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ABSTRACT: Polymorphism is an exciting feature of chemical
systems where a compound can exist in different crystal forms. The
present investigation is focused on the two polymorphic forms,
triclinic (MSBT) and monoclinic (MSBM), of ethyl 3-iodo-4-((4-
methylphenyl)sulfonamido)benzoate prepared from ethyl 4-amino-

3-iodobenzoate. The prepared polymorphs were unambiguously PrepamionJ G - D G T ‘ DFT study
confirmed by single-crystal X-ray diffraction (SC-XRD) analysis. 8 ’
According to the SC-XRD results, the molecular configurations of .

both structures are stabilized by intramolecular N—H:--I and C—H:- A . Xﬂé - l p

O bonding. The crystal packing of MSBT is different as compared to }'i/ A e %
the crystal packing of MSBM because MSBT is crystallized in the e "‘/‘v‘\f(/- /,,\};‘\{: f‘% \_ 71‘
triclinic crystal system with the space group P1, whereas MSBM is o
crystallized in the monoclinic crystal system with the space group

P2,/c. The molecules of MSBT are interlinked in the form of dimers through N—H---O bonding to form R3(8) loops, while the
MSBM molecules are connected with each other in the form of an infinite chain through C—H:--O bonding. The crystal packing of
both compounds is further stabilized by off-set 7---7 stacking interactions between phenyl rings, which is found stronger in MSBM as
compared to in MSBT. Moreover, Hirshfeld surface exploration of the polymorphs was carried out, and the results were compared
with the closely related literature structure. Accordingly, the supramolecular assembly of these polymorphs is mainly stabilized by
noncovalent interactions or intermolecular interactions. Furthermore, a density functional theory (DFT) study was also carried out,
which provided good support for the SC-XRD and Hirshfeld studies, suggesting the formation of both intramolecular and
intermolecular interactions for both compounds.

MsB

1. INTRODUCTION
Polymorphism from the crystallographic perspective is the

help researchers to understand some basic chemical aspects of
inter- and intramolecular interactions, the inducing forces

capability of a particular compound to be present in different
crystallographic forms due to the different packing aggrega-
tions of its molecules in the crystal structure.” However, it is
important to mention that polymorphism and allotrophism are
two different phenomena, i.e., allotropes mean the existence of
different crystal structures of the same element, whereas
polymorphism is the presence of different crystalline structures
of the same compounds.” Polymorphism is an interesting
structural phenomenon with great potential in the field of
material science, since, although composed of the same
compound, different polymorphs can behave as different
materials having different physical, mechanical, and chemical
properties.” Polymorphs have a key role in the commercializa-
tion and production of crystalline materials as agrichemicals,
pharmaceuticals, food, pigments, and additives. Polymorphism
also has an important role in fundamental research in order to
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pivoting the polymorphs’ existence, and their structural
repercussions.” Many organic compounds have shown the
polymorphism phenomenon; among them, aniline derivatives
are important to mention. One example is the existence of N-
(4-methyl-2-nitrophenyl)acetamide in six polymorphic forms
having different angles and axes as well as different densities,
i.e., monoclinic with space group P2,/c, triclinic with space
group P1 and monoclinic with space group P2,/ ¢, monoclinic
with space group P2,/c,” monoclinic with space group P2,/c,”
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Scheme 1. Preparation of Ethyl 3-iodo-4-((4-methylphenyl)sulfonamido)benzoate from Ethyl 4-amino-3-iodobenzoate and p-

Toluenesulfonyl Chloride

MSBM

and triclinic with space group P1.” Similarly, 5-methyl-2-((2-
nitrophenyl)amino)thiophene-3-carbonitrile has numerous
polymorphic forms."® 2-((2-Nitrophenyl)amino)-3-thiophene-
carbonitrile is one more organic compound existing in two
crystalline forms, i.e, monoclinic and triclinic."' The well-
known vitamin nicotinamide has also been reported as a highly
polymorphic compound with nine solved single-crystal
chemical structures.'” Traditionally, the phenomenon of
polymorphism has been observed in aromatic sulfonamide
derivatives. Nangia et al. have investigated several substituted
aromatic sulfonamides to be present in two or more crystal
systems."” The orientation of the sulfonamide group has been
observed to have a key role in poising the shape of the crystal,
e.g., bis(p-tolyl) ketone p-tosylhydrazone could be observed in
three conformational polymorphic forms, where one out of
three polymorphs has an N—H:-O=S dimer synthon,
participating in hydrogen bonding, while this type of
interaction is missing in the other two polymorphic forms."*
In this context, Isao Azumaya et al. observed that the presence
of halogen in the aromatic sulfonamides can induce poly-
morphism in the system as they investigated a series of
aromatic sulfonamides and found that aromatic sulfonamides
having a fluorine group can exist in more than one crystalline
form, i.e., they show polymorphism as compared to aromatic
sulfonamides that do not have the fluorine group."

Density functional theory is an important tool for the
exploration of key electronic features of organic compounds
such as noncovalent interactions and charges etc.'® The
noncovalent interactive capacity of organic compounds
predicted by DFT calculations plays a significant role in the
pharmacological potential of these chemical building blocks.'”
Hirshfeld surface analysis is an attractive tool for finding out
the types of intermolecular interactions to understand the
stacking of molecular structures, density, mechanics, energy,
and sensitivity.'® Herein, we are reporting our findings
regarding the preparation, DFT study, and X-ray and Hirshfeld
studies of crystal packing of the two polymorphs of ethyl 3-
iodo-4-((4-methylphenyl)sulfonamido)benzoate that are tri-
clinic with the space group P1 (MSBT) and monoclinic with
the space group P2,/c (MSBM).

2. MATERIALS AND METHODS

Ethyl 3-iodo-4-((4-methylphenyl)sulfonamido)benzoate was
prepared by the reaction of ethyl 4-amino-3-iodobenzoate
and p-toluenesulfonyl chloride. Solvent purification was
achieved by a simple distillation. To monitor reaction progress,
a precoated silica gel aluminum sheet was used to perform
thin-layer chromatography. The SC-XRD data were collected
using the Bruker Kappa Apex-II diffractometer employing Mo
Ka radiation and using Apex-II software,'” whereas SAINT
software was used for data integration.”” SHEXS-97 software
was used”' for structure solutions, whereas data refinement was
done using SHEXL 2018/3.>* For graphical illustrations,
PLATON,> Mercury 4.0,>* and ORTEP-3* visualization
programs were employed.

3. SYNTHESIS AND CRYSTALLIZATION

The substituted p-toluenesulfonanilide was prepared from
substituted aniline according to procedure reported in the
literature.”® Accordingly, to a solution of ethyl 4-amino-3-
iodobenzoate (2.3 mmol, 1 equiv) in pyridine (10 mL) was
added p-toluenesulfonyl chloride (2.42 mmol, 1.05 equiv). The
reaction mixture was stirred at room temperature for 2 h and
then quenched with water (10 mL). The solution was
extracted with DCM and the organic layer was washed with
10% aqueous CuSOy, and then dried with anhydrous Na,SO,.
After concentration with a rotary evaporator, the crude product
was purified via column chromatography using 25% EtOAc/
hexanes to yield the corresponding ethyl 3-iodo-4-((4-
methylphenyl)sulfonamido)benzoate. The obtained com-
pound was recrystallized in ethanol and was filtered before
complete evaporation of the solvent. However, on close
observation, two types of crystals were found, which were
separated by applying the “Pasteur” manual method. Both
types of crystals were subjected to single-crystal X-ray
diffraction, which confirmed the triclinic form with the space
group P1 (MSBT) and the monoclinic form with the space
group P2,/c (MSBM) (Scheme 1).

3.1. NMR Characterization of Ethyl 3-iodo-4-((4-
methylphenyl)sulfonamido)benzoate. 'H NMR (400
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Figure 1. ORTEP diagrams of MSBT (a) and MSBM (b) drawn at the 30% probability level. Small circles of arbitrary radii represent H atoms.

MHz, CDCL,) 6: 842 (d, ] = 1.1 Hz, 1H), 8.32 (d, ] = 8.5 Hz,
1H), 7.98 (d, ] = 8.6 Hz, 1H), 7.69 (s, 1H), 4.35 (q, ] = 7.1 Hz,
2H), 2.27 (s, 3H), 1.39 (t, ] = 7.1 Hz, 3H). *C NMR (101
MHz, CDCI3) &: 168.4, 164.6, 141.9, 140.1, 130.6, 127.4,
120.4, 88.6, 61.2, 24.9, 14.3.

4. DFT STUDIES

The comgutational study was done using the Gaussian 16
package.”” To evaluate some specific properties of the
compounds studied, we performed single-point calculations
using the XRD structures of MSBT and MSBM. In these
calculations, we used the hybrid functional B3LYP*® along with
the combination of the basis set of Ahlrichs and co-workers
def2-TZVP for C, H, S, O, and N°”*" and the 3-21G* basis set
for 1°' The calculations were performed with implicit effects
from ethanol taken into account (dielectric constant e-
(C,H;OH) = 24.852) using the self-consistent reaction field
IEF-PCM method?? as implemented in Gaussian 16, with the
UFF default model with the electrostatic scaling factor a set to
1.0. The charge analysis and the donor—acceptor stabilization
energy analysis were performed using the natural bond orbital
(NBO) agpproach as implemented in the Gaussian 16
package.”® Moreover, molecular electrostatic potential
(MEP) plots were calculated and analyzed. Molecular
structures and MEP plots were visualized using Avogadro
visualization software, version 1.1.1.3%3°

5. RESULTS AND DISCUSSION

5.1. Exploration of the Crystal Structures of MSBT
and MSBM. SC-XRD characterization was performed for both

crystal systems, where the Cambridge Structural Database
confirmed the novelty of these polymorphs. Table 1 provides
experimental details related to SC-XRD.

In MSBT (Figure 1, Table 1), the ethyl formate group A
(C1-C3/01/02) is roughly planar with a root-mean-square
(rms) deviation of 0.1252 A, whereas the corresponding
similar group in MSBM is almost planar with an rms deviation
of 0.0206 A. The 2-iodoanilinic group B (C4—C9/N1/11) and
the toluene group C (C10—Cl16) are planar, with rms
deviations of 0.0467 and 0.0119 A, respectively, in MSBT,
whereas in MSBM, the rms deviations of the corresponding
similar groups are 0.0095 and 0.0045 A. Group B is twisted at
dihedral angles of 9.56(3) and 89.4(8)° with respect to groups
A and C, respectively, in MSBT. The corresponding dihedral
angles are 3.31(3) and 76.9(9)° in MSBM. The dihedral angles
indicate that group B has a larger twist with respect to groups
A and C in MSBT as compared to in MSBM, but overall, both
molecules (Figure 1a,1b) are nonplanar. The important bond
lengths and bond angles of MSBT and MSBM are listed in
Table 2, and it could be seen that there is no large difference
between the values of similar bond lengths and bond angles.
The molecular configurations of both structures are stabilized
by intramolecular N—H:-I and C—H---O bonding. S(S) and
S(6) hydrogen-bonded loops are formed by N—H---I and C—
H:--O bonding, respectively (Figure 2). The crystal packing of
MSBT is different as compared to the crystal packing of
MSBM because MSBT is crystallized in the triclinic crystal
system with the space group P1, whereas MSBM is crystallized
in the monoclinic crystal system with the space group P2,/c.
The molecules of MSBT are interlinked in the form of dimers
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Table 1. Experimental Details of MSBT and MSBM

crystal data
CCDC
chemical formula
M,
crystal system, space group
temperature (K)
a, b, c (A)

a, f, v (deg)

Vv (A%)

VA

radiation type

# (mm™)
crystal size (mm)
data collection

diffractometer

absorption correction

no. of measured, independent, and
observed [I > 26(I)] reflections

Rine

(sin /1) pmax (A71)
Refinement

R[F? > 26(F*)], wR(F?), S
no. of reflections

no. of parameters

H atom treatment

Apraw Dpin (e A7)

MSBT

2237903
CsH c(INO,S
445.26
triclinic, PT
296

8.8898 (7), 9.6929
(7), 10.5211 (7)

106.183 (3), 93.105
(4), 91.467 (4)

868.60 (11)

2

Mo Ka

1.98

0.38 X 0.34 X 0.28

Bruker Kappa
APEXII CCD

Multiscan
(SADABS;
Bruker, 2007)

7096, 3268, 2955

0.036
0.617

0.029, 0.089, 1.11
3268
210

H atom parameters
constrained

0.46, —0.54

MSBM

2237904
CH(<INO,S
445.26
monoclinic, P2,/c
296

9.0358 (11), 10.0610
(11), 19.806 (2)

90, 90.728 (4), 90

18004 (4)

4

Mo Ka

191

0.38 X 0.28 X 0.24

Bruker Kappa
APEXII CCD

Multiscan (SADABS;
Bruker, 2007)

10816, 3472, 2841

0.040
0.617

0.034, 0.108, 1.04
3472
210

H atom parameters
constrained

1.00, —0.90

Table 2. Selected Bond Lengths and Bond Angles (A, °) in

MSBT and MSBM

selected bond lengths in MSBT

11-C6 2.094 (3)
S1-03 1.426 (2)
S1-04 1.433 (2)
S1-N1 1.634 (3)
$1-C10 1.756 (3)
01-C3 1.333 (4)
01-C2 1.449 (4)
02-C3 1.195 (4)
N1-C7 1.404 (4)
selected bond angles in MSBT
03-S1-04 119.64 (15)
03-S1-N1 109.32 (14)
04-S1-N1 103.10 (14)
03-S1-C10 107.96 (15)
04-S1-C10 108.81 (15)
N1-S1-C10 107.39 (14)
C3-01-C2 116.7 (3)
C7-N1-S1 126.5 (2)
01-C2-C1 108.0 (4)
02-C3-01 123.6 (3)
02-C3-C4 124.0 (3)
C8-C7-N1 122.7 (3)
C6—C7-N1 119.4 (3)
C11-C10-S1 120.1 (2)
C15—-C10-S1 119.3 (3)

selected bond lengths in MSBM

11-Cé6 2.107 (3)
S1-04 1.424 (3)
S1-03 1.436 (3)
S1-N1 1.652 (3)
S1-C10 1.741 (4)
01-C3 1.323 (6)
01-C2 1.453 (5)
02-C3 1.189 (S)
N1-C7 1.413 (5)
selected bond angles in MSBM
04-51-03 119.68 (18)
04—S1-N1 108.95 (18)
03-S1-N1 103.43 (17)
04-S1-C10 108.53 (18)
03-S1-C10 109.39 (18)
N1-S1-C10 105.99 (18)
C3-01-C2 116.0 (4)
C7-N1-S1 125.1 (3)
01-C2-C1 106.9 (5)
02-C3-01 123.0 (4)
02-C3-C4 124.3 (4)
C8—C7-N1 121.8 (4)
C6—C7-N1 120.0 (3)
C11-C10-S1 1194 (3)
C15—C10-S1 120.5 (3)

through N—H-+-O bonding to form the R3(8) loop, where the
O atom is from the sulfonyl group. The dimers are further
connected with each other through C—H--O bonding, where
CH is from group A and the O atom of the sulfonyl group that
is not involved in formation of the dimer acts as a H-bond
acceptor (Figure 2). The CH of group C also acts as a H-bond
donor for the carbonyl O atom of group A. The molecules of
MSBM are connected with each other in the form of an infinite
chain (C11) through C—H---O bonding carbonyl O atom of
group A. In the case of MSBM, no intermolecular N—H:--O
bonding exists and also the sulfonyl O atoms and CH of group
A are not involved in H-bonding. The crystal packing of both
compounds is further stabilized by offset z---w stacking
interactions between phenyl rings (C1—C6) of the symme-
try-related molecules. Offset 7---7 stacking interactions are
stronger in MSBM (Figure 3a) as compared to those in MSBT
(Figure 3b). The intercentroid separations between the rings
are 4.17 and 3.84 A in MSBT and MSBM, respectively. The
ring offsets are 2.126 and 1.373 A in MSBT and MSBM,
respectively (Table 3).

A Cambridge structural database (CSD 2022, updated
September 2022) search is performed in order to find the
related crystal structures of the literature. The search provides
three crystal structures with the reference codes DAYWUW,®
LANYEG,”” and ODASAO™® that have close similarity to the
crystal structures of MSBT and MSBM. The above-mentioned
related crystal structures have a toluene ring at one end but do
not have an iodine atom. As compare to the crystal structure of
the compound MSBM, the crystal structure of the related
compounds are crystallized in the monoclinic crystal system
but the space group of DAYWUW and LANYEG is P2,/n. The
dihedral angles between the phenyl rings are 88.18 (1) and
77.16 (1)° in MSBT and MSBM, respectively. The dihedral
angles between the corresponding rings in the crystal
structures of DAYWUW, LANYEG, and ODASAO are 93.4
(1), 88.05 (7), and 34.7 (1)°, respectively. The similarity in
terms of crystal packing is that intermolecular N—H:--O
bonding is present in DAYWUW, LANYEG, and ODASAO. In
DAYWUM, the molecules are stacked along the b-axis by N—
H--O bonding, whereas in LANYEG, the three-dimensional
network of molecules is formed by N—H--O and C—H:---O
bonding. In ODASAO, the molecules are connected in the
form of a chain by N—H:--O and O—H:--O bonding that runs
along the [011] direction.

5.2. Hirshfeld Surface Analysis. The exploration of the
supramolecular assembly in single crystals is getting more and
more attention from researchers and industrialists nowadays as
the properties of single crystals depend on the way the
molecules are packed together. The supramolecular assembly is
mainly stabilized by the noncovalent interactions or
intermolecular interactions. In this perspective, we are going
to elaborate on the intermolecular interactions present in
MSBT and MSBM by Hirshfeld surface analysis on Crystal
Explorer version 21.5.” In order to make that analysis
interesting for readers, we are going to compare the
intermolecular interactions in MSBT and MSBM with the
intermolecular interactions in the closely related crystal
structure of the literature with the reference code DAYWUW.
The concept of Hirshfeld surface emerged when the
researchers were trying to divide the crystal density into
molecular fragments. Hirshfeld surface can be formed by using
a number of properties like normalized distances (d,om), d; dey
shape index, curvedness, etc. Information regarding the short
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Figure 2. Packing diagram of (a) MSBT and (b) MSBM. Only selected H atoms are shown for clarity.

contacts can be extracted by the Hirshfeld surface plotted over
don 7% The surface contained three colors: red, blue, and
white. Red and blue spots on the surface showed short and
long contacts, respectively. The contacts for which the distance
between the atoms is equal to the sum of the van der Waal
radii of the atoms are shown by white spots. The red around
the NH group and O atoms of the sulfonyl group in the case of
the Hirshfeld surface of MSBT (Figure 4a) showed that these
atoms are involved in H-bonding interactions. Similarly, the
red spot around the particular O atom of the sulfonyl group in
the case of the Hirshfeld surface of MSBM (Figure 4b) showed
its involvement in H-bonding. The red on the surface around
the iodine atom in the case of MSBT showed a short I.--I
contact of 3.7903 (4) A, whereas in MSBM, it showed a short
I-O contact of 3.0618 (3) A. The red spot around the NH
group and the carbonyl O atom in the case of the Hirshfeld
surface of DAYWUW (Figure 4c) showed their involvement in
H-bonding interactions, but no red spot around sulfonyl O
atoms inferred that these atoms play no significant role in
stabilization of the crystal packing.

The intermolecular interactions that are weaker than the H-
bonding interactions can be visualized and verified by plotting
the Hirshfeld surface over the shape index. The presence of
consecutive red and blue triangular-shaped regions around the
aromatic ring is the conformation of its involvement in 7---7
stacking interactions. The above-mentioned regions are found
on the surface of MSBT, MSBM, and DAYWUW (Figure Sa—
c), verifying that 7+ stacking interactions are present in these
compounds. The presence of 77 stacking interactions in

MSBT, MSBM, and DAYWUW is also confirmed by flat green
regions around aromatic rings on the surface plotted over
curvedness (Figure 5d—f).”” The flat green regions are
outlined by dashed circles and ellipses.

The overall interactions present in the single crystal can be
fragmented in order to find the contribution of contacts in the
crystal packing.**™*’ For that purpose, two-dimensional (2D)
fingerprint plots are formed. Figure 6a,e,i shows the 2D plot of
overall interactions in MSBT, MSBM, and DAYWUW,
respectively. As each 2D plot of overall interaction has a
unique shape, it is a clear indication that the same contacts in
MSBT, MSBM, and DAYWUW have different contributions in
the crystal packing. The interatomic and intermolecular
contacts H---H, H---O, and H---C are the main contributors
to the crystal packing in the cases of MSBT, MSBM, and
DAYWUW. The contributions of H---H, H---O, and H---C
contacts in the crystal packing of MSBT are 39.5, 23.9, and
16.3%, respectively (Figure 6b—d). The contributions of the
corresponding contacts in MSBM are 36.8, 24.4, and 19.4%,
respectively (Figure 6f—h), and in DAYWUM, they are 44.5,
27.5, and 22.9%, respectively (Figure 6j—k). Although the NH
contacts are also important as there is NH—O bonding, the
crystal structures of MSBT, MSBM, and DAYWUW possessed
only one NH group, so the contribution of this contact is
smaller as compared to the contribution of contacts shown in
Figure 6. All pairs of chemical species present in the single
crystal have a unique ability to be involved in intermolecular
interactions. Some contacts have a higher tendency to form
crystal packing interactions as compared to other contacts. The
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Figure 3. Graphical representation of offset -7 stacking interactions in (a) MSBT and (b) MSBM. H atoms are not shown for clarity. Distances

are given in A.

Table 3. Hydrogen-Bond Geometry (A, °) in MSBT and
MSBM“

MSBT D—H--A D-H H-A D--A £(D—H--A)°
N1-H1--I1 086 270 3225 (2) 121
C8—H8--03 093 248  3.086 (4) 123
N1-H1.--04 0.86 2.55 3.114 (3) 124
C1-HI1A---O3" 096 255 3.469 (5) 160
C15—-H15--04"  0.93 249  3.380 (5) 160

MSBM D—H--A D-H H-A D--A £(D—H-A)°
NI1-H1--I1 086 286  3.237 (3) 108
C8—HS8--04 093 241  3.064 (5) 127
Cl1-H11--02% 093 258  3.252(5) 130

“Symmetry codes: (1) —x + 1, —-y+1,—z+1; (ii) —x + 1, =¥ =z
(iii) x, y + 1, z.

tendency of the pair to form a crystal packing interaction can
be determined by the enrichment ratio.””' The pair for which
the enrichment ratio is greater than 1 has a higher tendency to
form crystal packing interactions as compared to the other
pairs. Tables S1—S3 show the enrichment ratio of the pairs of
species in MSBT, MSBM, and DAYWUW. The most favorable
contact in MSBT is C---I with enrichment ratio 1.64, whereas
the most favorable contacts in MSBM and DAYWUW are C--

O (with enrichment ratio 1.48) and N---H (with enrichment
ratio 1.42), respectively (Figure 7).

The properties of a single crystal depend on the voids
present in it. The crystal having no large cavities is expected to
have better mechanical properties as compared to the crystal
with large cavities. We calculate voids in MSBT, MSBM, and
DAYWUW by using the Hartree—Fock theory.””~>* According
to this theory, all of the atoms are assumed to be spherically
symmetric and electron densities of the atoms are summed for
calculating voids. The volumes of voids are found to be 111.02,
282.15, and 205.68 A3 in MSBT, MSBM, and DAYWUW,
respectively. The percentage spaces occupied by voids in
MSBT, MSBM, and DAYWUW are 12.78, 15.67, and 13.02%,
respectively. As the voids occupy a tiny space in the crystal
packing of the compounds, it means that there is no large
cavity in the compounds. The compounds are expected to have
good mechanical properties like melting point, mechanical
strength, etc.

In order to further explore the supramolecular assembly, we
calculated the interaction energy between molecular pairs. The
interaction energy between a molecular pair is the sum of four
types of energies, named as Coulomb, repulsion, dispersion,
and polarization.”>™* The Coulomb energy can be attractive
(negative) or repulsive (positive), whereas dispersion energy is
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Figure 4. Hirshfeld surface plotted over for (a) MSBT in the range —0.1925 to 1.3289 au, (b) MSBM in the range —0.2598 to 1.4899 au, and (c)

DAYWUW in the range —0.4971 to 1.2190 au.

(a)

Figure S. Hirshfeld surface plotted over the shape index in the range of —1 to 1 au, for (a) MSBT, (b) MSBM, and (c) DAYWUW. Hirshfeld
surface plotted over curvedness in the range of —4 to —0.4 au, for (d) MSBT, (e) MSBM, and (f) DAYWUW.

always attractive. These two types of energies play prominent
roles in defining the total energy between a molecular pair. The
interaction energies are calculated for a 3.8 A cluster around
the reference molecule (molecule present in the asymmetric
unit), and the HF/3-21G electron density model is used for
calculations using TONTOs that is built in software in Crystal
Explorer version 21.5. The Coulomb energy is repulsive for a
molecular pair with intermolecular distances of 9.69 and 12.16
A and zero for the molecular pair with an intermolecular
distance of 1548 A in MSBT (Table 4). For MSBM, the
Coulomb energy is repulsive only for one pair with an
intermolecular distance of 9.94 A (Table S4), whereas in
DAYWUW, Coulomb energy is not repulsive for any pair
(Table SS). The Cartesian coordinates of the atoms that are
used for the interaction energy calculations are given in Table
SS for MSBT, MSBM, and DAYWUW, respectively. In the
case of MSBT, the Coulomb energy is the greatest (negative)
for the molecular pair with an intermolecular distance of 7.30
A, whereas the dispersion energy is the greatest for the
molecular pair with an intermolecular distance of 6.20 A. The
corresponding energies for MSBM and DAYWUW are given
in Table S5. The total attractive energy is the greatest for the

molecular pair with intermolecular distances of 6.20 A in
MSBT, 6.07 A in MSBM, and 7.86 A in DAYWUW. In order
to further explore the contribution of Coulomb and dispersion
energies in defining the total interaction energy, energy
frameworks are constructed. In energy frameworks, the center
of the interacting molecules is connected by a cylinder whose
width is directly proportional to the strength of the interaction
energy. For MSBT, MSBM, and DAYWUW, the width of the
cylinder for the energy frameworks of dispersion energy is
greater than the width of cylinders for the Coulomb energy
(Figure 8), which showed that the dispersion energy is the
most significant contributor in defining the total interaction
energy in these compounds. We conclude that dispersion
energy plays a prominent role in the stabilization of crystal
packing.

5.3. DFT Study Results. 5.3.1. Natural Bond Orbital
(NBO) Analysis. Table 5 summarizes NBO charges on the
selected atoms of the compounds MSBT and MSBM (see
Figures 1 and 9 for the atom numbering), and Table S8
summarizes the results of the second-order perturbation
analysis for them. Analysis of the results in Table 5 shows
quite noticeable negative charges on Il in both compounds,
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Figure 6. 2D plot of overall interactions and for the important interatomic contacts in the cases of (a—d) MSBT, (e—h) MSBM, and (i—1)
DAYWUW.
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Figure 7. Graphical representations of voids in the crystal packing of (a) MSBT, (b) MSBM, and (c) DAYWUW.

—0.171 to —0.181e on N1; —0.175 to —0.261e on the oxygens
Ol and 02; —0.278 to —0.281e and —0.365 to —0.371e,
respectively, on the oxygens of the sulfonyl group O3 and O4;
—0.472 to —0.474e and —0.495 to —0.503e, respectively, along
with quite noticeable positive charges on S1; 0.818—0.839¢ on
the hydrogen bound to NI; 0.148—0.177¢ on the H atoms
located close to the O atoms, such as H(C11), 0.155—0.159¢;
H(C1), 0.114—0.115¢; H(C8), 0.157—0.183¢; and H(CS),
0.143—0.148¢. These results suggest the formation of intra-
molecular N—H---I bonding and possible C—H---O bonding
interactions (cf. C—H--O bond distances in Figure 9 and
Tables 2 and 3), along with possible N—H--O—-S$ intra-
molecular hydrogen-bonding formation (the N—H--O-S$
bond distances are relatively short, 2.429 and 2.469 for
MSBT and MSBM, respectively; cf. Figure 9a,b). However, it
should be noticed that the intramolecular N—H---I bonding in
MSBT should be stronger than that in MSBM, which follows
from the longer N—H--I distance in the second compound,
2.865 vs 2.701 A in MSBT, and is further supported by the
donor—acceptor interaction analysis (see below). Moreover,
these results further suggest formation of various intermo-
lecular interactions, thus supporting the results of the Hirshfeld
analysis (see above). It should also be noticed that calculated
charges for both compounds are in general quite similar, which
is clear due to structure similarities, although some differences
can be seen as well (Figure 10).

Next, the results of the NBO second-order perturbation
theory analysis (see Table S8) show the presence of various
intramolecular donor—acceptor interactions in both com-
pounds. Among these, we can highlight the following
donor—acceptor interactions in MSBT: between the benzene

ring and the ether group, 7(C4—CS) — 7*(02—-C3), with
stabilization energy 22.10 kcal/mol; within the benzene rings,
7(C4-CS) — =*(C8-C9), n(C6—C7) — x*(C4—CS),
z(C8—C9) — n*(C6—C7), n(C10-Cll) — #*(Cl4—
C15), #z(C12-C13) — 7z*(C10-C11), 7(C12—C13) —
7%(C14—C15), 7(C14—C15) — *(C12—C13), with stabili-
zation energies within 20.24—26.13 kcal/mol; interactions
involving the carbonyl group, LP(02) — ¢*(C3—01) and
LP(02) — 6*(C3—C4), with stabilization energies 33.65 and
21.04 kcal/mol, respectively; interactions involving the sulfonyl
group, LP(03) — ¢*(S1—-C10), LP(03) — ¢%(S1—04), and
LP(0O4) — 06*(S1-03), with stabilization energies 20.89,
20.56, and 22.48 kcal/mol, respectively; and interactions
within the 2-iodoanilinic group, LP(N1)— 7%(C6—C7), with
stabilization energy 31.77 kcal/mol. Also, it is necessary to
mention the relatively weak interaction LP(I1) — ¢*(N1—
H(N1)), with a stabilization energy of 1.25 kcal/mol, which
supports the formation of the intramolecular N—H:--I bonding
in MSBT (see above).

Next, we can highlight the following donor—acceptor
interactions in MSBM: within the benzene rings, 7(C4—C9)
- n*(C5-C6), n(C5—C6) — n*(C7—-C8), n(C7-C8) —
7*(C4—C9), n(C10—-C15) - »*(C11-C12), n(C13—C14)
- a*(C10—C15), #(C11-C12) — *(C13—Cl14), with
energies within 20.57—27.64 kcal/mol; interaction between
the benzene ring and the carbonyl group, z(C4—C9) —
#*(02—C3), with stabilization energy 20.44 kcal/mol;
interactions involving the carbonyl group, LP(O1l) —
7#(02—-C3), LP(02) — o¢*(01-C3), and LP(02) —
6*(C3—C4), with stabilization energies within 22.13—54.87
keal/mol; interactions involving the sulfonyl group, LP(04) —
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Table 4. Interaction Energies between Molecular Pairs in MSBT“

%E_attract | %E_attract | %E_attract
N|Symop (R E ele|E_pol|E_dis [E_rep|E_tot|E_attract (E_ele E_pol E_dis
X, -y, -97.8 22.4 5.83 71.8
1 6.20 |-21.9| -57 | -70.2 | 413 |-55.7
-Z
2(x,y,z[9.69| 15 | -1.8 | -26.2 9.2 |-15.7 -28 0 6.42 93.4
2| x,y,z[12.16] 3.1 | -1.5 | -10.2 4.0 | -3.8 -11.7 0 12.8 87.2
X, -Y, -66.9 9.11 4.63 86.2
1 855 | -6.1 | 3.1 -57.7 | 214 |-43.0
-z
-X, -y, -15.1 45 2.65 523
1 919 | -6.8 | -04 -7.9 164 | -1.0
-Z
2(x,y,z|1298] -03 | -0.3 -5.1 24 | -3.1 -5.7 5.26 5.26 89.5
-X, -y, -41.6 39.2 17.8 38.8
1 8.01 [-163] -74 | -17.9 4.1 |-342
-Z
-X, -y, -54.6 45.9 143 39.7
1 9.71 |-25.1| -7.8 | -21.7 15.8 [-37.3
-Z
X, -y, -112 45.4 15.7 39.8
1 7.30 |-50.8 | -17.6 | -43.6 | 36.0 |-73.4
-z
2|x,y,z |88 -74 | -2.7 -7.2 24 [-139] -173 42.8 15.6 41.6
X, -y, -28.6 8.74 6.64 84.6
1 856 | -25 | -1.9 | 242 | 11.7 |-16.0
-z
X, -y, -12.3 13.8 7.31 78.9
1 15.02| -1.7 | -0.9 -9.7 14 |-10.0
-z
X, -y, -6.1 0 1.64 98.4
1 15.48( 0.0 | -0.1 -6.0 35 | 27
-z
Energy Model k ele |k pol [k disp [k rep
CE-HF ... HF/3-21G
» 1.019( 0.651| 0.901( 0.811
electron densities

“R is the center-to-center distance between the molecules.

6*(S1-C10), LP(04) — ¢6*(S1-03), and LP(03) —
06%(S1—04), with stabilization energies 20.27, 20.80, and
21.86 kcal/mol, respectively; and interactions within the 2-
iodoanilinic group, LP(N1)— 7*(C7—C8), with stabilization
energy 20.11 kcal/mol. No interaction with LP(I1) —
6*(N1-H(N1)) was found.

Furthermore, it is of interest to compare the NBO energies
of intramolecular hydrogen bonding and hydrogen-bonding-
like interactions (we classify this way LP(O) — o¢*(C—H)
interactions) in our compounds with NBO energies of

intramolecular hydrogen bonding for several amides consid-
ered by Aguilar-Castro et al.>” In this work, the calculated
NBO energies of intramolecular hydrogen bonding are
generally within ca. 1—3 kcal/mol, and only two energies are
larger, 20.02 and 9.47 kcal/mol. Our results are in quite good
agreement with these data, because for the compounds MSBT
and MSBM, the calculated energies of intramolecular hydrogen
bonding and hydrogen-bonding-like interactions are generally
lower than 5 kcal/mol; see the above as an example of the
stabilization energy for the LP(I1) — o*(N1-H(N1))
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Figure 8. Energy frameworks for (a, b) Coulomb and dispersion energies of MSBT, (c, d) Coulomb and dispersion energies of MSBM, and (e, f)
Coulomb and dispersion energies of DAYWUW.

Table 5. Selected NBO Charges, ¢, for the Compounds MSBT and MSBM

MSBT

atom 11 S1 N1 H (N1) o1 02 03 04 H(C11) H(C1) H(C8) H(Cs)

charge, e —0.181 0.818 —0.175 0.148 —0.281 0371 —0472  —0.495 0.155 0.114 0.157 0.148
MSBM

atom 11 S1 N1 H (N1) o1 02 03 04 H(CIl) H(Cl) H(C8) H(CS)

charge, e —0.171 0.839 —0.261 0.177 —0278  —0.365 —0474  —0.503 0.159 0.115 0.183 0.143

Figure 9. Structures of compounds MSBT (a) and MSBM (b) with the atom numeration as in Figure 1. The selected interatomic bond distances
are given in A. Color coding is as follows: dark gray for C, light gray for H, lilac for I, red for O, yellow for S, and dark blue for N.

(@) ®)

Figure 10. MEP plots for compounds MSBT (a) and MSBM (b).

interaction, 1.25 kcal/mol. The only stabilization energy for 5.25 keal/mol, for the MSBT compound (see Table S8). It is
the hydrogen-bonding-like interaction higher than S kcal/mol also worth noting that the comparison of the calculated NBO
is the energy of the LP(O1) — ¢*(C2-HA(C2)) interaction, energies of intramolecular hydrogen bonding should be
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performed carefully because our compounds are different from
the compounds considered by Aguilar-Castro et al.

It should also be noticed that the calculated stabilization
energies for both compounds are in general similar, which is
clear due to structure similarities, although some noticeable
differences can be seen as well.

Thus, as can be seen, the NBO analysis results provide good
support for the SC-XRD and Hirshfeld studies, suggesting the
formation of both intramolecular and intermolecular inter-
actions for both compounds.

5.3.2. Molecular Electrostatic Potential (MEP) Analysis.
Molecular electrostatic potential plots for both compounds are
quite similar due to their structural similarities, with negative
potential accumulation (as shown by red) occurring on the
oxygens of the sulfonyl and carbonyl groups (especially on O1)
and positive potential accumulation (as shown by blue)
occurring on the N—H group and on the hydrogens connected
to C2, Cl14, and C15. This positive and negative potential
accumulation suggests the formation of both intramolecular
and intermolecular interactions, thus supporting the results of
the SC-XRD and Hirshfeld surface analysis studies.

6. CONCLUSIONS

The orientation of the sulfonamide group plays a key role in
determining the crystal shape of substituted aromatic
sulfonamides as it can present different kinds of intermolecular
attractive forces depending on their orientation. Two
polymorphic forms, triclinic (MSBT) and monoclinic
(MSBM) of ethyl 3-iodo-4-((4-methylphenyl)sulfonamido)-
benzoate, have been observed. The structure of these
polymorphs has been confirmed by a single-crystal analysis.
According to SC-XRD analysis, the molecular configuration
structures of these polymorphs are stabilized by intramolecular
N-H:--I and C—H:--O bonding together with the offset 7---7
stacking interactions between phenyl rings, which are found to
be stronger in MSBM as compared to MSBT. According to
Hirshfeld surface analysis, the supramolecular assembly of
these polymorphs is mainly stabilized by noncovalent
interactions or intermolecular interactions. The NBO and
MEP analysis results provide good support for the SC-XRD
and Hirshfeld studies, suggesting the presence of both
intramolecular and intermolecular interactions in both
compounds. The combined experimental and theoretical
analysis has found good agreement and indicates good
mechanical properties of these polymorphs.
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