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ABSTRACT KEYWORDS

This article describes the synthesis and X-ray crystal structure analy- Centrosymmetric;

sis of 3-(benzo[d]thiazol-2-yl) phenol (I) and 4-(benzo[d]thiazol-2- 2D-fingerprint plot; hirshfeld
yhphenol (11), crystallized in centrosymmetric triclinic and orthorhom- surface; positional isomers;

space group; two-dimensi-

bic space groups respectively. The packing in the unit cell of these two onal framework

positional isomers are different resulting difference in various types of
intermolecular interactions (C-H...S, O-H...0,, and O-H...N) connect
the molecules into 2D frameworks. Due to presence of lattice water
in compound (I), H-bonding interactions are strong and melting point
of (I) is comparatively higher than (Il). The DFT optimized molecular
geometries in (I) and (Il) agree closely with those obtained from crys-
tallographic studies.

GRAPHICAL ABSTRACT

The compounds (I) and (ll) have been crystallized in centrosym-
metric space groups. The DFT optimized molecular geometries in
both compounds agree closely with those obtained from the crys-
tallographic studies. An interplay of O-H...0,, and O-H...N type
strong hydrogen bonds and C-H ...S type weak interactions connect
the molecules of (I) and (ll) into 2D framework. Hirshfeld surface
analysis of () indicates that the H...H and H...7 contacts can
account for 47.4% and 18.7%, respectively, of the Hirshfeld surface
area, whereas the corresponding fraction in (ll) is 36.5% and 29.5%,
respectively.

CONTACT R. K. Mudsainiyan @ mudsainiyanrk@gmail.com

Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/gmcl.
@ Supplemental data for this article can be accessed at http://dx.doi.org/10.1080/15421406.2015.1107812.

© 2016 Taylor & Francis Group, LLC


http://dx.doi.org/10.1080/15421406.2015.1107812
mailto:mudsainiyanrk@gmail.com
http://www.tandfonline.com/gmcl
http://dx.doi.org/10.1080/15421406.2015.1107812

Downloaded by [University of California Santa Barbara] at 16:04 20 June 2016

MOLECULAR CRYSTALS AND LIQUID CRYSTALS e 121

1. Introduction

In the past decants, various sulfur and nitrogen-containing heterocyclic compounds and their
derivatives have been occur predominately in nature appreciable to their stability and ease of
generating new compounds [1-8]. These compounds exhibit pronounced biological activities,
fluorescence properties, various applications in organic electroluminescent devices, biosen-
sors, detection of metal ions, etc. [9-16]. Intermolecular interactions due to particular hydro-
gen bonds are key factors for the construction of molecular assemblies of neutral organic
molecules with donor and acceptor functionalities [17]. Many of the synthon observed in
supramolecular chemistry involve strong hydrogen bonds, which provide the requisite robust-
ness and reproducibility to create a variety of solid-state architectures described as layers, rods,
tapes, ribbons, channels, helices, and sheets [18]. The intermolecular hydrogen bonding inter-
actions can help to stabilize crystal packing in the unit cell of each system. In addition to these
relatively strong hydrogen bonds like O-H ...O,, and O-H ...N, weak hydrogen bonding inter-
actions such as C-H ...S are also important in the description of self-assembly process. The
influence of these weak interactions can be evaluated by comparing their structural features
as well as the interplay of hydrogen bonds in building possible supramolecular aggregation
in closely related compounds. Single-crystal X-ray diffractometry is the method of choice for
determination of crystal structure of molecular compounds but an intrinsic limitation of this
approach is the requirement to grow single crystals of appropriate size and good quality that
make them amenable to structure analysis.

A comparison of the torsion angles between mean planes of the benzene and thiol rings
in the crystals with the DFT theoretical calculations have also been performed. The inclusion
of weak intermolecular hydrogen bonding interactions from crystallographic data compared
with Hirshfeld surface analysis for both compounds. Hirshfeld surface analysis has been used
to visualize the molecular shapes employing 3D molecular surface contours and 2D finger-
print plots. Molecular orbital diagrams provide visual representations of the top level molec-
ular orbital surfaces in each compound. This idea prompted us to investigate the structural
features of benzothiazole derivatives using X-ray powder diftfraction and to analyze the role of
O-H...O,, and O-H...N hydrogen bonds in building possible supramolecular architecture.
The compound (II) is already solved in same space group [19] but we tried to solve it in better
way and detail of crystal structure is given along with comparison of two positional isomers
(I) and (II). The results of crystal structural study of compounds (I) and (IT) are reported here
along with the DFT calculations to study the molecular geometry. The intermolecular inter-
actions and their percentage in each compound can be obtained by using Crystal Explorer 3.1
[20].

2. Experimental

2.1. Synthesis of 3-(benzo[d]thiazol-2-yl)phenol (I) and 4-(benzo[d]thiazol-2-yl)
phenol (ll) (Scheme 1)

2-aminobenzenethiol (0.125g, 1 mmol) was dissolved in dry methanol (10 mL). 3-
hydroxybenzaldehyde for (I) and 4-hydroxybenzaldehyde for (II) were dissolved in dry
methanol (10 mL) separately. Both solutions of 2-aminobenzenethiol and hydroxybenzalde-
hyde were mixed slowly and refluxed for 2 h in a round-bottomed flask. The completion of
reaction was monitored by TLC. After refluxing, filtered the solution mixture and transferred



Downloaded by [University of California Santa Barbara] at 16:04 20 June 2016

122 R.K. MUDSAINIYAN AND AK. JASSAL

HaN HO
Refluxing for 2hrs S
HS + 0 N
HO dry MeOH N

2-aminobenzenethiol 3-hydroxybenzaldehyde 3-(benzo[d]thiazol-2-yl)phenol
U
H,N
O\ Refluxing for 2hrs S
HS + \—OOH HO \
dry MeOH N
2-aminobenzenethiol 4-hydroxybenzaldehyde 4-(benzo[d]thiazol-2-yl)phenol

(n

Scheme 1. Synthesis of 3-(benzo[d]thiazol-2-yl)phenol (1) and 4-(benzo[d]thiazol-2-yl)phenol (II)

to a 25mL conical flask for slow evaporation at room temperature. Yellowish crystals were
separated out by filtration and dried well.

Compound (I), M.p. 183 °C. Anal. Calcd for CysH,9N,03S, (I) (%): C, 66.08; H, 4.27;
N, 5.93; S, 13.57; Found: C, 66.06; H, 4.29; N, 5.91; S, 13.52. MS (DMSO): m/z 548.06
[M+DMSO-2]+, 476.05 [M-3]+. IR (cm™!) selected bonds: IR (cm™!) selected bonds: v(-
OH) = 3738 b, v(C-Haromatic) = 3045w, v (C=N) = 1654 w, v (C = C) = 1595 sh, v (C-S)
=793 sh.

Compound (IT), M.p. 176 °C. Anal. Calcd for C;;HyNOS (II) (%): C,68.70; H, 3.99; N, 6.16;
S, 14.11; Found: C, 68.76; H, 3.97; N, 6.14; S, 14.12. MS (DMSO): m/z, 227.12 [M+, 100%],
228.12 [M+1]+ ion, 229.12 [M+2]+ ion, 226.10 [M-1]+ ion. IR (cm™!) selected bonds: v(-
OH) = 3657 b, v(C-Haromatic) = 2930w, v (C=N) = 1620w, v (C = C) = 1576 sh, v (C-S)
= 711 sh. (b = broad, sh = sharp, w = weak).

2.2. Physical measurements

All the starting reagents of analytical grade were used without further purification. C, H, N ele-
mental analyses were obtained with a CHNS-O analyzer flesh-EA-1112 series. The IR spectra
of compounds (I) and (IT) were recorded on Perkin ELMER FTIR spectrometer in the range
4000-400 cm . Single crystal structural X-ray diffraction was carried out on a Bruker’s Apex-
II CCD diffractometer using Mo Ko (A = 0.71069) at room temperature. Molecular Hirshfeld
surfaces calculations of compounds (I) and (II) were performed by using the Crystal Explorer
3.1. The 3D d;,orm surfaces are mapped over a fixed color scale of —=1.25 (red) to 1.52 A (blue),
Shape index mapped in the color range of ~1.0 to 1.0 A and Curvedness in the range of 4.0
to 0.4 A . The 2D fingerprint plots displayed by using the standard 0.58-2.7 A view, with
the d. and d; distance scales displayed on the graph axes. DFT calculations were performed
by using Gaussian 03 (G03) and optimized structures were visualized by gauss view. Mass
spectra of compounds were recorded on Bruker compass microTOF-Q11.

2.3. X-ray crystallography

The crystals of compounds (I) and (II) were grown by slow evaporation in dry methanol.
X-ray data of both the compounds were collected on a Bruker’s Apex-II CCD diffractome-
ter using Mo Ko (A = 0.71069) at room temperature. The data were corrected for Lorentz
and polarization effects and empirical absorption corrections were applied using SADABS
from Bruker. A total of 13875 reflections were measured out of which 3964 were independent
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(D (II)

Figure 1. ORTEP showing molecular structures of compounds (I) and (ll) (with 20% probability).

Figure 2. Showing packing diagrams within unit cells of compounds (I) and (Il).

for compound (I) and 13856 reflections were measured out of which 3393 were independent
for compound (II). The structures of (I) and (II) were solved by direct methods in triclinic
P-1 and orthorhombic Pbca space groups, respectively, using SIR-92 [21] and refined by full-
matrix least squares refinement methods [22] based on F?, using SHELX-97. The protons of
the -OH groups of both compounds and lattice water molecule of compound (I) were located
from the difference Fourier synthesis and were refined isotropically with Ui, values 1.2 times
that of their carrier oxygen atoms. All non-hydrogen atoms were refined anisotropically. All
hydrogen atoms were fixed geometrically with their Ui, values 1.2 times of the phenylene
carbons. Geometry of this complex and hydrogen bonding interactions were calculated using

-

L] Ry S
ot IBSEAS g
N ’

;
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e

Figure 3. (a) Showing tetrahedral geometry around lattice water in compound (I) along b axis, (b) -7 inter-
actions beetween pheny rings, phenyl and thiol rings in ab plane [centroid (C1-C6) ... centroid (C8-C13) =
3.856 A, centroid (C7-N1-C8-C13-S1) ... centroid (C1-C6) = 3.897 A 1.
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Figure 4. H-bonded network of compound (ll) in bc plane. -7 interactions are missing but weak CH-7r
interactions are observed in this compound.

PARST programme [23]. All the drawings of complexes were made using ORTEP [24] and
MERCURY [25] programs. All calculations were performed using Wingx package [26]. Struc-
ture refinement data of compounds (I) and (II) are given in Table 1 and important H-bonding
interactions are shown in Table 2.

Curvedness

Figure 5. Molecular Hirshfeld d, ., surfaces, shape index and curvedness of compounds (I) and (Il), where
d, Surfaces have been mapped between d, 0.58 and 2.7 A .
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Identification code

U]

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

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 theta = 25.04°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
Rindices (all data)

Largest diff. peak and hole
CCDC number

Gy, 055,

47258

296(2) K

071073 A

Triclinic

P-1

a=19.9805(11) A, =79.538(5)°.
b =10.0635(11) A, g =
74.446(6)°.

c=M9526(13) A,y =
84.944(6)°.

1363(2) A3

2

1381 Mg/m3

0.266 mm-1

492

0.16 x 0.12 x 0.08 mm3

1.79 to 25.04°.
—MN<=h<=1N-N<=k<=
10, -14<=Il<=14

13875

3964 [R(int) = 0.0371]

99.1%

Semi-empirical from equivalents
0.7452 and 0.6603

Full-matrix least-squares on F2
3964 /4/310

1.042

R1=0.0566, wR2 = 0.1539
R1=0.0890, wR2 = 0.1738
1142and —0369e. A -3

C;3HgNOS

22728

296(2) K

071073 A

Orthorhombic

Pbca

a=131739(8) A, = 90°.
b=77435(5) A, g = 90°.

c=211763(11) A,y =90°.

21602(2) A3

8

1398 Mg/m3

0.274 mm-1

944

0.11 x 0.08 x 0.06 mm3

1.92 t0 30.97°.

—18<=h<=18, - 9<=k< =
1M, —-30<=I<=25

13856

3393 [R(int) = 0.0271]

98.8%

Semi-empirical from equivalents
0.7461 and 0.6650

Full-matrix least-squares on F2
3393/1/148

0.954

R1=0.0470, wR2 = 0.1337
R1=0.0909, wR2 = 0.1650
0350and —0.324e. A -3

1034985

1034986

Table 2. Showing important H-bonding interactions in compounds (1) and (II).

Compound (I)

X-H...Y X...Y Y..H X-H..Y
C2-H2...51 3.088(4) 2.68 108
C6-H6 ...01W 3.267(4) 2.65 124
C15-H15...52 3.099(5) 2.68 108
O1-H1A ...0MW 2.597(3) 178(3) 169
C9-H9 ...0W! 3.547(4) 2.93 125
C6-H6 ...0MW! 3.679(4) 2.84 152
OTW-H12W ...NT' 2.814(3) 2.00(3) 174
OTW-HTIW ...N22 2.837(4) 2.01(2) 177
C19-H19 ...01W? 3.606(5) 275 154
C22-H22....01W3 3.780(5) 2.92 155
02-H2A...01* 2.778(4) 1.95(3) 173
()-x+27y+1,-2 Q)-x+1y+1,-z B)x-1,+y,+2 (AxA+y,+z+1
Compound (Il)

X-H...Y X...Y Y..H X-H...Y
C6-H6 ...S1 3.133(2) 275 106
C2-H2...0T1' 3.497(2) 2.70 144
C3-H3...NP 3.568(2) 2.93 126
O1-H1...N1? 2.767(2) 1.93(2) 178
C12-H12...0° 3.214(3) 244 141

(1) -x+1,4y-1/2,-z4+1/2+1

(2) -x+1,4y+1/2,-z4+1/2+1

() x41241,-y+2,+2-172
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] ! ! N“.-H ! ! ! ! d

Figure 6. 2D fingerprint plot of compounds (I) and (Il), where areas of different intermolecular contacts are
clearly shown; d, and d; are the distances to the nearest atom centre exterior and interior to the surface.

2.4. Hirshfeld surface calculations

A Hirshfeld surface analysis [27,28] is a technique used to visualize intermolecular interac-
tions and give rise to 3D molecular surface contours. The Hirshfeld surfaces in the crystal
structure of particular compound (which may be organic molecule or inorganic metal com-
plex) are constructed on the basis of electron distribution calculated as the sum of electron
densities of spherical atom. The 2D fingerprint plots have also been used to examine molec-
ular shapes and give the exact percentage of all important intermolecular contacts which are
valuable in the exploration of the packing modes [29]. Distances from points on the surface
to a nucleus (atom) inside (d;) and outside (d.), the mean surface are determined by the dif-
fering vdW radii of atoms, whereby the contact distances d; and d. can be normalized (dporm)-
Therefore, intermolecular interactions (short, moderate, long) in a crystal structure resulting
from hydrogen bond donors/acceptors can be visually represented by Hirshfeld surfaces. The
value of do;m is —ve or +ve when intermolecular contacts are shorter or longer than van der
Waals radii, respectively. The 2-D fingerprint plots summarize the nature and type of inter-
molecular contacts experienced by the molecules in the crystal. For an each crystal structure,

%o Hirshfeld Surfaces
=2

0 = Ll T Ll T T T T -

o P e o E G o e D

Q'.. 0.' o.‘ c}.’ é'- CJ- ,;’.' c.’ C:,- o.'
Interactions

Figure 7. Relative contributions to the Hirshfeld surface area for the various intermolecular contacts (H ...H,
0...H,C...H,S..H,N...H,C...CCS...5,C...N,C...Sand C....0) in compounds (I) and (II).
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the Hirshfeld surfaces as well as fingerprint plots are unique, and the number of unique Hir-
shfeld surfaces depends on the number of crystallographically independent molecules in the
corresponding asymmetric unit [30,31].

2.5. Density function theory (DFT) calculations

DFT calculations can be performed by using Gaussian 03 package [32] with 6-31G basis set for
all atoms at B3LYP level. These calculations can give rise to the shape of molecular geometries
with minimum energies, bond distances ( A), bond angles (°), torsion angles (°) and HOMO-
LUMO values etc. The crystal structures of positional isomers are different due to difference in
rational design of packing arrangement and intermolecular interactions. Diagrams of molec-
ular orbitals of compounds (I) and (II) are visualized using “gauss view” [33,34].

3. Results and discussion

3.1. Crystal structure of 3-(benzo[d]thiazol-2-yl)phenol (1)

The compound (I) is solved in centrosymmetric triclinic space group P —1. In the molecular
structure of this compound two molecules of 3-(benzo[d]thiazol-2-yl) phenol and one lattice
water molecule is present (Fig. 1). The packing diagram of complex (I) shows arrangement
of molecules within unit cell (Fig. 2a). The dihedral angles between thiol ring and phenyl
ring in both molecules of compound (I) are 7.54(10) © and 4.33(10) °. The phenyl ring is
twisted from the benzothiazole moiety about the C...C bond, torsion angle C6-C1-C7-S1 is
-172.35 °, C2-C1-C7-N1 is -172.62 ° for first molecule and torsion angle C19-C14-C20-S2
is -175.29 °, C15-C14-C20-N2 is -175.60 ° for other molecule of compound (I). The impor-
tant H-bonding interactions are present between lattice water and molecular unit forming H-
bonded tetrahedral geometry as shown in Fig. 3a, along b axis [O1-H1A ...O1W = 1.78(3)
A, OIW-HI2W ..N1* = 2.00(3) A, OIW-H11W...N2*1 =2.01(2) A, 02-H2A ...01*3
=1.95(3) A, (where *: -x+2,-y+1,-z; *1: -x+1,-y+1,-z; *3: x-1,4y,42+1)]. The 7 -7 inter-
actions between pheny rings, phenyl and thiol rings in ab plane [centroid C1-C6) ... centroid
(C8-C13) =3.856 A, centroid (C7-N1-C8-C13-S1) ... centroid (C1-C6) = 3.897 A ] form-
ing extended 1-D chain (Fig. 3b). These are intra and intermolecular interactions and detail
of exact percentage of these interactions are explained by Hirshfeld surface analysis.

3.2. Crystal structure of 4-(benzo[d]thiazol-2-yl)phenol (Il)

The compound (II) is solved in centrosymmetric orthorhombic space group Pbca. In the
molecular structure of this compound, only 4-(benzo[d]thiazol-2-yl) phenol is present
(Fig. 1). The packing diagram of complex (II) shows arrangement of molecules within unit
cell (Fig. 2b). The phenyl ring is not planar with benzothiazole moiety and 18.37(6) © dihedral
angle is observed between these two rings. The phenyl ring is twisted from the benzothiazole
moiety about the C...C bond, torsion angle C2-C1-C7-S1 is 160.16 © and C6-C1-C7-N1 is
163.30 °. The important H-bonding interactions are observed between proton of hydroxyl
(~OH) group and nitrogen atom of pyridyl ring with distance of O1-H1 ...N1* = 1.93(2) A,
where *: -x+1,4y+1/2,-2+1/2+1. These are intra and intermolecular interactions and detail
of these interactions are explained by Hirshfeld surface analysis. A comparison of title struc-
ture and those of early reported thiazole derivatives reveal no significant difference observed
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@ (ID)

Energy
(Keal/mol) ~645571.12245009 -645571.56791916

Figure 8. Showing optimized structures of compounds (I) and (Il) and their energies after optimization (in
Kcal/mol).

either in bond length and bond angles. This compound is already reported in literature [19],
but we tried to refine in better way along with weak and strong H-bonded networks reported
here. The crystal structure shows H-bonded extended network in bc plane through weak CH-
7 interactions (Fig. 4).

3.3. IR spectroscopy

The experimental result for the C, H, N, S analysis are in good agreement with those cal-
culated for compounds (I) and (IT) formed in the reaction. As shown in Figure S1 (SI), the
broad band at 3738 cm ™! in compound (I) is due to stretching vibrations of ~-OH group. Weak

LUMO

1.742eV -1.551eV
AE= 4381 eV AE= 4327 ¢V
4123V 5.878eV

HOMO I1

Figure 9. Showing HOMO-LUMO values and energy gap (AE value) for compounds (I) and (ll).
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Table 3. Comparison of selected experimental and calculated geometric parameters (bond lengths ( A ),
and bond angles (°)) for compound (1).

Compound (I) Experimental Theoretical Deviation
a-Q 1.3877 1.4056 —0.0179
C1-Cé 1.3967 1.4096 —0.0129
a-a 1.4719 1.4611 0.0108
Q-G 13733 1.3987 —0.0254
C3-C4 1.3698 1.3952 —0.0254
C4-C5 1.3856 1.4019 —0.0163
C5-C6 1.3867 1.3936 — 0.0069
C5-01 1.355 1.3909 —0.0359
C7-N1 13036 13004 0.0032
7-51 1.7425 1.8688 —0.1263

C8-C9 1.3972 1.403 —0.0058
8-C13 1394 1.4169 —0.0229
C8-N1 1.3874 1.3966 —0.0092
C9-C10 1.3623 1.3939 —0.0316
10-Cn 1.3881 1.408 —0.0199
-2 1.3757 1.399 —0.0233
C12-C13 1.4017 1.3947 0.007

C13-51 1.7299 1.8133 —0.0834
C2-C1-Cé 119.5817 119.5095 0.0722
Q-a-c7 120.9797 122.2598 —1.2801
c6-Q1-C7 119.438 118.2306 1.2074
-Q2-a3 119.5117 119.8521 —0.3404
Q-C3-C4 121.5668 120.8001 0.7667
(3-C4-C5 119.5072 119.2021 0.3051

C4-C5-C6 120.0028 120.7957 —0.7929
C4-C5-01 118.3742 116.6426 1.7316

C6-C5-01 121.6229 122.5617 —0.9388
C1-C6-C5 119.8263 119.8405 —0.0142
C1-C7-N1 124.5494 125.1148 —0.5654
a-7-51 120.3827 121.078 —0.6953
N1-C7-S1 115.0659 113.8072 1.2587
C9-C8-C13 119.8374 119.7368 0.1006
C9-C8-N1 125399 124.7739 0.6251

C13-C8-N1 114.7588 115.4893 —0.7305
C8-C9-C10 118.6623 118.9849 —0.3226
C9-C10-C1 121.646 120.7389 0.9071

C10-C11-C8 121.0587 120.9676 0.09M

CN-C12-C13 17.7144 118.1401 —0.4257
C8-C13-C12 121.0749 121.4316 —0.3567
8-C13-S1 109.5544 109.9277 —03733

C12-C13-S1 129.3666 128.6407 0.7259
C7-N1-C8 11.1919 113.8365 —2.6446
7-51-C13 89.4246 86.9394 24852

absorption bands at 3045 and 1654 cm™! are due to stretching vibrations of aromatic -CH
and -C = N groups respectively. The sharp peaks observed at 1595 cm ™' and 793 are due to
vibrations in -C = C and -C-S groups, respectively. In Figure S2 (SI), IR spectrum of com-
pound (IT) shows, the broad band at 3657 cm ™! is due to stretching vibrations of ~-OH group.
Weak absorption bands at 2930 and 1620 cm™" are due to stretching vibrations of aromatic
-CH and -C = N groups, respectively. The sharp peaks observed at 1576 cm™' and 711 are
due to vibrations in —-C = C and -C-S groups respectively. The mass spectra (Figures S3-54)
of the compounds (I) and (IT) support their formation. For compound (I), the peak of high
intensity is observed at 548.06 corresponds to the molecular ion and two molecules of DMSO
(dimethyl sulphoxide) solvent. Another peak at 476.05 corresponds to the molecular ion peak.
In mass spectrum of compound (II), the base peak at 227.12 corresponds to the molecular ion
peak.
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Table 4. Comparison of selected experimental and calculated geometric parameters (Torsion angles (°)) for
compound ().

Compound (I) Experimental Theoretical Deviation
C6-C1-C2-C3 0.056 0.0003 0.0557
7-Q1-C2-C3 179.7815 179.9991 —0.2176
C2-C1-C6-C5 0.3809 —0.0002 0.381

C7-Q1-C6-C5 —179.3488 —179.999 0.6502
C2-C1-C7-N1 —172.6204 —179.9639 7.3435
C2-C1-C7-S1 7.9224 0.0442 7.8782
C6-C1-C7-N1 7.1054 0.0349 7.0705
C6-C1-C7-S1 —172.3517 —179.957 7.6053
-2-G3-C4 — 0.5515 0.00 — 0.5515
C2-C3-C4-C5 0.5965 — 0.0005 0.597

(3-C4-C5-C6 —0.1443 0.0006 —0.1449
(C3-C4-C5-01 —179.9556 —179.9995 0.0439
C4-C5-C6-C1 —0.3376 —0.0003 —0.3373
01-C5-C6-C1 179.5592 179.9998 — 0.4406
C1-C7-N1-C8 —179.7799 —179.9942 0.2143
S1-C7-N1-C8 —0.737 —0.0018 —0.7352
Q-C7-51-C13 —179.9333 —179.9947 0.0614
N1-C7-S1-C13 0.5602 0.0019 0.5583
C13-C8-C9-C10 —0.154 —0.0006 —0.1148

N1-C8-C9-C10 179.0411 179.9988 —0.9577
(C9-C8-C13-C12 —0.241 0.00 —0.241

(€9-C8-C13-51 —179.0898 —179.9997 0.9099
N1-C8-C13-C12 —179.484 —179.9995 0.5155
N1-C8-C13-S1 —0.1531 0.0008 —0.1539
C9-C8-N1-C7 —178.6233 —180.0012 13779
C13-C8-N1-C7 0.571 0.0006 0.5704
C8-C9-C10-CN 0.7263 0.0005 0.7258
C9-C10-C11-C12 —0.9978 0.0002 —0.998

C10-CN-C12-C13 0.6106 —0.0008 0.6114

mM-C12-C13-C8 —0.0066 0.0007 —0.0073
CN-C12-C13-S1 —179.1909 —180.0003 — 0.8094
C8-C13-S1-C7 —0.2053 —0.0014 —0.2039
C12-C13-51-C7 179.0534 179.999 —0.9456

3.4. Hirshfeld surface calculations

A Hirshfeld surface analysis [27] was performed to visualize the different intermolecular inter-
actions in crystal structures employing 3D molecular surface contours. The Hirshfeld sur-
faces in the crystal structure of organic compounds are constructed on the basis of calculated
electron distribution as the sum of spherical atom electron densities. Some properties can be
mapped on Hirshfeld surface: like d. = the distance from the Hirshfeld surface to the nearest
nucleus outside the surface, d; = the corresponding distance to the nearest nucleus inside the
surface, d,orm = a normalized contact distance, the sum of these two (d; and d.) normalized
by the van der Waals radii quantities. Where atoms make intermolecular contacts closer than
the sum of their van der Waals radii, these contacts will be highlighted in red on the d,om
surface. Longer contacts are blue, and contacts around the sum of van der Waals radii are
white [28]. Moreover, 2D fingerprint plots (introduced by Spackman and McKinnon) [29,31]
which clearly identify each type of intermolecular interactions produced. They not only indi-
cate which intermolecular interactions are present, but also the relative area of the surface
corresponding to each kind of interaction.

The 2D fingerprint plots have also been used to examine molecular shapes and give the
exact percentage of all important intermolecular contacts. Many applications in the recent
past demonstrated that this analysis can be very valuable in the exploration of the packing
modes and intermolecular contacts [28-31]. The Shape index is the measurement of “which
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Table 5. Comparison of selected experimental and calculated geometric parameters (bond lengths ( A ),
and bond angles (°)) for compound (I).

Compound (Il) Experimental Theoretical Deviation
a-Q 1.391 1.4105 —0.0194
C1-Cé 1.3866 1.4096 —0.023
a-a 1.4629 1.4569 0.006
Q-G 1.3785 1.3921 —0.0136
3-C4 1.3820 1.4025 — 0.0205
C4-C5 1.3884 1.4004 —0.012
C5-C6 1.3866 1.3874 —0.0008
C5-01 1.3502 1.391 — 0.0409
C7-N1 1.2963 1.3007 —0.0044
7-51 1.7498 1.8732 —0.1234
C8-C9 1.3807 1.4029 —0.0222
8-C13 13986 1.471 —0.0185
C8-N1 1.3973 1.3966 0.0007
C9-C10 1.3761 1.3939 —0.0178
10-Cn 13836 13942 —0.0106
n-c12 1.3719 1.4077 —0.0358
C12-C13 1.3915 1.3993 —0.0078
C13-51 1.7328 1.8140 —0.0812
C2-C1-C6 118.0467 118.5574 —0.5107
Q-Q-7 119.8423 118.9999 0.8424
c6-Q1-C7 1221062 122.4427 —0.3365
-Q2-a3 119.6031 120.7327 —1.1296
Q-C3-C4 120.8427 120.8001 0.0426
C3-C4-C5 120.4920 119.7708 0.7212
C4-C5-C6 120.0028 120.3172 —0.3144
C4-C5-01 1211412 122.8005 —1.6593
C6-C5-01 123.3107 1253737 —2.0630
C1-C6-C5 119.3246 119.9846 —0.6600
C1-C7-N1 124.8254 125.1148 —0.2894
a-7-s1 120.3152 120.9384 —0.6232
N1-C7-S1 14.8223 113.6879 11344
C9-C8-C13 119.8759 119.6868 0.1891
C9-C8-N1 125.9344 124.7402 1.1942
C13-C8-N1 114.1894 115.5730 —1.3836
C8-C9-C10 119.4882 119.1424 0.3458
C9-C10-C1 1211412 120.7437 0.3975
C10-C11-C8 121.9893 120.9263 1.063
CN-C12-C13 118.1679 118.1696 —0.0017
C8-C13-C12 120.9332 121.4489 — 0.5157
(8-C13-S1 109.6222 109.9260 —0.3038
C12-C13-S1 129.442 128.6251 0.8169
C7-N1-C8 111.8035 113.8906 —2.0871
7-51-C13 89.5528 86.9225 2.6303

shape’, the red triangles on Shape index represent concave regions indicating atoms of the
7 ... stacked molecule above them, and the blue triangles represent convex regions indi-
cating the atoms of the molecule inside these surfaces. The Curvedness conveys the similar
information as Shape index, which is the measurement of “how much shape”. The 3D d,orm
surfaces are mapped over a fixed color scale of —0.628 (red) to 1.424 A (blue), Shape index
mapped in the color range of —1.0 to 1.0 A and Curvedness in the range of —4.0 to 0.4 A.
The 2D fingerprint plots displayed by using the standard 0.58-2.7 A view, with the d. and
d; distance scales displayed on the graph axes. The two larger red regions on the bottom left
and upper left of the d,,m surfaces are correspond to the significant O-H...O and O-H...N
type hydrogen bond interactions, which represent the closest intermolecular interactions in
compounds (I) and (II). The large flat region delineated by a blue outline on the Curvedness
surfaces indicating 7 ... stacking in compound (I) and CH ... 7 interactions in compound
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Table 6. Comparison of selected experimental and calculated geometric parameters (Torsion angles (°)) for
compound (Il).

Compound (1) Experimental Theoretical Deviation

C6-C1-C2-C3 —0.2393 0.0003 —0.2396
7-Q1-C2-C3 —179.4593 —180.0003 —0.5410
C2-C1-C6-C5 —17.6872 —17.9986 0314

C7-Q1-C6-C5 —179.4693 0.0001 —179.469

C2-C1-C7-N1 —17.5072 0.0063 —17.5135

CQ2-C1-C7-S1 —160.1562 —179.9944 19.8382
C6-C1-C7-N1 —163.3054 —179.9936 16.6882
C6-C1-C7-S1 —19.0312 0.0057 —19.0369
-C2-C3-C4 1.0307 1.0319 —0.0012
C2-C3-C4-C5 0.5965 0.8957 —0.2992
(3-C4-C5-C6 —0.1443 0.0028 —0.1471

(C3-C4-C5-01 179.9556 180.0003 —0.0447
C4-C5-C6-C1 1.0307 0.9845 0.0462
01-C5-C6-C1 177.504 177.8098 —0.3058
C1-C7-N1-C8 —177.8737 —179.9996 21259
S1-C7-N1-C8 0.096 0.0003 0.0957
1-C7-51-C13 —178.4748 —180.0003 1.5255
N1-C7-S1-C13 —0.5881 0.0008 —0.5889
C13-C8-C9-C10 13376 —0.0006 13382
N1-C8-C9-C10 —178.4311 —180.0003 1.5692
C9-C8-C13-C12 —1.3728 0.0003 —1.3731

(€9-C8-C13-51 179.1633 180.0005 —0.8372
N1-C8-C13-C12 178.422 179.9876 — 1.5656
N1-C8-C13-S1 —1.042 1.8023 —2.8443
C9-C8-N1-C7 —179.5944 —179.9999 0.4055
C13-C8-N1-C7 0.6254 —0.0008 0.6262
(C8-C9-C10-CN 0.1751 —179.9995 180.1746
C9-C10-C11-C12 — 1725 — 0.0004 —1.7246
C10-CN-C12-C13 1.6684 0.0001 1.6683
C11-C12-C13-C8 —0.1387 —0.0001 —0.1386
CN-C12-C13-S1 179.2075 180.0003 —0.7928
C8-C13-S1-C7 0.8841 —0.0016 0.8857
C12-C13-51-C7 178.5205 179.9986 —1.4781

(IT) (Fig. 5). The 2D fingerprint plot of compound (I) shows sharp spikes of O ...H interac-
tions towards inner side and other sharp spikes of N ...H interactions towards outer side but
spikes of O ...H interactions in compound (II) are less prominent. The proportion of inter-
molecular interactions calculated by 2D fingerprint plot (Fig. 6, Figures S5-5S6) were found to
be 47.4%, 18.7%, 9.0%, 7.2%, 7.0%, and 4.7% for H-H, C-H, O-H, C-H, N-H, and C-S con-
tacts to the total Hirshfeld surfaces for compound (I) whereas 36.5%, 29.5%, 8.9%, 4.0%, 6.5%,
and 3.6% for H-H, C-H, O-H, C-H, N-H, and C-S contacts to the total Hirshfeld surfaces for
compound (II) (Fig. 7).

Table 7. Chemical reactivity indices for compounds (I) and (Il).

Codes m ()]

HOMO (eV) —6123 —5878
LUMO (eV) —1742 — 1551
AE (eV) 4381 4327
w(eVv)* —3.933 —3715
n (eV)* 2,191 2164
o (eV)H# 3.530 3189

# 11 = (Enomo + Erumo) /2, * 0 = (ELumo - Enomo) /2, ¥ @ = pi?/21.
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3.5. DFT calculations

A density functional theory (DFT) geometry calculation have been done with GAUSSIAN-
03 program package employing the B3LYP (Becke three parameter Lee-Yang-Parr) exchange
correlation functional and the 6-31 G(d) basis set was performed [33,34] on compounds (I)
and (II). Diagram of molecular orbital is visualized using “gauss view” [34]. No solvent correc-
tions were made with these calculations. Starting geometries were taken from X-ray refine-
ment data. The optimized geometric results in the free molecule state are, therefore, com-
pared to those in the crystalline state and energies after optimization (in Kcal/mol) of both
compounds are also shown in Fig. 8. In addition, a comparison of strong and weak inter-
molecular hydrogen bond interactions have been included in a discussion of the structural
aspects. Optimized structure of compounds (I) and (IT) were compared with those obtained
from X-ray diffraction analysis studies. In both cases, the bond distances ( A)and angles (°) of
optimized (theoretical) data are similar to the structural (experimental) data and there is neg-
ligible deviation in them but there are significant differences in the torsion angles ( Tables 3-6).
The HOMO-LUMO values and their energy gaps (AE) of compounds (I) and (II) are given
in Fig. 9.

In the compound (I), the highest occupied molecular orbital (HOMO) is localized over the
smaller regions of phenyl and thiazolyl rings and oxygen atom of ~OH group whereas lowest
unoccupied molecular orbital (LUMO) is most distributed mainly over the nitrogen, sulfur
atoms and some carbon atoms of aromatic rings except the ~OH group.

In the compound (II), the HOMO is localized all over the molecule including ~-OH group
whereas LUMO is most distributed mainly over small regions of the nitrogen, sulfur atoms,
some carbon atoms of aromatic rings and oxygen of ~OH group. Larger the HOMO-LUMO
energy gap, more stable and less reactive molecule is formed. AE value of (I) is 4.381 eV
and compound (II) is 4.327 eV, so (I) is more stable and less reactive than (II). On the basis
of molecular orbitals, the values of chemical hardness (1), electronic chemical potential (w),
global electrophilicity index (w) etc. of compounds can be calculated [35,36]. Global elec-
trophilicity index (), introduced by Parr [37], and measures the propensity or capacity of a
species to accept electrons. Chemical reactivity indices for compounds (I) and (II) are given
in Table 7 which shows that chemical hardness of compound (I) is comparatively high than
(I1). The results of 1, though are not so conclusive for (I) and (IT). Compound (I) is nucle-
ophilic and presence of lattice or coordinated water molecules (in aqueous medium) increases
nucleophilicity of particular compound.

4. Conclusion

The compounds (I) and (II) have been crystallized in centrosymmetric triclinic and
orthorhombic space groups respectively. These two positional isomers are differ in packing
arrangement in unit cell, inter and intramolecular H-bonding interactions. The DFT opti-
mized molecular geometries in compounds (I) and (II) agree closely with those obtained from
the crystallographic studies. The HOMO-LUMO gap in (I) is higher than (II) which indicate
the greater stability, hardness and lesser reactivity of (I) as compare to (II). The melting point
of (I) is higher than (II) because of lattice water leads to stability by strong H-bonding inter-
actions and increases the nucleophilicity of this compound in aqueous medium which is also
confirmed by DFT calculations. An interplay of O-H ...O,, and O-H ...N type strong hydro-
gen bonds and C-H ...S type weak interactions connect the molecules of (I) and (II) into 2D
framework. Hirshfeld surface analysis of (I) indicate that the H...H and H ... contacts can
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account for 47.4% and 18.7%, respectively, of the total Hirshfeld surface area, whereas the
corresponding fraction in (II) is 36.5% and 29.5%, respectively.
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