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Different types of noncovalent interactions like hydrogen bond and halogen bond are analyzed for
the pyrimidine containing sulfonamide derivative. Detailed structural, noncovalent, halogen interactions
present in the title compound has been investigated by the single crystal X-ray diffraction study. The
compound is crystallized in the triclinic crystal system with the space group P1.The crystal structure
analysis revealed that various N-H...N, N-H...S, C-H...N, and C-H...O interactions are responsible for crystal
packing. The different components are connected by a network of hydrogen bonds and halogen...halogen
interactions. Also, The Hirshfeld surface analysis were done to validate the interactions quantitatively.
The results obtained from ab initio calculations described herein reveal a major contribution from the
electrostatic interaction on the stability of the systems considered. Beside the electrostatic interaction,
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D;TMM the charge-transfer force and the second-order orbital interaction also play an important role in the for-
30 mation of the title molecule, as suggested by the NBO analysis. The presence of halogen bonds in the

molecule has been identified in terms of the QTAIM and NCI analyses, and several linear relationships
have been established to provide more insight into halogen bonding interactions.
© 2022 Published by Elsevier B.V.

1. Introduction

Beyond the field of covalent chemistry, there has been a thriv-
ing world of supramolecular chemistry, which strives to create very
complex chemical systems from components interacting through
noncovalent intermolecular forces. In crystal engineering, one of
the areas of increasing interest is the examination of supramolecu-
lar architecture created via noncovalent interactions. Noncovalent
interaction’s structure supramolecular materials, allowing for re-
versible self-assembly, has advantages in production, processing,
and recycling [1,2]. Supramolecular chemistry (interactions) also
takes its cues from biological molecules like proteins and lipids, as
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well as their interactions [3]. The assembly of supramolecular as-
sembly using noncovalent intermolecular interactions such as hy-
drogen and halogen bonding is well established. Nonconventional
hydrogen and halogen bonds have been recognized for 70 years
and are generally considered to be weak bonds. While these bonds
are well-established as important cooperative intermolecular inter-
actions in the solid state [4].

The halogen bond is a key noncovalent supramolecular inter-
action that is increasingly drawing significant consideration in the
study of protein-ligand complexes [5]. Halogens are found in both
inorganic and organic chemistry, where they serve as monodentate
or bridging ligands for a wide range of d-block, f-block, and main
group metals, as well as being common substituents in a wide
range of organic compounds. Halogen atoms are usually found on
the periphery of organic molecules, making them suitable candi-
dates for intermolecular interactions. In di-halogens and halocar-
bons, the potential of halogen atoms to interact effectively with
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electron donors was discovered as early as the 19th century [6].
Halogen bonding is likely the least studied noncovalent interaction,
particularly in the solution phase, and its promise in supramolecu-
lar chemistry applications is only now being realized [7]. Hydrogen
bonding is a powerful tool for constructing dynamic supramolecu-
lar structures, and it plays a significant role in biological systems.
The great directionality and fidelity of hydrogen bonding make it
a popular choice. Individual hydrogen bonds are weak, but a mul-
tiple hydrogen bonding array may be more stable and have a sub-
stantially higher binding strength [8].

The resulting steric accessibility could make halogenated com-
pounds an appealing target for use in supramolecular chemistry
and crystal engineering, where the halogen atoms are directly im-
plicated in the formation of intermolecular interactions [9]. Halo-
gen interaction finds application in various fields like phosphores-
cent material [10,11], organo catalysis [12,13], drug design [14,15],
crystal engineering [16,17] and so on. Due to its wide range of ap-
plications as highly directional motifs in supramolecular chemistry,
halogen bonding has intrigued attention in recent years. Inforecite
of the above discussion, pyrimidine coupled sulfonamide deriva-
tive was crystallized, and structure was elucidated using SXRD. The
different types of noncovalent interactions like hydrogen bond and
halogen bond were investigated in the present work.

2. Materials and methods

All solvents and reagents were purchased from Merck chemi-
cals. Melting range was determined by Veego Melting Point VMP
Il apparatus. Elemental analyses were recorded on Vario MICRO
superuser V1.3.2 Elementar. The FT-IR spectra were recorded using
KBr discs on FT-IR Jasco 4100infrared spectrophotometer.]lH NMR
spectra were recorded on Bruker DRX -500 spectrometer at 400
MHz usingd6-DMSO as solvent and TMS as internal standard. Sil-
ica gel column chromatography was performed using Merck7734
silica gel (60-120 mesh) and Merck-made TLC plates.

2.1. Synthesis of N-[2-(5-bromo-2-chloro-pyrimidin-4-yl)thio)-4-
methoxy-phenyl]-4-chlorobenzenesulfonamide (3)

The experimental procedure described as per our previous re-
search [18] afforded 3, and the product obtained from 2-(5-bromo-
2-chloropyrim-idin-4-ylthio)-4-methoxybenzenamine (1) (3.47 g,
0.01 mol) and 4-chlorobenzenesulfonyl chloride (2) (2.19 g,0.01
mol) as shown in Scheme 1s. The compound 3 is dissolved in
ethanol and kept for slow evaporation at ambident temperature
for 4 days. FT-IR (KBr, cm1) m: 3176 (N-H), 2924 (C-H),1698 (C,N),
1463 (C,C), 1376 (C-N), 1151 (C-0), 722(C-Cl), 521 (C-Br). 'H NMR
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(DMSO-d6, 400 MHz)d: 10.1(s, 1H, NH), 8.55 (s, 1H, Pyrimidine-
H), 7.69 (d, 2H, Ar-H), 7.61 (d, 2H, Ar-H), 6.64 (d, 1H, Ar-H), 6.46
(d, 1H, Ar-H), 6.41 (s, 1H, Ar-H), 3.81 (s, 3H, OCH3). MS (ESI)m/z:
529.0. Anal. calcd. for C20H19BrCIN303S2(in %): C-45.42, H-3.62,
N-7.95. Found C-45.62, H-3.72, N-8.12.

2.2. Single crystal X-ray crystallography

Single crystal X-ray diffraction is employed to study the crys-
tal structure of the title compound, and their diffraction data
were collected by using Bruker kappa APEX II single crystal X-
ray diffractometer contains graphite monochromatedMoKo radia-
tion with a wavelength A= 0.71073 A at 293K. Multi-scan ab-
sorption corrections were applied using the SADABS program. The
structure was solved using the directed methods and refined by
the full matrix least-squares technique using SHELXS-97 [16] and
SHELXL-2018/3 [19] respectively. The non-hydrogen atoms were
refined with anisotropic displacement parameters. All hydrogen
atoms were included in their calculated positions, assigned fixed
isotropic thermal parameters, and constrained to ride on their par-
ent atoms. The standard geometrical calculations were done using
the program PLATON [20] and the thermal ellipsoidal plot was gen-
erated using the software Mercury4.0 [21].

2.3. Computational methods

The structure of the title compound was optimized in the gas
phase using the Gaussian 09 program [22] with the B3LYP method
at the 6-311++G(d,p) for all atoms. Geometry optimizations were
tested by frequency analysis to ensure that they were at the min-
ima of potential energy surface (PES). The results showed that
there were no imaginary frequencies. The highest occupied molec-
ular orbital and lowest unoccupied molecular orbital (HOMO-
LUMO), their energy gap, and global reactive parameters were cal-
culated using the Koopman'’s approximation [23]. 3D molecular or-
bitals were visualized in Gaussview 06 [24]. The molecular elec-
trostatic potential (MEP), was carried out to determine the plau-
sible reactive sites and charge distribution of the title molecule.
The quantum theory of atoms in molecules (QTAIM) and reduced
density gradient (RDG) analyses were done to unravel the elec-
tron density values the bond critical points (BCPs) and to explore
the weak interactions present in the molecule. The desired calcu-
lations for MEP, QTAIM, and RDG were done using Multiwfn 3.7
[25] package and visualized in the software Visual Molecular Dy-
namics [26] software. Further, natural bond order calculations were
performed to know the hyperconjugative interactions which are in-
volved to stabilize the molecular structure. In addition, the above
said method is used to compute certain thermodynamic properties.

Cl
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Br Cl ~No Z
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Scheme 1. Synthetic route for title compound.
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Table 1

Crystal data and structure refinement details of the title compound.

Parameter

Value

Empirical formula
Formula weight
Temperature
Wavelength

6 range

Crystal system
Space group

Cell parameters

Volume

Z

Density (calculated)
Absorption coefficient
Fooo

Crystal size

Index ranges

Reflections collected
Independent reflections
Absorption correction
Refinement method
Data/restraints/parameters
Goodness-of-fit

Final [I > 20(I)]

R indices (all data)
Largest diff. peak and hole

Ci7H12BrCl,N; 055,
521.22

300 K

0.71073 A

1.89° - 26.00°

Triclinic

P -1

a=12.4079(14) A
b=13.2405(15) A
c=13.7416(15) A

o =69.616(3)

B =81.345(4)

y =77.404(4)°
2058.4(4) A3

4

1.682 Mg m™3

2.483 mm!

1040

0.20 mm X 0.15 mm X 0.10 mm
-15<h <15

-16 <k <16

-16 <1< 16

43599

8013 [Rine= 0.0543]
Multi-scan

Full matrix least-squares on F
8013/0/590

1.030

R;=0.0360, wR,=0.0846
R;=0.0562, wR,=0.0915
0.402 and - 0.505 e A3

3. Results and discussions
3.1. X-ray structure analysis

N-[2-(5-bromo-2-chloro-pyrimidin-4-yl)thio)-4-methoxy-
phenyl]-4-chlorobenzenesulfonamide compound is crystallized
in triclinic P-1space group confirmed by the single crystal X-ray
structural analysis. The crystal data and structure refinement
details are summarized in the Table 1.

The analysis clearly revealed the dimeric existence of the title
compound is shown in the ORTEP (Fig. 1a). The dimer molecules
D1 and D2 are highly non planar and their molecular orienta-
tions are distinct to each other. In D1, chlorobenzene and chloro-
bromo substituted pyrimidinyl rings are twisted oppositely with
respect to methoxyphenyl moiety with the ring centroids and
plane distance of 3.47 A and 2.62 A respectively, while in D2 these
rings are oriented face to face with the ring centroids distance
of 3.552 A leading to the weak intramolecular Pi-stacking inter-
actions (Fig. 1b and c). Distortion of sulfonamide moiety with re-
spect to methoxyphenyl and chlorobenzene rings is measured as
63.29° of torsional angle (C17A-S2A-N3A-C5A) in dimer molecule
D1, whereas the same is measured for dimer molecule D2 as 80.18°
of torsional angle (C12B-S2B-N3B-C5B), is shown in supplementary
figure S1.

Crystal packing of the title compound is characterized
by several intra and intermolecular hydrogen bond interac-
tions, intermolecular halogen (chloro...chloro, chloro..bromo and
bromo...bromo) contacts, intra and intermolecular Cg-Cg stacking,
intermolecular Y-X..Cg(Pi-Ring; Table 2) interactions and short
non-hydrogen inter-molecular contacts. Oxygen atoms of sulfon-
amide moieties in D1 and D2 acts as hydrogen acceptors leads
to the formation of intermolecular hydrogen bond interactions
with the the CH and NH groups. Sulfonamide oxygen O3A in D1
played a major role in connecting adjacent D1 molecules with the
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several intermolecular interactions such as N1A..03A, N2A...O3A,
C14A...03A, C15A...03A non-hydrogen short interactions and N2A-
H21A...03A hydrogen bond interaction which lead to formation of
R,2(8) ring motif (Fig. 2a). All the interactions exhibited by D1
sulfonamide O3A atom, are contributed to one-dimensional inter-
molecular clusters along crystallographic c-axis (Fig. 2b) and these
clusters are interconnects through chloro-bromo halogen interac-
tions (Fig. 2c) lead to form layers of clusters along ab-pane where
these layers are further interconnected via CI2A...C3A short inter-
actions (supplementary figure S2).

The dimer molecule D2 also exhibits multiple intermolecular
interactions with the adjacent molecules. All three oxygen atoms
of D2 molecules involved in the hydrogen bonding by acting as
a hydrogen acceptor from the methoxyphenyl and chlorobenzene
rings (Table 2). C7B-H4B...01B, C3B-H5..03B and C13B-H2B...02B
type of hydrogen bond interactions exhibited by the adjacent
D2 molecules construct the R,%(8), R,2(14) and R,2(10) syn-
thons respectively leading the parallel molecular chains on the
crystallographic ac-plane (Fig. 3a). These three C-H..O hydrogen
bonds connects eight neighboring D2 molecules and form Rg®(32)
supramolecular ring synthon along b-axis (Fig. 3b). Apart from the
hydrogen bond interactions, halogen interaction between adjacent
D1 and D2 molecules also played a major role in crystal packing of
tittle compound. Chloro...bromo (Br1A...CI2A: 3.553 A) interactions
between D1 molecules, chloro...chloro (CI1A..CI2B: 3.401 A) be-
tween D1 and D2 molecules and bromo...bromo (Br2A...Br2A: 3.455
A) interactions between D2 molecules, greatly characterized the
crystal packing of title compound by L shaped molecular arrange-
ment on bc-plane (Fig. 3c). Further C14A-CI2A..Cg4 [CI2A..Cg4:
3.974(2) A, C14A..Cg4: 4.066(4) A, C14A-CI2A...Cg4: 106.46(5)° and
symmetry code: x,y,-1+z] and S1A-O3A...Cg1 [0O3A..Cg1: 2.882(2)
A, S1A..Cg1: 3.853(3) A, S1A-03A...Cg1: 122.98(13)° and symmetry
code: -x,1-y,1-z where Cg1l and Cg4 are the centroid of the chloro-
bromo pyrimidinyl rings of D1 and D2 molecules respectively
(Fig. 3d). Crystal packing of the title compound is also character-
ized by inter and intramolecular sr..7r interactions, where these
contacts exceedingly contribute to the crystal structure stabil-
ity [27,28]. Intra m..r interactions between chloro-bromo pyrim-
idinyl ring and chlorobenzene is explored in D2 with the centroid-
centroid distance of 3.552 A, where as inter m..7 interactions
occurred between Cgl of D1 and Cg5 of D2 (Cg5: centroid of
chlorobenzene ring in D2) with a distance of 3.534 A (figure 3e).

3.2. Hirshfeld Surface (HS) analysis

The HS is defined as the space occupied by the molecule in
a crystal based on electron distribution calculated as the sum of
the spherical atom electron densities. HS analysis combined with
the fingerprint plot (FP) is a effective tool to investigate the in-
termolecular interactions present within a crystal structure of a
molecule[28]. The HS and FP’s for the title molecule were gener-
ated using CrystalExplorer 17.5 [29] software.

The dporm surface for the molecule in the asymmetric unit of
the crystal structure has been shown in Fig. 1(a) (front view) &
1(a’) (rear view). The bright red spots appeared in the dporm sur-
faces suggest that the existence of intermolecular hydrogen bond
contacts. The deep red spot on HS appeared in the Fig. 4(a) indi-
cates the C3B-H5...03B and N3B-H15...N2A interactions in the crys-
tal. This C3B-H5...03B interaction is responsible for forming R,2(8)
supramolecular synthons. Similarly, the intense red spot on the
HS in the Fig. 4(a’) displayed that existence of C15A-H22..N2B
and N3A-H21..03A interactions present in the crystal and 4 (a”)
showed the existence of halogen...halogen interactions in the title
molecule. From the Fig. 4b, it is evident that the molecules are re-
lated to each other by m-m stacking interactions, as can be ob-
served from the inspection of the adjacent red and blue patches
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Fig. 1. (a) ORTEP with atom numbering scheme where thermal ellipsoids drawn at 30% probability, (b and c) planarity comparison of the dimer molecules D1 and D2, where
distinct orientation is observed between methoxyphenyl and chlorobenzene rings of D1 and D2.

Table 2

Intra and intermolecular hydrogen bond geometry of the title molecule.
D-H..A D-H (A) H..A (A) D...A (A) D-H...A (A)
N3B-H15..N2Ai 0.75 (3) (3) 3.033 (3) 174 (3)
N3A-H21..S1A? 0.83 (3) 3) 3.131 (3) 100.6 (19)
N3A-H21..N1A? 0.83 (3) 3) 3.119 (3) 122 (2)
N3A-H21..03Al 0.83 (3) (3) 3.055 (3) 162 (2)
C17B-H1..03B? 0.95 (4) (4) 2.915 (4) 104 (3)
C3B-H5...03Bii 0.92 (3) 3) 3.384 (3) 161 (2)
C16A-H13..03A? 0.91 (4) (4) 2.943 (4) 108 (3)
C15A-H22...N2Bit 1.00 (4) (4) 3.387 (5) 154 (3)
Symmetry code i: x, 14y, z; ii: -x, 1-y, 1-z; iii: 1-x, 2-y, 2-z a-intramolecular interactions

on the shape index surface. Also, w-7 interactions are evident on
the HS as a large flat region across the molecule, which is most
clearly visible on the curvedness surfaces (Fig. 4c). The electrostatic
potential map (Fig. 4d) highlights the electropositive (blue) and
electronegative (red) regions on the surface. The molecule shows
red (hydrogen bond acceptors) colored regions around the oxygen
atom (01, 02, and 03), indicating the electronegative spots and
the blue (hydrogen bond donors) colored region near the nitrogen
atom (N3) indicates the electropositive spot. The voids present in
the crystal packing are a good indicator to find out how closely
the molecules are arranged with one another. The less percentage

of voids signifies stronger crystal packing. These voids are calcu-
lated based on the sum of spherical atomic electron densities at
the appropriate nuclear positions [30]. The crystal void calculation
reveal that the void volume is of the order of 313.98 A3 of the title
molecule. The surface area is found to be 855.91 A2, Fig. 4e shows
the voids in the crystal structure.

The 2D fingerprint plots are investigated to get the individual
contribution of H-H (24.5%), O-H (19.8%), Cl-H (9.1%), and Br-H
(8.6%) intermolecular interactions which have comprised total HS
(Fig. 5). The pairs of spikes in the CI-H and Br-H FP plots corre-
spond to Cl..H and Br..H contacts, respectively and reveals the oc-
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Fig. 2. N-H...O intermolecular interactions between adjacent D1 molecules lead to formation of supramolecular rings (a) and 1D intermolecular clusters along crystallographic
c-axis (b), and these clusters interconnected by chloro-bromo halogen interactions (c).

Fig. 3. Multiple intermolecular hydrogen bond interactions existed in dimeric D2 molecule contributed to the formation of several supramolecular ring motifs along b-axis
(a and b), distinct halogen interactions (c), intermolecular C-Cl...Cg and S-O...Cg interactions (d) and ... interactions (e) between adjacent D1 and D2 molecules.
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{a) (a)

() (d) (e)

Fig. 4. (a) dnorm surface (front view), (a') dnorm surface (rear view), (a”) dporm surface showing halogen...halogen (Br...Br and Cl...Cl) interactions, (b) shape index, (c) curvedness,
(d) electrostatic potential and (e) voids showed in the crystal structure of the title molecule.
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Fig. 6. (a) Overlay diagram of the title molecule obtained by XRD (green) and DFT (orange), (b) and (c) graph of bond length and bond angle vs bond length number and

bond angle number.

currence of weak Cl..H and Br...H interactions, which are visible in
the Hirshfeld surfaces (Fig. 4 a”). The blue -green region on the FPS
indicate the -7 interactions.

3.3. Molecular geometry

The optimized molecular geometry of the title molecule was
performed using DFT calculations with 6-311++4G(d,p) basis set
[31]. The geometrical parameters have been observed from an opti-
mized molecular structure and summarized in table S1, S2, and S3.
The theoretically calculated bond lengths, bond angles, and torsion
angles were matched with the XRD data. In this study, theoretic
calculations has been carried out in the gas phase and experimen-
tal part has been done in the solid phase. Hence the comparison
of these results show that the majority of the theoretical parame-
ters are slightly greater than the experimental results. The molecu-
lar structure of the asymmetric unit of the title molecule, obtained
from XRD and DFT methods have been overlaid and its shown in
the Fig. 6 and RMSD value found to be 0.876 A (without inversion).

3.4. Frontier molecular orbitals (FMOs) and global reactive
parameters

The DFT calculations furnishes some important information re-
garding the reactivity and site selectivity of the molecular frame-
work. The energy of the HOMO is concerned to the ionization po-
tential, while the energy of LUMO is related to electron affinity.
The energy gap between the HOMO and LUMO characterizes the
molecular chemical stability. The 3D molecular orbitals are illus-
trated in Fig. 7. Red and green color distribution indicate posi-
tive and negative phase in molecular orbital wave function respec-
tively. The HOMO-LUMO energy gap of the title molecule is found
to be 4.11 eV which is slightly less compared to the same deriva-
tive of the reported compound (4.239 eV). This is due to the fact
that functional group leads to the change in the property of the
molecule [32]. A molecule having a large HOMO-LUMO gaps is a
hard molecule and with small HOMO-LUMO gap a soft molecule

AE = 4.118 eV

HOMO

Fig. 7. 3D HOMO-LUMO orbital diagram of the title molecule.

being more reactive. Soft systems are large and highly polarizable
while hard systems are relatively small and much less polarizable.
The electron density of HOMO and LUMO in the title compound is
concentrated on the 4-methoxyphenyl group of the molecule and
5-bromo-2-chloro-4-pyrimidinyl group respectively.
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Table 3

Energies of HOMO-LUMO and global reactivity parameters of the title molecule.
Parameters Value
Enomo -6.363 (eV)
Erumo -2.245 (eV)
Energy gap (AE) 4.118 (eV)
Ionization energy (I) 6.363 (eV)
Electron affinity (A) 2.245 (eV)
Electronegativity (x) 4,304 (eV)
Chemical potential () -4.304 (eV)
Global hardness (1) 2.059 (eV)
Global softness (s) 0.486 (1/eV)
Electrophilicity index () 4.498 (eV)

The magnitude of global reactivity parameters are summarized
in the Table 3 were calculated with the help of energies of HOMO-
LUMO. The global electrophilicity index (w), global hardness (1),
chemical potential (1), and global softness (s) are known as global
reactivity parameters [33,34]. The chemical potential is the escap-
ing tendency of electrons from a stable system, the negative chem-
ical potential signifies molecule to be stable that does not decom-
pose spontaneously into its elements. The chemical potential has -
4.304 eV value for the title molecule; hence it is more stable in na-
ture. The hardness indicates the resistance toward the deformation
of electron cloud of chemical system under small perturbations
encountered during chemical process. Lesser the value of chemi-
cal hardness 2.059 eV, is more reactive in nature. The local hard-
ness furnishes the information about the intermolecular reactivity,
whereas the global hardness about the stability of the molecule.
Electrophilicity is concerned to ability of an electrophile to acquire
additional electronic charge and the resistance to exchange elec-
tron transfer and stability.

3.5. Molecular electrostatic potential (MEP) analysis

MEP map is a three-dimensional diagram which can be used
to visualize the reactive sites and charge distribution of the
molecules. It exemplifies the plausible sites for electrophilic and
nucleophillic attacks and is useful in biological recognition pro-
cesses and hydrogen bonding interactions. Visual understanding of
the polarity of the molecule is also achieved with this calculation.
The color scale represents the electrostatic potential region on the
surface of the molecule; red represents areas of most electronega-
tive electrostatic potential; blue indicates the region of most pos-
itive electrostatic potential and green represents areas of zero po-
tential. The electrostatic potential value ascends in the order red <
green < blue [35,36].

The MEP map of the sulfonamide derivatives is shown in Fig. 8.
From the figure, one can observe that the negative electrostatic po-
tential corresponds to an attraction of a proton by the cluster of
electron density in the molecule (shades of red color) and the pos-
itive electrostatic potential corresponds to the repulsion of a pro-
ton by the nuclei (shades of blue). The color code of this MEP map
ranges from -35 kcal/mol to +31 kcal/mol. Fig. 5 reveals that nega-
tive regions are localized over the O atom which is the most reac-
tive site for an electrophilic attack, whereas most positive regions
are around the H atoms which are most reactive sites for a nucle-
ophilic attack. As expected, the heaviest halogen atom (Br) atom
presents the largest and more intense o-hole to establish halogen
bonding interactions. In contrast, the chlorine atom shows a very
small and positive MEP value. The MEP map of electrostatic poten-
tial confirms the different negative and positive potential sites of
the molecule in accordance with the total electron density surface
map.

Journal of Molecular Structure 1267 (2022) 133476

ESP (kcal/mol)

. 108e+01
. 554e+01
.001e+01
4472401
.938e+00
403e+00
- 133e+00
668e+00
. 320e+01
B74e+01
.427e+01
-981e+01
-B34e+01

~ R A 00— KM A

RN — —

Fig. 8. MEP map of the title molecule.

3.6. Natural bond orbital (NBO) analysis

The natural bond orbital is an efficient method for studying in-
teractions among various bonds with a convenient basis for inves-
tigating charge transfer in a molecular system. The most important
advantage of the NBO analysis is the information obtained about
the interactions in both filled and the virtual orbital which supple-
ment the analysis of both the intra and intermolecular interactions.
The strength of the interactions between donors and acceptors, or
the donating tendency among donors and acceptors and hence the
degree of conjugation of the system is measured by the value of
energy of the hyperconjugative interactions E(2),

In order to examine the donor-acceptors interactions, the sec-
ond order Fock matrix was done in NBO analysis [37]. For each
donor (I) and acceptor (j), the stabilization energy E(2) associated
with the delocalization i—j is estimated as:

E@ AE, = ti(Z)(l])
Ej—&;

where ¢; is the donor orbital occupancy. ¢; and ¢; are diagonal el-
ements and F(ij) is the off diagonal NBO Fock matrix element. The
larger the E@) value the greater will be the extent of conjugation
of the molecular system due to the more donating tendency from
donor-acceptors. Hence Table 4 gives the interaction between the
electron donors and acceptors present in the molecule.

The conjugation of the molecule ¢(02-52)—0c*(03-S2) results
in the more stabilization of the structure. The electron donation
from the loan pair LP(2) to the antibonding acceptor (7*) is re-
lated to the resonance in the molecule and contributes towards
the stabilization energy of the molecular structure. The delocal-
ization of the electron density between the occupied and unoc-
cupied NBOs results in the intramolecular charge transfer (ICT)
corresponds to the stabilization of the molecular system. For ex-
ample, 7(C7-N2) — m*(C12-C14), 7(C9-C10) — m*(C7-N2), and
7w (C8-N1) — m*(C9-C10) with stabilization energies 33.01, 29.12,
and 29.03 respectively.
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Table 4

Second-order perturbation theory analysis of Fock matrix in NBO basis corresponding to the intramolecular bonds of the title molecule.
Donor (i) Occupancy Acceptor (j) Occupancy E(2) E(i)-E(j) F(i,j)
0 (02-52) 1.9856 07 (03-52) 0.14641 813.21 0.36 0.28
T*(c1-c2) 0.3772 ¥ (C16-C17) 0.3022 225.24 0.01 0.08
TT* (c8-N1) 0.4209 TT* (co-C10) 0.3199 197.12 0.02 0.08
TT*(c6-C11) 0.4460 ¥ (C12-C14) 0.3914 195.26 0.02 0.09
T*(c7-N2) 0.4537 T* (co-c10) 0.3199 135.73 0.02 0.08
O (C5-c6) 1.8558 ¥ (C5-C15) 1.5344 435 0.71 0.17
0 (c5-C15) 1.9234 0 (¢5-6) 0.0869 41.83 0.83 0.19
O (C13-H40) 1.9909 0*(02-52) 0.1393 39.16 3.61 0.35
T (c7-N2) 1.7163 ¥ (C8-N1) 0.4209 33.01 0.31 0.093
T (c5-15) 1.5344 ¥ (C12-C14) 0.3914 29.43 0.21 0.07
LP(2).03) 1.8424 T* (C12-C14) 0.3914 29.42 0.34 0.1
T (co-c10) 1.6737 T*(c7-N2) 0.4537 29.12 0.27 0.08
T (cs-N1) 1.7181 TT* (co-C10) 0.3199 29.03 0.32 0.09
LP(2)s1) 1.7938 T (C7-N2) 0.4537 26.89 0.22 0.07
0 (cs-15) 1.5344 0*(c5-c6) 0.0869 41.83 0.83 0.19

Table 5

Topological parameters computed at BCP (3, -1) for the title molecule. All the parameters are in a.u. except for Eyg (kcal/mol).
Interactions BCPs p(r) V2p(r) G(r) V(r) - “%—;’)‘ Eug
Cl..Br 398 0.00777 0.0299 0.00595 -0.00442 1.346 1.386
Cl.cl 349 0.00185 0.00622 0.00116 -0.000765 1.516 0.4800
C-H...Br 281 0.00999 0.03533 0.00738 -0.00592 1.246 3.714
C-H..Br 189 0.01048 0.03676 0.00769 -0.00620 1.240 3.890
C-H..cl 369 0.00212 0.00822 0.00144 -0.00083 1.734 0.520
C..Br 207 0.00448 0.0136 0.002733 -0.002055 1.333 3.172
C..Cl 298 0.00250 0.00787 0.00156 -0.00116 1.344 0.727

3.7. QTAIM and NCI analysis

According to Bader’s, quantum theory of atoms in molecules
(QTAIM), the electron density o(r) is the more accurate descriptor
of electronic structure of the molecules. The topological analysis of
p(r) and its Laplacian V2p(r) helps to determine whether an H-
bond is present between the H-bond donor group and an acceptor
group. The magnitude of V2p(r) at bond critical points (BCP) signi-
fies the degree of electron density concentration or depletion and
this can be used to distinguish between shared shell and closed
shell bonding interactions. Also, the value of p(r) can be related to
hydrogen bond energy Eyg [38]. Along with p(r) and V2p(r), ki-
netic energy density G(r), potential energy density V(r), Eyg=V(r)/2
and |V(r)|/G(r) are also the effective parameters to characterize the
H-bonding. The topological parameters are computed at BCP (3, -
1) and the results are summarized in Table 5. The V(r) value is
correlated with H-bond energy Eyg [39]. The ratio, |G(r)|/V(r), has
a greater than 2 for covalent bonds. If the ratio between 1 and 2
is for mixed character interactions and the value lower than 1 for
the ionic, H-bond and van der Waals interactions. It is clear from
Table 5 that all the weak halogen interactions within in the title

(a)

molecule are noncovalent or closed shell nature, since their p(r)
values are less than 0.10 a.u. Moreover, the corresponding V2 p(r)
are all positive and falls within the range 0.008-0.03 a.u. The weak
halogen interactions studied here are characteristics of noncovalent
nature because the ratio — I‘%:))I > 1

Noncovalent interactions (NCI) method developed by Johnson et
al evaluate the molecular bonding and nonbonding interaction re-
gions by the reduced density gradient and is defined by [40,41].

Ap(r)
2(3712)1/3,0 (r*?

RDG(r) =

The isosurface exemplify the different kinds of NCI directly in
real space via color codes. It enables one to distinguish the attrac-
tive or repulsive nature of the interactions and to decide their rel-
ative strength on a qualitative but visual basis. Blue, green and red
color indicate the strong attraction (H-bonding), very weak inter-
actions (van der Waals interactions), and strong repulsion (steric
clashes) respectively. The NCI isosurface for the title molecule is
shown in Fig. 9 (b).The green color isosurface revealed that the
presence of weak interactions (van der Waals interactions) and the
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Fig. 9. (a) molecule with intermolecular interaction from QTAIM analysis, (b) Non-covalent interactions (NCI) isosurfaces of electron density for the title molecule, and (c)

2D scattered map of RDG vs sign(A;)p(r).
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results are consistent with the Eyg obtained by the QTAIM analysis.
The red colored isosurface indicates the steric interactions involved
in the molecule. Also, the green colored peaks appeared in the low
density region in the 2D scatter map of RDG vs sign(A,)o(r) un-
ravels the weak interactions of the title molecule. Similarly, the
red colored peaks in the large density region indicates the steric
clashes involved in the molecule. The absence of blue colored iso-
surface in the NCI isosurface and blue peaks in the 2D scattered
map indicates that there is no strong hydrogen bond interaction in
the molecule. The ellipsoidal mark in the Fig. 9 (b) indicates the
existence of weak halogen bond interactions in the title molecule.

4. Conclusion

In the present study, A novel pyridine containing sulfonamide
derivative was synthesized and its structure is affirmed by the sin-
gle crystal X-ray diffraction study. Authors have explored the ori-
entational features of the title compound and the role of vari-
ous interactions like noncovalent interaction, halogen interactions
in crystal packing. The structural analysis revealed that the ti-
tle molecule exists in dimer, which connects via halogen interac-
tions. The analysis of supramolecular self assembly of the molec-
ular shows that H-bonding interactions are involved in the crys-
tal packing. Hirshfeld surface analysis revealed the H-bonding and
Ha...Ha bonding intermolecular interactions which are mainly re-
sponsible for the crystal packing. Also, the title compound has
been subjected to theoretical studies using DFT calculations. The
structural overlay signifies the good correlation between the re-
sults of XRD and DFT studies. The HOMO-LUMO energy gap was
found to be 4.118 eV, which shows that the title molecule has good
stability and high chemical hardness. The MEP map of the title
compound indicates the reactive sites present in the molecule. The
natural bonding orbital analysis shows that the o (g;-52)—0*(03-52)
interaction having highest stabilization energy 813.21 kJ/mol. The
QTAIM and NCI analysis further validates the existence of halo-
gen bonding interactions in the title compound, and the topolog-
ical properties of halogen bond critical points (BCPs), such as the
electron density p(r) and its Laplacian V2p(r), are shown to cor-
relate well with the interaction energy. The electron densities at
the BCPs can be considered as a good description of the strength
of halogen bonding. In view of these conclusions reached, authors
can expect that the nature and magnitude of halogen bonding in-
teractions described in this work would be very useful in the de-
sign and synthesis of new materials and effective drugs involving
aromatic halogen compounds.
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