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a b s t r a c t 

A novel pyrimidine containing sulfonamide derivative has been synthesized and characterized by spec- 

troscopic techniques like FT-IR, NMR and Mass. Single crystal X-ray diffraction study revealed that the 
title molecule is crystallized in the triclinic crystal system with the P-1 space group. Structural investiga- 

tion inferred that the crystal packing is mainly stabilized by N –H…O and C –H…O intermolecular inter- 
actions, also by weak C –H…π and C-X…π [ X = Br, Cl] interactions. Further, Hirshfeld surface analysis was 

employed to explore the noncovalent interactions which are responsible for the crystal packing quanti- 
tatively. In addition, quantum chemical calculations have been performed to validate the non-covalent 
interactions present in the title molecule. The molecular geometry of the compound is optimized at the 
DFT/WB97XD/6-311G(d,p) level of theory. The NBO analysis was carried out to know the intramolecular 

charge transfer in the molecule. Finally, the thermodynamic properties of the title compound have been 
calculated at different temperatures. 

© 2022 Published by Elsevier B.V. 

1. Introduction 

In recent years, the non-covalent interactions (NCIs) have been 
the focus of intense investigation in chemistry due to their key role 
in several fields of science and technology, such as biology, nan- 
otechnology, or materials chemistry [1] . NCIs are key components 
in the dynamics of life; examples can be including the function- 
ing of DNA and proteins, the mechanisms of medications structure, 
and properties of chemical structure [ 2 , 3 ]. Designing new solid- 
state materials with desirable features, such as effective biologi- 
cal activity, is gaining more interest. The primary factors that de- 
termine the bioactivity of active chemical substances are solubil- 
ity, stability, and bioavailability. Crystal engineering is the study 
of how non–covalent interactions can be used to create new crys- 
talline networks with desired physicochemical properties of chem- 
ical compounds [4–6] . Physicochemical properties such as pharma- 
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cological activity are induced by the molecular crystal structures of 
different polymorphs with varying arrangements [7] . 

The wide variety of applications of pyrimidine derivatives make 
them one of the important heterocyclic compounds [8] . The pyrim- 
idine derivatives are also have been found to exhibit a wide 
range of pharmacological activities, such as anti-bacterial [9] , anti- 
inflammatory [10] , anti-cancer [11] The study of their geometry, 
physical and electronic properties has become an interesting field 
in the research of drug design. Sulfonamides have great synthetic 
and medicinal importance because of their ability to act as precur- 
sors for the synthesis of a variety of biologically important hetero- 
cyclic compounds and also inhibits the growth of bacteria due to 
presence of NH and SO 2 group of sulfonamides [12] . Substituted 
pyrimidines are already well established as key cores in medic- 
inal chemistry, along with that the sulfonamides have lot of bi- 
ological significance [13] . Synthesis of sulfa drugs required harsh 
reaction conditions, hazardous and polluting chlorinating agents 
or oxidants [14] . To overcome these problems, a lead-free cat- 
alyzed reaction has been evolved to treat many infectious diseases. 
Many sulfonamides derivatives show an excellent non-linear opti- 
cal (NLO) property [15] . Multifunctional ligands with O–, N–, and 
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Scheme 1. Synthetic rote for compound 3 . 

S–donor atoms can construct and expand linked supramolecular 
frameworks throughout diverse dimensionality scales for various 
applications [16–19] . Controlling non–covalent interactions such as 
Hydrogen Bonds (HBs), Halogen Bonds, and π�Stacking Forces 
should be used for self–assembly and the formation of the de- 
sired functional compounds [ 20 , 21 ]. Inforecite of the above discus- 
sion, pyrimidine coupled sulfonamide derivative was crystallized, 
and structure was elucidated using SXRD. The noncovalent interac- 
tions 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 III 
apparatus. Elemental analyses were recorded on VarioMICRO supe- 
ruser V1.3.2 Elementar. The FT-IR spectra were recorded using KBr 
discs on FT-IR Jasco 4100infrared spectrophotometer.1H NMR spec- 
tra were recorded on Bruker DRX −500 spectrometer at 400 MHz 
usingd6-DMSO as solvent and TMS as internal standard. Silica 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-ylsulfanyl) −4–

methoxy-phenyl] −2,4,6-trimethyl-benzenesulfonamide 

(3) 

The experimental procedure described as per our previous re- 
search [22] 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 2,4,6-trimethylbenzene-1-sulfonyl chloride (2) 
(2.19 g,0.01 mol) as shown in Scheme 1 . The compound 3 is dis- 
solved in ethanol and kept for slow evaporation at ambident tem- 
perature 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–O), 722(C–Cl), 521 
(C–Br).1H NMR (DMSO–d6, 400 MHz)d: 9.66(s, 1H, Pyrimidine-H), 
8.55 (s, 1H, Ar-H), 7.47 (d, 1H, Ar-H), 7.14 (d, 1H, Ar-H), 7.03 (s, 
1H, NH), 6.61 (s, 2H, Ar-H), 3.71 (s, 3H, OCH3), 2.29–1.99 (s, 9H, 
CH3). MS (ESI) m/z : 529.0. Anal. calcd. for C20H19BrClN3O3S2(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 

A white colored single crystal with approximate dimensions 
0.25 mm ✗ 0.22 mm ✗ 0.18 mm was selected for the X-ray 
diffraction study. The X-ray intensity data were collected on a 
Bruker Kappa Apex-II diffractometer having an X-rays tube con- 
taining molybdenum as a target. The graphite monochromator and 
CCD were used for recording the intensity peaks. APEX-II and 
SAINT software were used to carry-out for data collection and 
data reduction [23] . SHELXS97 was employed for structure solu- 
tion [24] and SHELXL2018/3 was used for the structure refinement 

[25] . Anisotropic refinement was done for all the non-hydrogen 
atoms. A total of 325 parameters were refined with 16,395 unique 
reflections. The final residual factor, R converged to 0.0649 and the 
goodness of fit was 1.039. The standard geometrical calculations 
were done using the program PLATON [26] and the thermal ellip- 
soidal plot was generated using the software Mercury4.0 [27] . 

2.3. Quantum computational details 

The complete quantum chemical computations of the title 
compound N -[2-[(5-Bromo-2–chloro-4-pyrimidinyl)thio] −4- 
methoxyphenyl] −2,4,6-trimethylbenzenesulfonamide were per- 
formed with the help of the Gaussian09 package [28] . The explicit 
dispersion correction incorporated in the computational method- 
ology improves the accuracy of the results by accounting for van 
der Waals interactions and is essential for agreement with exper- 
imental data. The entitled compound was optimized using single 
crystal X-ray diffraction based geometries at the DFT/WB97XD/6–
311G(d,p) level [29] . Further, the ground state energy, FMO 

analysis, and global reactive parameters were assessed by using 
the optimized structure. The optimized and 3D molecular orbitals 
were visualized by using the software GaussView 6.0 [30] . The 
Natural Bond Orbital (NBO) calculations were carried out using the 
aforesaid level of theory. Also, the knowledge of the reactive sites 
present in the molecule was obtained by the analysis of molecular 
electrostatic potential (MEP) [31] . In addition, quantum theory 
of atoms in molecules (QTAIM) analysis was also carried out to 
unravel the electron density ρ(r) values at the bond critical points 
(BCPs) established between each atom of the title molecule. The 
non-covalent interaction (NCI) analysis was also done to explore 
the weak interactions present in the title molecule. The AIM and 
NCI calculations were performed using Multiwfn 3.7 package 
[32] and the results were visualized by using Visual Molecular 
Dynamics (VMD) software [33] . In addition, the aforesaid method 
was also used to compute certain thermodynamic properties viz. , 
zero-point vibrational energy (ZPVE) (kcal mol −1 ), rotational con- 
stants (GHz), heat capacity at constant volume (C v ) (cal mol −1 K −1 ), 
heat capacity at constant pressure (C p ) (cal mol −1 K −1 ), entropy 
(S) (cal mol −1 K −1 ), enthalpy change ( �H 0 → T ) (kcal mol −1 ), dipole 
moment μ (Debye) [34] . 

3. Results and discussion 

3.1. X-ray crystal structure analysis 

Molecular structure of N -[2-[(5–bromo-2–chloro-4- 
pyrimidinyl)thio] −4-methoxyphenyl] −2,4,6-trimethyl benzene 
sulfonamide, is confirmed by the single crystal X-ray diffraction 
analysis and crystallizes in the triclinic space group P ̄1 . The ORTEP 
diagram is depicted in Fig. 1 . Summary of the crystal structure 
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Fig. 1. (a) ORTEP with atom numbering scheme where thermal ellipsoids drawn at 50% probability, (b and c) planarity representation and (c) intramolecular π…π stacking 

between trimethyl and chloro–bromo substituted pyrimidinyl rings of benzene sulfonamide crystal structure. 

data and refinement details are listed in Tables 1a and 1b . The 
selected values of bond lengths, bond angles, and torsion angles 

Table 1a 

Crystal data and structure refinement details of the title compound. 

Parameter Value 

CCDC number 2,115,842 

Empirical formula C 20 H 18 BrClN 3 O 3 S 2 
Formula weight 528.87 

Temperature 300 K 

Wavelength 0.71073 Å 

θ range 1.48 °−25.00 °

Crystal system Triclinic 

Space group P ̄1 

Cell 

parameters 

a = 8.046(3) Å 

b = 9.910(2) Å 

c = 14.640(7) Å 

α = 99.511(14) °

β = 93.942 °

γ = 101.639(14) °

Volume 1074.1(8) Å 3 

Z 2 

Density (calculated) 1.635 Mg m − 3 

Absorption coefficient 2.261 mm −1 

( continued on next page ) 

Table 1a ( continued ) 

Parameter Value 

F 000 536 

Crystal size 0.20 mm ✗ 0.15 mm ✗ 0.10 mm 

Index 

ranges 

–9 ≤ h ≤ 9 

–11 ≤ k ≤ 11 

–17 ≤ l ≤ 17 

Reflections collected 16,395 

Independent reflections 3772 [R int = 0.0990] 

Absorption correction Multi-scan 

Refinement method Full matrix least-squares on F 2 

Data/restraints/parameters 3773/0/325 

Goodness-of-fit 1.039 

Final [ I > 2 σ (I)] R 1 = 0.0649, wR 2 = 0.1622 

R indices (all data) R 1 = 0.1028, wR 2 = 0.1838 

Largest diff. peak and hole 0.586 and –0.909 e ̊A −3 

Table 1b 

Intramolecular 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) 

N1-H1N…O2 i 0.72 2.42 3.038 (8) 146 (8) 

C17-H17B…O2 a 0.87 2.59 2.890 (10) 101 (6) 

C18-H18A…O2 ii 0.96 2.40 3.343 (8) 167 

C19-H19B…O1 a 0.87 2.36 2.726 (10) 106 (5) 

3 
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Fig. 2. (a) supramolecular R 2 
2 (8) and R 2 

2 (12) ring motif due to N1-H1N…O2 andC18-H18A…O2 inter molecular hydrogen bond interactions, (b) molecular packing along the 

ab-plane and (c) x-shaped one-dimensional array of molecules, lead to the formation of noncovalent Organic Framework along a-axis. 

of the title compound are summarized in Tables S1, S2, and S3, 
respectively. 

The crystal structure of benzene sulfonamide is quietly nonpla- 
nar and the molecule is preeminently twisted at sulfonamide moi- 
ety concerning methoxyphenyl and trimethyl rings with the inter- 
planar angle of 52.24 ° and 65.15 °, respectively ( Fig. 1 b). Chloro–
bromo substituted pyrimidinyl ring is bridged by the sulfur atom 

(S2) with the methoxyphenyl ring in a non-planar manner with an 
interplanar angles of 75.31 ° ( Fig. 1 c). Trimethyl and chloro–bromo 
substituted pyrimidinyl rings are oriented face to face with the ring 
centroids distance of 3.530 Å leading to the weak intramolecular 
stacking interactions ( Fig. 1 d). 

The molecular conformation ofbenzene sulfonamide is stabi- 
lized by various intermolecular interactions such as hydrogen bond 
interaction, C –H…Cg, C –H…Br/Cl… Cg and Cg…Cg interactions. 
N1-H1N…O2 and C18-H18A…O2 strong hydrogen bond interac- 
tions ( Table 2 hydrogen bonds table) involved in the formation of 
R 2 

2 (8) and R 2 
2 (12) ring motifs ( Fig. 2 a), and these motifs are ar- 

ranged adjacently in a zig-zag manner along c-axis( Fig. 2 b), leading 
slanted x-shaped one-dimensional array of molecules along a-axis, 
where a smaller noncovalent molecular organic framework (MOF) 
can be observed throughout the crystallographic ab-plane ( Fig. 2 c). 
These molecular arrays are inter connected by the short Br…C10 
[d(I-J): 3.327 Å] non-hydrogen intermolecular contacts which lead 
to the intermolecular clusters/networks. 

Apart from intermolecular hydrogen bond interactions, C18- 
H18B…Cg3 [H18B-Cg: 2.95 Å, C18-Cg3: 3.720(8) Å, C18-H18B…Cg3: 

138.00 ° and symmetry code: x,1 + y, z] and C14-Br…Cg3 [Br-Cg3: 
3.714(3) Å, C14-Cg3: 5.457(7) Å, C14-Br…Cg3: 154.05(18) ° and sym- 

metry code: −1 + x, y, z where Cg3 is the centroid of the chloro–

bromo substituted pyrimidinyl ring] intermolecular contacts exceed- 
ingly contribute to the crystal structure stability of benzenesul- 
fonamide ( Fig. 3 a). Intermolecular π…π interactions between the 
centroids of methoxyphenyl and trimethyl rings [Cg-Cg: 3.529(4) 
Å], adjacent methoxyphenyl rings [Cg-Cg: 3.623(4) Å] and neigh- 
boring trimethyl rings [Cg-Cg: 4.512(4) Å ( Fig. 3 b)] are also emi- 
nently involved in the molecular packing of benzenesulfonamide 
( Table 3 ). 

3.2. Hirshfeld surface (HS) analysis 

The concept of HS is developed to specify the space occupied by 
a molecule in a crystal to divide the electron density of the crystal 
into molecular fragments of electron densities. A HS investigation 
is an effective tool to quantify the nature of intermolecular interac- 
tions present in the compound. The HS computations were carried 
out based on the crystallographic information file (CIF) using Crys- 
talExplorer 17.5 software [35] . Fig. 4 (a) shows the HS plotted over 
a normalized contact distance d norm in the range from −0.3208 to 
1.4202 a.u (overall volume = 529.64 Å). The mapping of d norm onto 
the HS uses a red, white, and blue color scheme, where red, white, 
and blue spots show intermolecular contacts with distances less 
than, equal to, greater than van der Waal radii, respectively. The 
bright red region on the HS is due to C –H…O and N –H…O inter- 
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Table 2 

X-H…π [X = C] and Y-X…π [Y = C, X = Br, Cl] interaction involved in the molecular structure. 

X…H Cg(J) H…Cg ( ̊A) H ⊥ ( ̊A) γ ( °) X-H…Cg ( °) X…Cg ( ̊A) X-H…π ( °) 

C18-H18B Cg(3) i 2.95 −2.89 11.91 138 3.720(8) 49 

X = C; i = x, 1 + y, z; Cg(3): C7-C8-C9-C10-C11-C12 

Y…X Cg(J) X…Cg ( ̊A) X ⊥ ( ̊A) γ ( °) Y-X…Cg ( °) Y…Cg ( ̊A) Y-X…π ( °) 

C14-Br Cg(3) 3.714 3.298 27.38 154.05 (18) 5.457(7) 47.68 

C16-Cl Cg(1) 3.892 3.493 26.18 61.43 (19) 3.421(6) 2.39 

[Y = C, X = Br,Cl] i = −1 + x, y, z; ii = 2-x, 2-y, 2-z; Cg(3): C7-C8-C9-C10-C11-C12, Cg(1): N2-C13-C14-C15-N3-C16 

Fig. 3. (a) Intermolecular C –H…Cg, C-Br…Cg and (b) Cg…Cg interactions between the adjacent molecules of benzene-sulfonamide crystal. 

Table 3 

Cg-Cg interactions of the title molecule. 

Cg(I) Cg(J) Cg-Cg α β γ Cg(I) ⊥ Cg(J) ⊥ Symmetry code 

Cg(1) Cg(1) 3.623(4) 0 20.5 20.5 3.394(2) 3.394(2) 2-x, 2-y, 2-z 

Cg(1) Cg(2) 3.529(4) 5.3(3) 15.0 17.3 3.369(2) −3.410(2) x, y, z 

Cg(1) Cg(3) 5.918(4) 74.4(3) 58.8 63.4 2.650(2) 3.069(2) 2-x, 2-y, 2-z 

Cg(2) Cg(3) 5.600(4) 69.8(3) 48.5 59.1 2.873 3.714(2) x, y, z 

Cg(3) Cg(2) 5.556(4) 69.8(3) 18.4 80.5 −0.916(2) −5.271(2) X, −1 + y, z 

Cg(1): N2-C13-C14-C15-N3-C16; Cg(2): C1-C2-C3-C4-C5-C6; Cg(3): C7-C8-C9-C10-C11-C12 

molecular contacts. The shape index surface for the title molecule 
consists of blue bumps and red dip (highlighted in the Fig. 4 (b)) 
shows halogen (supports the C14-Br…cg3 and C16-Cl…cg1 inter- 
actions) and weak π…π stacking interactions (triangle shaped re- 
gion). Curvedness is a function of the root mean square curvature 
of the surface. The dark blue edges onto the curvedness surface are 
associated with intermolecular contacts ( Fig. 4 (b)) [36] . 

Further, two-dimensional fingerprint (FP) plots are employed to 
furnish quantitative information related to the nature and kind of 
intermolecular contacts occurred by the molecules in the crystal 
packing [37] . These 2D FP plots are investigated for each inter- 
atomic contact and overall interactions. In the computation of in- 
dividual interatomic contacts, the reciprocal contact of each inter- 
atomic contacts is also included. Fig. 5 (a) shows the 2D FP plot for 
overall interactions. The two spikes represent the interatomic con- 
tacts that have a significant contribution to crystal packing. The 
d i and d e are the distance from the HS to the nearest nucleus 
inside and outside the HS, respectively. The interatomic contacts 

that have a major contribution to crystal packing are H…H (38.0%), 
O…H (16.9%), C…H (10.3%), H…Cl (6.6%), and H…Br (5.1%). 

The interaction of all the atoms presents inside the HS to an 
atom present in the vicinity of the HS is investigated and shown 
in Fig. 5 (b). This investigation deduced that all the HS contained 
atoms interact strongly with the H atoms located in the region of 
the HS, and the percentage contribution of the ALL-H interaction is 
found to be 65.4%. Other such kinds of interactions are ALL-O, ALL- 
C, ALL-Br, ALL-Cl, ALL-N, ALL-S with contributions of 9.3, 9.2, 5.4, 
5.3, 3.8, and 1.6%. These interactions are important to understand 
the crystal packing. 

3.3. Interaction energy and 3D energy framework 

Interaction energy and 3D energy framework analysis were car- 
ried out by using CrystalExplorer 17.5 software with the help of 
a crystallographic information file. This analysis was used for un- 
derstanding the nature of interaction energies between molecu- 
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Fig. 4. HS plotted over (a) d norm , (b) shape index, and (c) curvedness. 

Fig. 5. (a) 2D FP plot for overall interactions and individual interactions in crystal packing of the title molecule (b) Percentage contributions of the interaction of all the 

atoms present inside the HS to an atom outside the HS. 

lar pairs with a 3D graphical representation [38] . The interac- 
tion energies for the title molecule were computed by generat- 
ing the cluster radius of 3.8 Å around the selected molecule and 
the results are summarized in Table 4 . The total energies of the 
molecule were obtained by the sum of electrostatic (E_ele), dis- 
persion (E_disp), polarization (E_pol), and repulsion (E_rep) ener- 
gies. The molecular cluster with tube color represents the differ- 
ent types of energy profiles of the intermolecular interaction en- 
ergies as shown in Fig. 6 . Calculated total interaction energies of 
the title compound are electrostatic ( −8.441 kcal/mol), dispersion 
( −15.468 kcal/mol), polarization ( −2.548 kcal/mol), and repulsion 
(5.771 kcal/mol). The combination of these energies provides the 
total energy ( −20.686 kcal/mol). Among these individual energies 

of the title molecule, dispersion energy is dominant over the elec- 
trostatic and polarization energies in the crystal environment. 

3.4. DFT analysis 

3.4.1. Molecular geometry 

The electronic structure of the title compound is optimized by 
DFT/WB97XD level of theory with 6–311G(d,p) basis set [39] . The 
optimized bond lengths, bond angles, and dihedral angles of the 
title compound are summarized in Tables S1, S2, and S3, respec- 
tively. The optimized geometrical parameters are in good correla- 
tion with experimental data (crystal structure) obtained from the 
X-ray diffraction study. The overlay of the experimental and theo- 
retical structure yields rmsd value of 2.09 Å for the title compound 

6 
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Table 4 

Molecular interaction energies (kcal/mol) of the cluster of molecules. 

Fig. 6. The energy frameworks of the compound along a, b, c -axes for electrostatic energy, dispersion energy and total energy terms. 

as shown in Fig. 7 . Also, the comparison between experimental and 
calculated optimized structure parameters, bond lengths, bond an- 
gles, and torsion angles are tabulated in Tables S1, S2, and S3, re- 
spectively. 

3.4.2. Frontier Molecular Oribitals (FMOs) and global reactivity 

parameters 

FMOs containing the Highest Occupied Molecular Orbital 
(HOMO) which characterizes the ability of electron donating and 
Lowest Unoccupied Molecular Orbital (LUMO) which characterizes 
the ability of electron accepting as well as the energy gap were 

considered as effective parameters in chemical quantum chemistry 
[40] . The detailed information on chemical reactivity was obtained 
by this electronic absorption correlated to the transition from the 
ground state to the first excited state, and it was mainly explained 
by one electron excitation from the HOMO to LUMO orbital [41] . 
The 3D molecular distributions were observed in HOMO → LUMO, 
HOMO-1 → LUMO + 1, and HOMO-2 → LUMO + 2 as shown in Fig. 8 
The energy gap of the title molecule was found to be 4.156 eV. The 
electron density of the HOMO concentrated on 4 methoxyphenyl 
but had a small effect on other 2,4,6 trimethyl phenyl . The con- 
centration of the LUMO was revealed at 5–bromo-2–chloro-4- 

7
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Fig. 7. Overlay of the crystal structure (green) and optimized electronic structure 

(orange) of the title compound. 

pyrimidinyl. Also, the energy gap from HOMO-1 → LUMO + 1, and 
HOMO-2 → LUMO + 2 was determined as 4.9310 eV and 5.341 eV, 
respectively. 

Total density of states (TDOS) represents the number of indi- 
vidual states at a specific energy level in which electrons are al- 
lowed to occupy. The TDOS in terms of Mulliken population anal- 
ysis were calculated and created convoluting the molecular orbital 
information with Gaussian curves of unit height and full width at 
half maximum (FWHM) using GaussSum 2.2 program. In this re- 
port, the TDOS plot of the title compound is plotted and shown 
in Fig. S1 (supplementary file). It furnishes a pictorial representa- 
tion of molecular orbital compositions and their contributions to 
chemical bonding. The green color represents the HOMO and the 
red color represents the LUMO. 

The stability and reactivity of the title molecule were explained 
by the HOMO-LUMO energies. Using Koopman’s theorem, chemical 
hardness ( η) chemical softness (s), and electronegativity ( χ ) of the 
title molecule were investigated and the corresponding values of 
the global parameters were listed in Table 5 [42] . 

3.4.3. Natural bond orbital (NBO) analysis 

NBO analysis were performed to explain the charge transfer 
or delocalization of charge due to the intramolecular interaction 
among bonds. It also furnishes a convenient basis for investigat- 
ing charge transfer or conjugative interaction in molecular systems. 

Fig. 8. Frontier molecular orbitals (FMOs) of the entitled compound. 
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Table 5 

Calculated global reactivity parameters of the title compound. 

Parameters Values (eV) 

Ionization potential (IP) 6.668 

Electron affinity (EA) 2.512 

Electronegativity ( χ ) 4.590 

Chemical potential ( μ) −4.590 

Global hardness ( η) 2.078 

Global softness (s) (eV-1) 0.481 

Electrophilicity index ( ω) 5.069 

Charge transfer ( �Nmax) 2.209 

Nucleofugality ( �En) 7.580 

Electrofugality ( �Ee) 11.736 

The second-order Fock matrix was carried out to investigate the 
donor–acceptor interactions in NBO analysis [43] . The interactions 
result is the loss of occupancy from the localized NBO of the ide- 
alized Lewis structure into an empty non-Lewis orbital. For each 
donor (i) and acceptor (j) , the stabilization energy E (2) associated 
with the delocalization i → j is estimated as 

E ( 2 ) = �E y = q i 
F ( 2 ) ( i j ) 

ε j − ε i 

where q i is the donor orbital occupancy. εj and εi are diagonal ele- 
ments and F(i,j) is the off diagonal NBO fock matrix element. Some 
of the electron donor orbital, acceptor orbitals (overlap) on which 
interacting stabilization energy E (2) resulting from the second or- 
der micro distribution theory. The larger the stabilization energy 
value, the stronger is the interaction between electron donors and 
electron acceptors. Delocalization of electron density between oc- 
cupied Lewis type (bond or lone pair) NBO orbitals, and unoccu- 
pied (antibond or Rydberg) non-Lewis NBO orbitals correspond to 
a stabilizing donor-acceptor interaction. The stabilization energy or 
interaction energy (E (2) ) values for the filled (donor) and unfilled 
(acceptor) Lewis type NBOs are summarized in Table 6 . It can be 
seen from Table 6 that the hyperconjugative interactions of the π- 
electrons from C –C bonding orbitals to the C –C anti-bonding or- 
bitals stabilized the ring. In the title molecule, the electron delo- 
calization from π ∗ (C9-C10) → π ∗ (C11-C12) has the highest stabi- 
lization energy E (2) = 330.64 kcal/mol. Besides, bonding and anti- 
bonding of C –C presented in the molecule may lead to stabilization 
of the ring. In addition, the π ∗- π ∗, LP- π ∗, LP- σ ∗ and other interac- 
tions are also accountable for conjugation π-bonds and these inter- 
actions are involved in the maximum stabilization of the molecular 
systems. 

3.4.4. Charge transfer due to excitation 

The HOMO-LUMO gap gives rise to the charge transfer within 
the molecule. A correlation between HOMO-LUMO gap and charge 
transfer is obtained by studying the charge transfer within the 
molecule due to excitation. Multiwfn software is used to visual- 
ize the charge transfer due to the excitation for the first three ex- 
cited states. The time dependent DFT (TD-DFT) calculations were 
made on the title compound using CAM-B3LYP/6–311G(d,p) as the 
basis set. The electron-hole (green-blue) distribution throughout 
the title compound for the 3 excited states is shown in Fig. 9 . 
The integral of overlap of hole-electron distribution (S) is a mea- 
sure of spatial separation of hole and electron, lesser the overlap 
more is the charge transfer. In order to investigate the existence 
and magnitude of the σ -hole at the Br atom, authors have per- 
formed the hole-electron excitation analysis. The hole-electron ex- 
citation analysis revealed the contribution of each atom to hole 
and electron. Br atom contributes to hole at the first, second 
and third excited state were found to be also, figure AA depicts 
the hole- electron distribution over the molecule in three excited 
states. 

3.4.5. Molecular electrostatic potential (MEP) analysis 

The chemical and physical aspects of any chemical system were 
investigated with the aid of MEP plot. The MEP plot was em- 
ployed to comprehend the plausible reactive sites like electrophilic 
or nucleophillic sites present in the molecule. The MEP plot was 
calculated at DFT/WB97XD/6–311G(d,p) level. An electron isosur- 
face mapped with electrostatic potential surface predicts the size, 
shape, charge density, and reactive sites of the molecule. The gen- 
erated MEP plot of the title molecule is shown in Fig. 10 . The MEP 
surface consists of standard colors like red, green, and blue. The 
order of magnitude of in the increasing order was found to be red 
< green < blue. The region highlighted with the red color was 
engaged to display the negative potential value related to elec- 
trophilic attack [44] . On the other side, the nucleophillic enticing 
site by the most positive potential value displayed with blue color, 
as shown in Fig. 10 . From the figure, one can observe that, the neg- 
ative region appears around the oxygen atom which is connected 
to the sulfur atom and the positive region is observed around the 
nucleophillic hydrogen atoms. The calculated results reveal that the 
overall surface area of the title molecule is 1503.452 Å 2 , which 
consists of 887.651 Å 2 positive surface area and 615.801 Å 2 nega- 
tive surface area. According to theoretical studies of halogen bond- 
ing, the outermost portion of the halogen surface has a region of 
positive electrostatic potential, and this positive region has been 
called the σ -hole. Also, the strength of the halogen bonding is cor- 
related with the magnitude of V max (positive electrostatic potential 
at the σ -hole) [45] . MEP map of the title compound with isosur- 
face value of 0.002 shows the presence of σ -hole on the Br and Cl 
atoms ( Fig. 10 a and b). On these maps, the σ -hole is clearly indi- 
cated by the positive ESP on the X ( X = Br, Cl) atoms in the axis 
of the C-X bond. One can notice that the blue color is more pro- 
nounced on the Br atom than on Cl atom. This suggest that the 
σ -hole on Br atom is deeper than the Cl atom. Magnitude of the 
σ -hole is examined by the topology of the MEP revealed that ESP 
maximum of 42 kcal/mol next to the Br hole and 17 kcal/mol near 
the Cl hole. With the formation of C-Br…π interaction, it is clear 
that the electronic charge transfers away from the halogen atom 

(Br). 

3.4.6. Bader’s quantum theory of atoms in molecules (QTAIM) and 

noncovalent interaction (NCI) index analyses 

Noncovalent interactions like halogen and hydrogen bonds, 
C –H…π , π- π stacking interactions, and electrostatic and London 
dispersion forces [46] are predominantly important in chemistry 
and biochemistry. These interactions play a vital role in the title 
molecule, so it was important to shed a light on the non-covalent 
interactions. The various non-covalent interactions were identi- 
fied and investigated via Bader’s QTAIM analysis. Bader’s QTAIM 

is a powerful method for determining the strengths and nature 
of non-covalent interactions at the electronic level based on topo- 
logical parameters at bond critical points (BCPs). A BCP is a po- 
sition where the gradient of electron density vanishes and is dis- 
tinguished by one positive and two negative eigenvalues ( λ1 < 0, 
λ2 < 0, λ3 > 0) of the Hessian matrix. In this QTAIM analysis, dif- 
ferent types of bonding interactions are qualitatively described by 
the ratio | λ1 |/ λ3 at the BCP. λ1 |/ λ3 > 1, electron density is mainly 
focused between atoms, leading to the covalent bond. Contrarily, 
when λ1 |/ λ3 < 1, electron density is concentrated around atoms, 
leading to non-covalent interactions like ionic, van der Waals, H- 
bonding interactions. Also, the electron density ρ(r) and its Lapla- 
cian ∇ 2 ρ(r) at the BCP are key factors when characterizing bond- 
ing interactions. Large ρ(r ) values (greater than 0.20 a.u) and 
∇ 2 ρ(r) < 0 signify the polar and non polar covalent bonding inter- 
actions, whereas small ρ(r) values (less than 0.10 a.u) and ∇ 2 ρ(r) 
> 0 indicate non-covalent interactions. Koch and Popelier proposed 
the criteria for the existence of an H bond [47] : 
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Table 6 

Second order perturbation theory analysis of Fock matrix in NBO basis for the title compound. 

Donor (i) Occupancy Acceptor (j) Occupancy E(2) (kcal/mol) E(j)-E(i) F(i,j) 

π ∗C9-C10 0.359 π ∗C11-C12 0.293 330.640 0.010 0.094 

π ∗C7-C 8 0.433 π ∗C9-C10 0.359 204.440 0.020 0.100 

π ∗C3-C 4 0.409 π ∗C1-C2 0.328 174.600 0.030 0.110 

π ∗C3-C4 0.409 π ∗C5-C6 0.315 158.290 0.030 0.100 

π ∗C7-C8 0.433 π ∗C11-C12 0.293 139.390 0.030 0.100 

π ∗C16-N3 0.416 π ∗C14-C15 0.302 138.070 0.030 0.100 

π ∗C13-N2 0.447 π ∗C14-C15 0.302 98.910 0.040 0.090 

πC13-N2 1.715 π ∗C16-N3 0.416 52.890 0.420 0.140 

πC14-C15 1.665 π ∗C13-N2 0.447 49.690 0.370 0.120 

πC1-C2 1.639 π ∗C3-C4 0.409 47.530 0.370 0.120 

πC16-N3 1.734 π ∗C14-C15 0.302 44.180 0.460 0.130 

LP(O3) 1.841 π ∗C9-C10 0.359 42.180 0.470 0.130 

πC5-C6 1.654 π ∗C1-C2 0.328 39.910 0.400 0.110 

Fig. 9. Electron – hole distribution for the three excited states of the title compound. 

Table 7 

Topological parameters (in a.u) and hydrogen bond energies (kcal/mol) calculated on the WB97XD/6–311G(d,p) wave functions for the title compound. 

Interactions BCP ρBCP (a.u.) ∇ 2 ρ (a.u.) V(r) (a.u.) G(r) (a.u.) −G (r) 
V (r) λ1 λ2 λ3 | λ1 | 

λ3 
E HB (kcal/mol) 

C17-H…N2 57 0.00799 0.0257 −0.00438 0.0054 1.232 −0.0060 −0.0039 0.0357 0.168 −5.749 

C14-Br…π 105 0.00442 0.0140 −0.00200 0.002756 1.1378 −0.0024 −0.0022 0.0187 0.1284 −2.625 

π…π 82 0.00842 0.0238 −0.00397 0.00497 1.1251 −0.0043 −0.0022 0.0304 0.141 −5.2116 

π…π 68 0.00939 0.0304 −0.00512 −0.00636 1.242 −0.0056 −0.0015 0.0376 0.148 −6.721 

C17-H…S2 100 0.00705 0.0205 −0.00336 0.00424 1.261 −0.0032 −0.0019 0.0257 0.124 −4.410 

C…S 111 0.0054 0.0177 −0.00261 0.00352 1.348 −0.0033 −0.0023 0.0233 0.141 −3.426 

H…H 120 0.00704 0.0234 −0.00395 0.00491 1.258 −0.0057 −0.0040 0.0332 0.171 −5.185 

C18-H…Cl 63 0.00484 0.0156 −0.00227 0.00309 1.361 −0.0032 −0.0030 0.0220 0.145 −2.979 

C18-H…π 98 0.00831 0.0239 −0.0040 0.00503 1.257 −0.0061 −0.0027 0.0328 0.182 −5.251 

C19-H…O3 127 0.0148 0.0567 −0.0108 0.0124 1.148 −0.0120 −0.0069 0.0757 0.158 −14.177 

1 It must be accompanied by a BCP. 
2 The ρ(r) value should fall within 0.002–0.040 a.u. 
3 ∇ 2 ρ(r) must be positive and should lie within 0.024–0.139 a.u. 

In the present report, the values of ∇ 2 ρ(r) and the ration - 
G(r)/V(r) were also used to characterize the bonding interactions 
involved in the title molecule ( G(r) - kinetic energy density at the 
BCP, V(r) -potential energy at the BCP). When ∇ 2 ρ(r) > 0 and ra- 
tio -G(r)/V(r) > 1, the interactions are non-covalent, whereas when 
∇ 2 ρ(r) > 0 and 0.5 < -G(r)/V(r) < 1, the interactions are partially co- 
valent. The results from QTAIM analysis of the title compound are 
summarized in Table 7 , and the corresponding BCPs with molecule 
is shown in Fig. 11 (a). For this title molecule the Poincaré-Hopf 
relationship was satisfied, showing that all critical points have 
been found. The interatomic interaction energies ( E int ) for the ti- 

tle molecule were estimated using the equation mentioned below, 

E HB = 
1 

2 
V ( r BCP ) 

One can observed from the Table 7 that all of the bonding in- 
teractions present in the title molecule are non-covalent in na- 
ture, since their ρ(r) values are less than 0.10 a.u. Also, the re- 
spective ∇2 ρ(r) values are all positive and lie within the range 
0.0140–0.0567 a.u. Further, the ratio −G (r) 

V (r) 
for all of these inter- 

actions at their BCPs are greater than unity, which is indicative of 
a non-covalent interactions and further validated by the fact that 
| λ1 | 
λ3 

< 1 in all cases ( | λ1 | 
λ3 

values ranges from 0.124 to 0.182). The 

Eint values tells that the presence of weak and medium hydrogen 
bonds in the molecule. The interaction C19-H…O1 at the BCP 127 
shows Eint as −14.177 kcal/mol which indicative of strong hydro- 
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Fig. 10. MEP plot of the title compound. 

Fig. 11. (a) BCPs generated for the title molecule using QTAIM analysis (b) 2D scattered plot of the RDG vs sign ( λ2 ) and (c) non-covalent interactions (NCI) isosurface of 

electron density for the title compound. 
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gen bond interaction. Apart from the interaction C19-H…O1, the 
non-covalent interactions in the title molecule are very weak and 
appear to be dominated by van der Waals forces, as nearly all of 
the Eint values for these interactions are less than those of typical 
H-bonds.A detailed description of the attractive and repulsive non- 
covalent interactions in the molecular systems is crucial for under- 
standing their functionality. The QTAIM analysis is based only on 
critical points in the electron density, but it excludes some weak 
non-covalent interactions. To overcome this problem, The NCI in- 
dex is employed because it is based on the reduced density gradi- 
ent (RDG), which is a function of the electron density ρ(r) and its 
first derivative ∇ρ(r), 

RDG ( r ) = 
�ρ( r ) 

2 
(

3 π2 
)1 / 3 

ρ( r ) 
4 / 3 

Using plots of RDG vs ρ(r) , the NCI index can be efficiently ap- 
plied to identify the regions with non-covalent interactions as 
RDG tends to zero at low densities [48] . The NCI index uses the 
sign( λ2 ) of the electron density Hessian matrix ( λ2 ) to distin- 
guish between attractive ( λ2 < 0) and repulsive ( λ2 > 0). Interest- 
ingly, a two-dimensional scatter plot of RDG vs sign( λ2 ) multi- 
plied by the electron density ρ(r) effectively splits the attractive 
regions from repulsive non-covalent interactions. Further, when 
sign( λ2 ) ρ(r) mapped onto a three-dimensional RDG isosurface, 
both the nature of non-covalent interactions and their strengths 
are highlighted using color coding; blue color is used for attrac- 
tive interactions viz. , H-bonds and halogen bonds, green colored 
region for very weak interactions such as van der Waals forces, red 

color for repulsive interactions (steric clashes) ( Fig. 11 (c)). The 2D 

NCI scatter plots of RDG against sign ( λ2 ) ρ(r) for the title molecule 
is shown in Fig. 11 (b), and this scattered plots furnishes the clear 
fingerprints of the non-covalent interactions involved in the title 
molecule. 

The spikes present in the 2D scattered plot are related with 
the interaction of critical points (ICP). The strength of a non- 
covalent interaction is obtained from the electron density value 
corresponding to its ICP. A large negative value of the electron den- 
sity indicates a stronger attractive ( λ2 < 0) or positive value of the 
electron density ( λ2 > 0) repulsive non-covalent interactions. The 
peaks at the low density region (sign( λ2 ) ρ(r) � −0.015–0.015 a.u) 
in the scattered plots are indicative of the presence of van der 
Waals interactions. These van der Waals interactions are appeared 
as a big isosurface in the region between 5–bromo-2–chloro-4- 
pyrimidinyl and 2,4,6-trimethyl phenyl group. The larger positive 
value ((sign( λ2 ) ρ(r) � 0.015–0.0 3a.u)) of the electron density indi- 
cates a stronger repulsion or steric clashes present in the phenyl 
rings of the title compound. 

The BCP (132) was generated between C-Br and π-system 

( Fig. 12 ). The topological parameters corresponding to the BCP 
(132) are listed in the below table. The positive values of ρBCP , 
∇ 2 ρ , G(r) and −G (r) 

V (r) 
for the interaction is indicated the closed 

shell nature of the interaction. The ratio −G (r) 
V (r) 

for this interaction is 

greater than unity which is indicative of non-covalent interactions. 
Also, Independent gradient model (IGM) method is employed to 
calculate the inter fragment interactions using pro-molecular den- 
sity. The green colored isosurface shows the weak interaction be- 
tween the C-Br and…π system. 

Interaction BCP ρBCP (a.u.) ∇ 2 ρ (a.u.) V(r) (a.u.) G(r) (a.u.) −G (r) 
V (r) λ1 λ2 λ3 

| λ1 | 
λ3 

C-Br… π 132 0.0103 0.0342 −0.00561 0.00708 1.262 −0.0095 −0.0089 0.05277 5.547 
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Fig. 12. (a) BCP generated for the C-Br…π interaction in the title molecule using QTAIM analysis (b) colored isosurface of C-Br…π interaction corresponding to IGM analysis. 

4. Conclusion 

A novel pyridine containing sulfonamide derivative was syn- 
thesized and its structure is confirmed by the SXRD analysis. H- 
bonding of the types N –H...O and C –H…O results in the packing 
of the molecules. HS analysis revealed that the H –H interatomic, 
whose contribution to the crystal packing is the strongest with 
a percentage contribution of 38.0%. The energy framework analy- 
sis revealed that the dispersion energy dominates over any other 
interaction energies. It is observed that for the studied molecule, 
the supramolecular synthons are due to the hydrogen bonds, π–
π stacking and the halogen interactions contributing towards the 
solid-state packing. The study reinforced that dispersion correc- 
tion is essential for accurate description non-covalent interactions 
present in the molecule. The nature of the inter and intramolecular 
interactions has been studied using structural analysis. The same is 
substantiated using the DFT calculations and characterized by the 
NBO, QTAIM and NCI analysis. Good agreement of the geometrical 
parameters was observed between the theoretical (DFT) and XRD 

values. The electronic changes have been monitored through the 
HOMO–LUMO gap and other global reactive parameters. NBO anal- 
ysis explained the eventual charge transfer interaction taking place 
within the molecule. MEP quantified the sites available for hydro- 
gen bonding. Also, global reactivity parameters were determined 
to assess the information related with the stability and reactivity 
of the molecule. QTAIM analysis revealed the closed shell nature 
of the interactions and NCI analysis unveiled the presence of non- 
covalent interactions in the title molecule. 

CCDC- 2,115,842 contains the supplementary crystallographic 
data for this paper. These data can be obtained free of 
charge via https://www.ccdc.cam.ac.uk/structures/ , or by e-mailing 
data_request@ccdc.cam.ac.uk, or by contacting The Cambridge 
Crystallographic Data centre, 12 Union Road, Cambridge CB2 1EZ, 
UK; fax: + 44(0)1223–336,033 ′′ . 
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