18)-C(13) 177.4(3)
C(16)-C(11)-C(12)-C(17) -179.53)  S(1)-C(28)-C(33)-C(32) 179.5(3) | C(24)-C(16)-C(17)-C(18) -176.83)  C(16)-C(17)-C(18)-C(19) 175.53)
C(17)-C(12)-C(13)-C(14) 1787(3)  C(23)-C(22)-N(1)-C(19) 177.23) | C(15)-C(16)-C(17)-C(21) -177.2(3)  C(18)-C(17)-C(21)-C(22) 179.73)
C(10)-C(11)-C(16)-C(15) -178.13)  C(18)-C(19)-N(1)-C(22) -177.33) | C(12)-C(13)-C(18)-C(17) -177.93)  C(17)-C(21)-C(22)-C(29) 180.0(4)
C(9)-C(8)-C(17)-C(18) -176.8(2)  C(22)-N(1)-S(1)-O(1) 179.32) | C(14)-C(13)-C(18)-C(19) -176.53)  C(29)-C(22)-C(23)-C(24) 178.8(3)
C(7)-C(8)-C(17)-C(12) -179.7(2)  C(29)-C(28)-S(1)-0(2) 172.4(3)
C(11)-C(12)-C(17)-C(18) 177.93)  C(12)-C(17)-C(18)-C(19) 179.8(2)
C(13)-C(12)-C(17)-C(®) 179.13)  C(17)-C(18)-C(19)-N(1) 177.5(2)
TABLE-5 to the exterior atoms, respectively and also with the van der
HYDROGEN BONDS OF COMPOUNDS I AND II Waals (vdW) radii of the atom [56-58]. The red colour circular
D-H--A 1?;1){ PiASAx DA (A) I}E)A spots indicate closer hydrogen.bonding contacts with I?egativ.e
dnorm Value. The blue colour indicates longer contacts with posi-
Compound I tive dyom value and the white colour indicates the intermolecular
C(128)-I-§128)--~0(12) 0.93 ;3; ;.918(4) 3(1)471 distances close to van der Waals radii with d,om value equal to
ggzg;nggzgl((l)) - 822 2:32 3246@8; s zero [59]. The shape index indicates the shape of the electron
Compound IT density surface around the molecular interactions.
C8)-H®)-0Q) 0.93 233 293154) 122 Figs. 5 a.md 6 show the Hl.rshfeld surface mapped over
C(23)-H(23)--0(2) 0.93 226 2.886(5) 1237 dnorm, shape index, curvature, intermolecular contacts and

Symmetry code: #1 x+1/2, -y+3/2, z+1/2

and d; which denotes the distance of any surface point nearest
to the interior atoms and the distance of the surface point nearest

fragment patches for compounds I and II. The bright red spot
shows the C-H---O, C-H...Cl, C-H---w interactions in both the
compounds which confirms the XRD results. The red and blue
triangle on the shape index and the large flat region on the
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Compound |

Compound Il

Fig. 4. Crystal packing of compounds I and II featuring C—H---w interaction

Fig. 5. View of the Hirshfeld surface of compound I mapped over (a) d..» and (b) electrostatic potential (c) intermolecular contacts (d) shape

index (e) curvature (f) fragment patches

curvature refers to the m--- interactions. The intermolecular
contacts and fragment patches shows the co-ordination
environment of the molecule

Figs. 7 and 8 show the percentage of the intermolecular
interaction of both compounds. The complete two-dimensional
fingerprint plot, are shown in Figs. 7a and 8a and the C---H,
C--N, C---C,H---H, H---O and H---Cl interactions are illustrated
in Figs. 7a-g and 8a-g. The H---H interactions has the maximum
contribution with overall Hirshfeld surface of 41.1 % in
compound I and 48.3 % in compound II. The C---H interactions
can be seen as sharp spikes in fingerprint plot showing a
contribution of 27.1 % of the Hirshfeld surfaces in compound
I'and 29.7 % in compound II. The contribution from the C---N

contacts, can be seen as a shape of bell with a contribution of
1.4 % of the Hirshfeld surfaces in compound I and 1.2 % in
compound II. The C---C contacts, which refers to 7t---7 stacking
interactions, contribute 6.9 % of the Hirshfeld surface in
compound I and 7.1 % in compound II. This appears as a
distinct inverted bell shape at around d. = d; ~ 1.7 A in both
the compounds. The H---O and H---Cl interaction contributes
12.1 and 10.9 % to the total Hirshfeld surfaces in the fingerprint
plots in compound I and 12.6 % in compound IIL.

The four components electrostatic, polarization, disper-
sion and exchange repulsion express the interaction energy
between the molecules. These energies were obtained using
monomer wavefunctions calculated at the B3LYP/6-31G(d,p)
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(@)

(b)

Fig. 6. View of the Hirshfeld surface of compound II mapped over (a) d,.m and (b) intermolecular contacts (c) shape index (d) curvature (e)

fragment patches
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Fig. 7. Two-dimensional fingerprint plots for (a) all interactions, (b) C---H, (c) C--N, (d) C..C, (e) H:--H and (f) H:--O (g) H---Cl interactions

level. The total interaction energy, which is the sum of scaled
components, was calculated for a 3.8 A radius cluster of mole-
cules around the selected molecule (Figs. 9a and 10a). The
interaction energies calculated by the energy model discloses
that the interactions in crystal have a important contribution
from dispersion components of compounds I and II (Table-
6). The magnitudes of the intermolecular interaction energies
are represented graphically using energy frameworks and the
supramolecular architecture of the crystal structures are shown
in Figs. 9b-9d and 10b-10d.

Molecular docking analysis: Molecular docking aims
to attain an optimized conformation for both the protein and

drug with relative orientation between them such that the free
energy of the overall system is minimized. Both compounds
were developed and the three-dimensional structure was
generated using Chem Draw Ultra, 11.0. Ligand molecule was
structurally confirmed and energy minimized using Gaussian
03W [60]. The docking studies of both compounds were per-
formed with the selenium-containing target protein, thioredoxin
reductase. Three-dimensional structures of target protein
thioredoxin reductase (PDB ID: 3QFA) were recovered from
the Protein Data Bank (PDB), (http://www.pdb.org). The redox
protein thioredoxin is involved in numerous cellular processes
including activation of ribonucleotide reductase, activation of
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Fig. 8. Two-dimensional fingerprint plots for (a) all interactions, (b) H---H, (c) C---H, (d) H..O, (e) H---N and (f) C---C interactions

Fig. 9. (a) Interactions between the selected reference molecule (highlighted in yellow) and the molecules present in a 3.8 A cluster around it,
(b) Coulomb energy framework, (c) dispersion energy framework and (d) total energy framework
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Fig. 10.(a) Interactions between the selected reference molecule (highlighted in yellow) and the molecules present in a 3.8 A cluster around it,
(b) Coulomb energy framework, (c) dispersion energy framework and (d) total energy framework

TABLE-6
INTERACTION ENERGIES (kJ mol ") FOR COMPOUNDS I AND I BETWEEN A REFERENCE MOLECULE AND ITS NEIGHBOURS
N Symop R Eqe Epa Egis B B
Compound I

1 x-y.-z 7.92 2.9 5.7 98.0 46.3 573

Bl o 2y 9.39 143 49 337 12.6 380
2 xy.z 12.86 1.8 0.3 4.6 0.1 2.4
2 xHl2,y+li2, 24102 10.57 114 2.6 299 173 263

L 2 x#lR -y R 11.97 0.5 0.7 5.7 0.1 5.0
1 x-y,-z 12.94 3.8 0.8 8.7 3.0 9.8
2 xyz 11.68 2.7 3.0 -12.8 3.9 -13.1
1 x-y,-z 5.92 2.7 127 1332 57.6 -78.9
2 x+l/2, y+1/2, 2412 12.86 6.1 2.1 -15.0 3.7 -182
1 x-y,-z 11.83 6.2 -1.6 -34.4 143 268
2 x+l2,y+li2, 24102 13.12 0.4 0.2 17 0.0 1.2

Compound II

[ T 5.95 17.1 74 -132.4 61.2 919
1 x-y,-z 10.76 273 9.5 233 9.9 470
2 xyz 14.22 22 0.9 8.8 3.1 3.7

Bl O g 9.71 4.2 24 51 12.1 -17.0
2 xyz 9.78 17 14 259 7.1 -16.7
1 x-y,-z 5.58 -8.9 -12.8 -137.4 65.9 -87.8
1 x-y,-z 12.96 0.7 0.3 6.9 34 2.9
1 xy,-z 9.80 -14.8 7.3 -19.7 117 -28.0
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the transcription factor and regulation of photosynthesis [61]
Several lines of evidence suggest human thioredoxin also
serves as an extracellular growth factor and plays a role in the
promotion of a variety of tumors [62]. The adult T-cell leukemia
derived factor (ADF)1 produced by human lymphocytes
transformed with human T-lymphotrophic virus type I has been
identified as thioredoxin [63] and human primary solid tumors
from lung [64] and colon overexpress thioredoxin.
Thioredoxin can stimulate cell growth in several human
solid tumor cell lines, both in cell culture and in scid mice [65]
suggesting that the growth-promoting activity of thioredoxin
is quite general. Mechanically, growth stimulation by thioredoxin
is not well understood, but a functional active site dithiol is
required for the activity. The final coordinates for the diamide-
oxidized and D60N mutant thioredoxin structures have been
deposited with the Brookhaven Protein Data Bank (PDB ID:
1AIU). Fig. 11 shows the protein structure of thioredoxin.

Fig. 11. Protein structure of thioredoxin structure

The active site of the protein was defined to include
residues of the active site within the grid size of 92 A x 94 A
x 98 A for compound I'and 90 A x 90 A x 90 A for compound
1L

Compound I
Fig. 12. Poseview diagram of compounds I and II with 1AIU interactions

The most popular algorithm, Lamarckian Genetic Algorithm
(LGA) available in auto dock was employed for docking
studies. The docking protocol predicted the same conformation
as was present in the crystal structure with RMSD value within
the reliable range of 2 A for both compounds. Fig. 12 shows
the Poseview diagram of compounds I and IT with 1 AIU inter-
actions. The docking results give the binding mode of the
compounds in the different binding pockets with 1AIU, defined
by the amino acid residues. The docking shows that the oxygen
atom O1 makes noticeable H bonding interactions with the
N-H of Lys48A in compound I and in compound II S=0O with
GLY451A. The distance of this hydrogen bonding in com-
pound I and IT are 2.3 and 2.5 A, respectively. The interaction
found between the protein and the lead in compound I and II
are -7.12 and -5.92 kcal/mol, respectively. These results suggest
that the compound exhibits antitumor activity.

Conclusion

Both compounds (I and II) were synthesized and the
structures were confirmed using X-ray diffraction method.
In the crystal, molecules are linked by C-H:--O and C-H---Cl
hydrogen bonds. In the crystals, there are two intramolecular
C-H---O hydrogen bonds, which generates two S (6) ring motifs.
In both compounds the molecules are linked by C-H---O,
C-H:--Cl, hydrogen bonds. The molecule also features C-H---w
interactions. The Hirshfeld surface analysis confirms the XRD
data of intermolecular interactions as bright red spots. The
docking protocol predicted the same conformation as was
present in the crystal structure with RMSD value within the
reliable range of 2 A. The docking result shows that the com-
pounds exhibit antitumor activity.

Supplementary data

Crystallographic data for the structural analysis have been
deposited with the Cambridge Crystallographic Data Center,
CCDC reference numbers: 1569609, 1867913.Copies of this
information may be obtained free of the charge from the
Director, CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK

Lys48A
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