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The Schiff base of the title has been synthesized and its crystal structure determined by single-crystal X-ray dif-
fraction. The compound was characterized by IR, Raman, 'H NMR, '>C NMR and electronic absorption spectra.
DFT calculations provide the quantum chemical basis for the observed molecular conformation. A study of inter-
molecular interactions of the title compound is compared with seven other closely related structures and reveals
that molecules in most of the compounds are linked by a cooperative effect of strong and weak hydrogen bonds,
C—Hm, and 11 stacking interactions, and also Ip-m contacts. Lattice energy calculations indicate that the
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Sulfa drugs dispersion component is the major contribution, with the coulombic term playing a significant role in the total
Schiff bases energy. Interaction energies for molecular pairs involving N—H- - -N bonds indicate a dominant contribution to

packing stabilization coming from coulomb component. Hirshfeld surfaces and 2D-fingerprint plots allowed us
to visualize different intermolecular contacts and its relative contributions to total surface in each compound.
The analysis of electrostatic potential (ESP) maps correlates well with the computed energies providing
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evidences on the dominant electrostatic nature of N—H- - -N and N—H- - - O interactions.

© 2017 Published by Elsevier B.V.

1. Introduction

Sulfonamides are considered potent antimicrobial agents [1].
Nowadays there are some problems associated with the occurrence of
drug-resistant microbial strains and the demand for new and better an-
tibacterial compounds makes relevant the research on this field and the
search for new antimicrobial agents. Sulfonamides can be used for the
treatment of different infections including chancroid, nocardiosis and
infections in the urinary tract caused by some microorganism like E.
coli and others. These compounds can exhibit a wide variety of pharma-
cological activities such as anti-tumor, anti-viral, anti-fungal, anti-
carbonic anhydrase, diuretic, among others [2-5].

Sulfamethoxazole is a well-known antibacterial sulfa drug and the
presence of the amino group in this compound leads the formation of
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Schiff bases by condensation with aldehydes. Schiff bases provide
more potential sites for chemical and biological activities of different
compounds. Schiff bases are characterized by the azomethine functional
group (—RC = N—) and have a wide range of biological activities, in-
cluding anti-bacterial, anti-fungal, anti-malarial, anti-viral, anti-prolif-
erative and anti-inflammatory properties [6-8]. Schiff bases are also of
interest in industrial fields [9] and as corrosion inhibitors [10], ther-
mo-stable materials [11], as well as, powerful ligands in the formation
of coordination compounds [12]. Recently, Mondal and co-workers
have reported the synthesis and structural characterization of Schiff
bases derived from sulfamethoxazole and substituted salicylaldehydes
[13]. These compounds exhibit antimicrobial activity against several
Gram-positive and Gram-negative bacteria.

In continuation of our interest on Schiff bases [14], in the present
work we report the synthesis, crystal structure and spectroscopic
study of the Schiff base 4-(4-dimethyl aminobenzylideneamino)-N-
(5-methyl-3-isoxazolyl)benzenesulfonamide (for short, BA-SMX). The
substance was characterized by IR, Raman, UV-Vis, 'H and '>C NMR,
electronic spectra and single-crystal X-ray diffraction. The measure-
ments were complemented with quantum chemical calculations
based on DFT methods. Lattice energies and pair-wise energy
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interaction of different molecules have been calculated to determine the
different energy components contributing to crystal stabilization
[15,16] for BA-SMX and seven other related structures. Hirshfeld surface
(HS) based tools such as d;orm, shape index and curvedness surface
properties [17-20] have been used to explore the packing modes and
visualize the intermolecular interactions. Full and decomposed 2D-
fingerprint plots have been derived from HS to determine the relative
contribution of each type of interaction [21,22]. Furthermore, electro-
static potential (ESP) maps [23,24] have been calculated to visualize
and estimate the electrostatic nature of interactions, which are impor-
tant to estimate how the molecules align and link to biological receptors.
Finally, the Natural Bond Orbital (NBO) analysis was performed and the
donor-acceptor energies were calculated by the second-order perturba-
tion theory. This study was employed to calculate donor interaction en-
ergies, which provide an appropriate basis for understanding charge
transfer or conjugative interactions in the analyzed molecular system.

2. Experimental
2.1. Synthesis

The Schiff base BA-SMX was synthesized by condensation of sulfa-
methoxazole (SMX) and 4-(dimethylamino)benzaldehyde (BA). An
ethanol solution of SMX (1 mmol) was mixed with 1 mmol of BA in eth-
anol. The mixture was stirred and refluxed at 80 °C during 12 h and the
progress was followed by TLC. On completion, the reaction mixture was
cooled and the yellow solid formed was isolated by filtration and
washed with cool ethanol. The solid was re-crystallized from hot etha-
nol. Suitable crystals for XRD measurements were obtained by slow
evaporation of a methanol solution of BA-SMX (See Scheme 1)

Compound 1:

4-(4-dimethylaminobenzylideneamino)-N-(5-methyl-3-isoxazolyl)
benzenesulfonamide (BA-SMX). Yellow crystalline solid; yield: 56%;
melting point: 228 °C; 'H NMR (CDCls, § ppm): 2.37 (d, 3H), 3.07
(s, 6H), 6.25 (d, 1H), 6.75 (d, 2H), 7.19 (d, 2H), 7.74 (d, 2H), 7.81
(d, 2H), 8.23 (s, 1H). >C NMR (CDCls, 6 ppm): 12.61 (C-10), 40.05
(C-19), 95.53 (C-8), 111.53 (C-16), 121.67 (C-5), 124.11 (C-12), 128.49
(C-6), 131.12 (C-17), 134.43 (C-1), 153.12 (C-15), 157.57 (C-4, C-7),
162.23 (C-11), 171.08 (C-9).

2.2. Instrumentation

The melting point was determined by Differential Scanning Calorim-
etry (DSC) on a Perkin Elmer Pyris DSC 6 calorimeter. The 'H (200 MHz)
and '3C (50.3 MHz) NMR spectra were recorded on a Varian Unity 200
spectrometer in CDCl3 using tetramethylsilane (TMS) as internal refer-
ence. The solid state IR absorption spectra were measured on an FTIR
Perkin Elmer GX1 in the 4000-400 cm™ ' range. The Raman dispersion
spectra were recorded using a Thermoscientific DXR Raman micro-
scope. The UV-Visible spectra were measured with a Beckman/DU
7500 spectrophotometer in the spectral region of 200-800 nm on a
sample dissolved in acetonitrile at a concentration of 10~° M.
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2.3. X-ray Diffraction Data

The measurements were performed on an Oxford Xcalibur, Eos,
Gemini CCD diffractometer with graphite-monochromated CuKo
(N = 1.54184 A) radiation. X-ray diffraction intensities were collected
(o scans with ¢ and k-offsets), integrated and scaled with CrysAlisPro
[25] suite of programs. The unit cell parameters were obtained by
least-squares refinement (based on the angular settings for all collected
reflections with intensities larger than seven times the standard devia-
tion of measurement errors) using CrysAlisPro. Data were corrected
empirically for absorption employing the multi-scan method imple-
mented in CrysAlisPro.

The structure was solved by the ‘intrinsic phasing’ method imple-
mented in SHELXT program [26]. The initial molecular model was re-
fined with atomic anisotropic displacement parameters by full-matrix
least-squares procedure with SHELXL of the SHELX package [26]. All
H-atoms were found in a difference-Fourier map. All hydrogen atoms,
but the ones of the methyl groups, were refined at their found positions
with isotropic displacement parameters. The methyl H-atoms were re-
fined with the riding model, as rigid groups allowed to rotate around
their corresponding C—C and N—C bonds such as to maximize the
sum of the observed residual electron density at their calculated posi-
tions. Crystal data and structure refinement results are summarized in
Table 1.

Geometric parameters of m-stacking interactions were calculated
with PLATON for Windows Taskbar v1.17 [27] and the molecular struc-
ture was plotted using MERCURY [28].

Full crystallographic data have been deposited with the Cambridge
Crystallographic Data Centre (CCDC 1543530).

24. Computational Methods

Quantum chemical calculations have been performed using the
Gaussian 03 program [29]. Geometry optimizations and vibration fre-
quency calculations were carried out with the Density Functional
Theory (DFT) using the hybrid functional with non-local exchange due
to Becke (B3) and the correlation functional due to Lee-Yang-Parr |30,
31]. The calculations were carried out using 6-311 4++G(d,p) basis set.
The potential energy distribution (PED) was calculated using VEDA4
program [32,33]. Electronic transitions were calculated within the
Time-Dependent Density Functional Theory (TD-DFT) [34] in gas
phase and taking into account implicitly the solvent effect (acetonitrile)
at B3LYP/6-311 ++G(d,p) level of theory. The Natural Bond Orbital
(NBO) analysis for the compound under study was performed at
B3LYP/6-311 ++G(d,p) approximation using the NBO 3.1 program im-
plemented in the Gaussian 03 package [29]. The Gauge-including atom-
ic orbital (GIAO) method [35] was used to calculate the 'H and '3C
chemical shifts at B3LYP/6-311 4 G(2d,p) approximation.

2.5. Lattice and Interaction Energies

For each crystal under consideration lattice energy and intermolecu-
lar interaction energies for specific molecular pairs were calculated
using the CLP (Coulomb-London-Pauli) approach implemented in the

NH
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)
N
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Scheme 1. Synthesis of 4-(4-dimethylaminobenzylideneamino)-N-(5-methyl-3-isoxazolyl)benzenesulfonamide.
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Table 1

Crystal data and structure refinement for BA-SMX (compound 1).
Empirical formula Cy9H20N405S
Formula weight 384.45
Temperature/K 293(2) [2]
Crystal system monoclinic
Space group P2;/n

Unit cell dimensions

Volume/A3

zZ

p calc./mg mm~
wmm~!

F(000)

Crystal size/mm?

Theta range for data collection
Index ranges

3

Reflections collected
Independent reflections
Data/restraints/parameters
Completeness to theta
Goodness-of-fit on F2

Final R indexes® [I > 20 (I)]

Largest diff. peak/hole/e A3

a = 15.7553(5) A
b = 6.9061(2) A
c =18.6278(5) A
B =110.789(3)
1894.9(1)

4

1.348

1.751

808

0.295 x 0.158 x 0.079
3.17t072.52°
—19<h<17
—8<k=<5
—18<1<22
7547

3690 [R(int) = 0.0221]
3690/0/291
67.684 (100%)
1.058

R1 = 0.0392
WR2 = 0.1130
0.349/—0.228

* Ry = S|IF|=|Fll/2IF |, WRz = [EwW(|Fo P | E )/ 2w (| o )]2.

PIXEL program package, [36,37] which enables partitioning of the total
energy into their coulombic, polarization, dispersion and repulsion
contributions.

2.6. Hirshfeld Surface Calculations

Hirshfeld surfaces and the associated 2D-fingerprint plots [38-40]
are generated using CrystalExplorer3.0 software [41]. The normalized
contact distance (dnorm) enables the identification of the regions of par-
ticular importance to the intermolecular interactions, being d,orm a
symmetric function of distances to the surface from nuclei inside and
outside the Hirshfeld surface (d; and d., respectively), relative to their
respective van der Waals radii. Hirshfeld surfaces for title structure
were also mapped with shape index and curvedness properties. The
2D-fingerprint plot provides decomposition of Hirshfeld surfaces into
relative contribution of different intermolecular interactions present in
crystal structure. A color scale of red (shorter than vdW separation)-
white (equal to vdW separation)-blue (longer than vdW separation)
is used to visualize the intermolecular contacts. The 3D dyorm Surfaces
are mapped over a fixed color scale of —0.050 (red) to 0.140 (blue),
shape index mapped in the color range of —1.0 a.u. (concave) to
1.0 a.u. (convex) A, and curvedness in the range of —4.0 a.u. (flat) to
4.0 a.u. (singular) A. The 2D-fingerprint plots are displayed by using
the translated 0.6-2.8 A range, and including reciprocal contacts.
Decomposed electrostatic potentials were mapped on the Hirshfeld sur-
faces on 0.008 eA~2 isosurfaces over the range — 0.06 a.u (red), through
0 (white), to 0.06 a.u (blue) [42], at the Hartree-Fock theory and 6-
31G(d)/cc-pVDZ basis sets using the TONTO program[43] integrated
into CrystalExplorer.

3. Results and Discussion
3.1. Description of Molecular and Crystal Structure

Fig. 1 shows an ORTEP [44] drawing of the molecular structure of BA-
SMX determined by X-ray diffraction methods (a) together with the

computed molecular structure (b) at B3LYP/6-311 ++G(d,p) approxi-
mation. Selected bond lengths, angles and torsion angles are listed in
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Table 2. The C1—S bond length of 1.760(2) A is in accordance with a
normal single-bond value and matches well with those observed in
other sulfonamides [45-48]. The S—N bond length of 1.637(2) A indi-
cates a double-bond character [49]. The S—O bond distances are similar
to those found in similar structures [45-48]. The C18—N4—C15
[121.0(2)°] and C19—N4—C15 [121.5(2)°] bond angles around 120°
are consistent with the sp? hybrid character of N4 atom. These distances
do not vary significantly in sulfonamides structures despite the different
intermolecular interaction pattern observed. The bond lengths and an-
gles in benzene rings have characteristic values as expected for a reso-
nant structure. The angular disposition of bonds around the S atom
deviates significantly from that of a regular tetrahedron. The largest de-
viation is in the angle 01—S—02 [120.71(9)°] and the smallest value is
observed in the angle N2—S—O02 [107.67(9)°]. These results are in
agreement with the non-tetrahedral arrangement commonly observed
in sulfonamides [45-48,50,51]. The C=N bond length of 1.277(2) A is
consistent with a C=N double bonding.

The group of atoms involving the R1-ring (C12—C17) and the
azomethine C11=N1 double bond is nearly planar, with the largest de-
viations from the best plane being —0.0545(1) A for C11 atom. The R2-
ring (C1—C6) is significantly twisted around N1—C4 bond as reflected
by the C11—N1—C4—C3 torsion angle of 136.4(2)°. The N4/C18—C19
fragment and R1-ring plane are nearly coplanar, showing
C18—N4—C15—C14 and C19—N4—C15—C14 torsion angles of
—177.6(2)° and —14.6(3)°, respectively. The dihedral angle between
the isoxazole (N3—O03/C7—C9) and aminophenyl (C1—C6) mean
planes is 83.2(1)°. These results are similar to those obtained for similar
structures [14], and the overall molecule adopts an E conformation re-
lated to the azomethine group with C12—C11—N1—C4 torsion angle
of 169.2(2)°. As can be seen in Table 2, a very good agreement between
calculated and experimental geometrical parameters has been
observed.

2-Hydroxybenzaldehyde Schiff bases have generally a planar struc-
ture due to the existence of intramolecular N—H- - -O hydrogen bonds
[45-48]. However, this type of interaction is absent in the structure re-
ported here, being 57.8(1)° the dihedral angle between the mean planes
of two benzene rings.

3.2. Lattice Energies, Structural Motifs and Interaction Energies

Packing diagrams for title structure (hence forth 1) are depicted in
Fig. 2. Geometry of relevant intermolecular hydrogen bonds is listed in
Table 3 (Column 4). In order to compare the packing mode of 1 with
similar structures, a search of the CSD crystal structure database for
benzylideneamino-N-benzenesulfonamide moiety was undertaken
yielding seven hits, four of which are substituted R-benzylideneamino-
N-(5-methyl-3-isoxazolyl)benzenesulfonamide derivatives where R =
2-hydroxy-3,5-dichloro, 2-hydroxy, 2-hydroxy-3-metoxy and 2-hy-
droxy-5-methylas substituents on the benzene ring. These four struc-
tures identified here by MULMA [13], POPJUA [48], SADHEM [52] and
OKEWOS [53] refcodes, respectively, are closest to compound 1 with
R = 4-dimethylamine substituent.

Another two related structures are substituted R-benzylideneamino-
N-(acetyl)benzensulfonamidemonohydrates presenting R = 2-hy-
droxy(CIKJAI) [54] and 5-bromo-2-hydroxy (CIK]JIQ) [54] substituents.
Finally, with the purpose of evaluating energetically the role of
substituents on the packing modes in this type of Schiff bases, the
unsubstituted4-{[4-
(dimethylamino)benzylidene]amino}benzenesulfonamide (SODGID)
[55] was included in our comparative study.

Lattice energy calculations for all the compounds are listed in Table 3,
showing that the dispersion energy (Eqisp) is the major contribution to-
wards the crystal stabilization for all compounds as generally expected
for organic species. In compound 1 and the four related structures all
presenting the aromatic isoxazole ring, the dispersive energy is in the
range 190-229 kJ mol~!, which represents percentages varying from
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Fig. 1. (a) X-ray and (b) computed molecular structures of Schiff base BA-SMX. Displacement ellipsoids in (a) are plotted at 30% probability level.

57.7% in POPJUA to 60.0% in OKEWOS with respect to the total cohesive
energy. By the other hand, lower and similar dispersion energies in
CIKJAI (—102.7 k] mol~ ) and CIKJIQ (—110.5 k] mol~!) compounds
showing the alkyl acetate substituent represent contributions of 44.9
and 47.9%, respectively, which can be attributed to the structural simi-
larity (based on lattice parameters and space group) between these
two structures. It is interesting to note an intermediate contribution of
54.1% for dispersion energy in unsubstituted SODGID structure. These
results allow suggesting that the nature of substituents at the amide

Table 2
Selected bond lengths (A), angles and dihedral angles (°) observed and calculated for the
Schiff base BA-SMX.

Parameters® Calculated B3LYP/6-311 ++G(d,p) Experimental®
Bond lengths (A)

C1-S 1.789 1.760(2)
S—01 1.457 1.426(1)
S—02 1.458 1.425(1)
S—N2 1.708 1.637(2)
C11—N1 1.283 1.277(2)
C7—N2 1.398 1.397(3)
C4—N1 1.395 1.400(3)
Angles (°)

C12—C11—N1 1233 124.1(2)
C11—N1—C4 1204 118.7(2)
N1—C4—C5 1229 121.2(2)
C1—S—01 108.5 108.7(9)
C1—-S—02 108.2 108.24(8)
C1—S—N2 107.3 106.44(8)
02—S—N2 105.7 107.67(9)
01—S—N2 103.5 104.22(9)
S—N2—C7 1225 123.2(1)
Torsional angles (°)

C17—C12—C11—N1 178.1 177.4(2)
C12—C11—N1—C4 176.4 169.2(2)
C11—N1—C4—C5 —43.52 —47.6(3)
C1—S—N2—C7 65.09 65.7(2)

@ See Fig. 1 for atoms numbering scheme.
b This work.

fragment controls the energetic components, and consequently the
crystal stabilization in the series of eight analyzed structures.

Intermolecular interaction energies for all eight structures are given
in Table 4. Different molecular pairs were selected involving the main
intermolecular interactions in crystals. The crystal packing of compound
1 exhibits an interesting intermolecular pattern characterized by differ-
ent structural motifs, being most relevant the formation of centre-sym-
metric dimers via strong N2—H2- - -N3 hydrogen bonds generating
a R3 (8) ring (motif I, Fig. 2a) with the highest interaction energy of
—68.0 k] mol~ . We observe the same motif in three related structures
(MULMA, POPJUA and OKEWOS), while the existence of centre-sym-
metric dimers through N—H- - -N hydrogen bonds generates R (16)
rings in SODGID with highest total energy of —103.7 k] mol ™. In addi-
tion, the contribution from coulombic effect towards the total stabiliza-
tion is dominant (53%) for motif I in structure 1, and a similar energetic
behavior is observed for the four related structures previously men-
tioned, the coulombic term ranging from 45.1% in SODGID to 53.4% in
POPJUA. In SADHEM and monohydrate (CIKJAI and CIKJIQ) structures,
N—H- - -N hydrogen bonds were not observed, and instead the strong
N—H- - -0 hydrogen bonds are involved in molecular pairs with highest
interaction energy. In CIKJAI and CIKJIQ, the coulombic contribution is
dominant for N—H- - - O motifs formed by water oxygen, representing
60% and 61% of the total stabilization energy, respectively. Although
the dispersion component is largest for N—H- - - O motifs in SADHEM,
the electrostatic (coulomb + polarization) contribution of 58% is com-
parable with the remaining structures.

In addition, other H- - -N contact due to C14—H14- - -N1 hydrogen
bonds (motif II) provides the lowest energy (—22.7 k] mol™ ) in the
crystal packing of 1 (Fig. 2a). Furthermore, the sulfonamide O1 oxygen
atom acts as a bifurcated acceptor forming mutually perpendicular
C18—H18A---01 (motif Ill) and C5—H5---01 (motif IV) hydrogen
bonds (Fig. 2b), the former through the H18 hydrogen atom from the
methyl group, and the latest involving the H5 hydrogen atom from
the phenyl ring of the sulfonamide group. The C—H- - -O motifs are
common in crystal packing of all eight structures, but the broad range
of interaction energies (from —13.6 kJ mol~'in SADHEM to
—57.7 k] mol~! in POPJUA) to which are associated allows explaining
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a)

Motif I: -68.0 KJ mol-1
Motif I1: -54.8 KJ mol-1

b)

odl a

Motif IlI: -54.8 KJ mol-1
Motif IV: -47.5 KJ mol-1

(ememen"

Fig. 2. Packing diagrams of compound 1 showing intermolecular (a) N—H---N and C—H- - -N, (b) C—H- - -0 hydrogen bonds as dashed lines.

the formation of dimers with different graph-set patterns in these com-
pounds. Thus, the occurrence of R3 (18) rings through C—H- - -0 hydro-
gen bonds is observed in SADHEM, while R? (9) and R3 (18) rings
appear in POPJUA.

The supra-molecular assembly of 1 also includes the existence of
m---mand C—H- - -m interactions. A significant Cg1- - -Cg1 interaction
[inter-centroid distance = 3.9259 A (1), o (dihedral angle between
the corresponding ring mean planes) = 0.00°, slippage = 2.178 A] pre-
sents an offset arrangement involving the isoxazole ring (Cg1 centroid)
and represents a moderately strong m-stacking contact
(—33.3 k] mol~ 1) [56,57]. Two different C—H- - -7t contacts complete

Table 3
Lattice energies (k] mol ') partitioned into coulombic (E ), polarization (Epo1), disper-
sion (Egisp) and repulsion (Eep) components for 1 and related compounds.

ComPOUﬂd Ecoul Epo] Edisp Erep ETOT

1 —106.8 —50.7 —215.6 157.5 —215.7
MULMA —115.5 —48.3 —224.8 159.2 —2293
POPJUA —94.9 —44.2 —190.0 130.9 —198.2
SADHEM —96.1 —422 —204.0 134.9 —207.4
OKEWOS —101.4 —515 —229.0 174.5 —207.3
SODGID —118.5 —544 —203.5 156.2 —220.2
CIKJAI —87.0 —38.9 —102.7 98.4 —130.2
CIKJIQ —85.8 —345 —110.5 979 —1329

the 3D supra-molecular network. On one hand, the C17—H17- - - Cg2 in-
teractions (H17- - -Cg2 distance = 2.93 A, C17—H17---Cg2 angle =
130°) involve the sulfonamide benzene ring (Cg2 centroid) and operate
along with the motif Il in the same molecular pair (— 54.8 kj mol~!). By
the other hand, C3—H3- - -Cg3 contacts (H3- - - Cg3 distance = 2.98 A,
C3—H3- - -Cg3 angle = 140°) involve the benzene ring (Cg3 centroid)
and act together with the motif IV (—47.5 k] mol ™). The PIXEL energy
results indicate that the m-stacking contacts in structure 1 are as impor-
tant as the relatively stronger N—H- - -N hydrogen bonds. This com-
bined mode of cooperation of classical hydrogen bonding and -
stacking forces is also a feature observed in the crystal packing of all
seven related structures (Table 4).

Interestingly, - - -rand C—H- - - interactions were not observed in
the two monohydrates (CIKJAI and CIKJIQ). Instead, the Cg2 centroid of
benzene ring for both structures is linked to the sulfonamide oxygen 02
atom through a significant lone-pair Ip- - -7 interaction [58], as reflected
by a short 02- - -Cg2 mean distance of 3.14 A, and the mean angular dis-
tribution [deviation of the angle o (ct is the angle S-O- - -Cg) from 120°]
of 13°. These S—O- - -1 contacts were found with similar and notably
higher interaction energies (—58.8 k] mol~! and —65.0 k] mol™!)
than those for the strong N—H- - -0 hydrogen bonds (—43.0 k] mol ™!
and —40.8 k] mol~ ). This type of interaction was also found in POPJUA
structure with a lower average energy of —29.0 k] mol~ . These results
confirm the relevant role of the m-stacking contacts in the series of stud-
ied Schiff bases.



D.M. Gil et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 185 (2017) 286-297 291
Table 4
Interaction energies (Eror) partitioned into coulombic, polarization, dispersion and repulsion contributions (kj mol~") for various molecular pairs in 1 and related compounds.
Compound Symmetry Involved interactions d(H---A), «D—H---A Centroid distance Ecoul Epol Edgisp Erep Eror
1 1-x2-y1-z N2—H2---N3 2.13(2),172 11.406 —82.8 —42.0 —32.6 89.4 —68.0
1.5 —x, =% +y, C14—H14---N1 2.51(2), 156 8.953 —12.7 —7.1 —284 25.5 —22.7
Va—z
x,—1+yz C5—H5---01 2.52(3),130 6.906 —15.9 —7.1 —46.9 224 —47.5
2—-x1—-y,1—2z C18—H18A---01, 2.665(1), 164 7.017 —23.1 —8.1 —55.9 323 —54.8
C17—H17---Cg2 2.93°
x1+yz C3—H3---Cg3 2.98° 6.906 —15.9 —-7.1 —46.9 224 —47.5
1—x1-y1—-2z Cgl---Cgl 3.926(1)° 8.834 —10.8 —4.0 —29.5 11.0 —333
MULMA 1—-%x1-y,—2z N2—H1---N3 2.03(3),175 11.278 —974 —47.0 —42.0 104.7 —81.7
2—-x,-Y%+y Y-z C13—H13---03, 2.496(2), 162 8.701 —23.7 —8.2 —30.6 224 —40.1
C15—H15---01 2.720(3), 154
2—x—y,—z Cg2---Cg3, 3.8952(1)° 5.159 —245 —118 —1104 690 —77.7
C3—H3---Cgl 2.81°
POPJUA 1—-—x -y, -z N7—H7A- - -N5A 2.12(2), 165 11.070 —91.3 —48.3 —314 100.0 —71.0
—x1—-y, -z C12A—H12A---025A, 2.70(2),139 6.300 —32.7 —13.8 —49.7 38.6 —57.7
C2—H2A---025A 2.61(2), 146
Xx1+y,—-1+z C18—H18A---09B 2.65(2), 157 7172 —226 —82 —314 17.6 —445
—1+x1+y, C22—H22A---04B, 2.65(2), 154 7.564 —20.3 —9.1 —77.2 48.8 —57.9
—1+z
C22—H22A- - -N5B, 2.60(2),174
Cg2---Cgb, 3.9703(1)°
C22A—H22A- - -Cg4, 2.71°
C22B—H22B---Cgl 2.86°
1—x,—1—-y,1—z C6A—H6AT1---Cgb 2.88% 12.307 —-79 —2.7 —17.8 12.2 —16.2
1—-—x%x-y,—z S8A—09A- - -Cg2, 3.8039°¢ 6.086 —2.1 —438 —30.9 8.7 —29.1
S8A—010A- - -Cg2 3.5353¢
XV, Z S8A—09A- - -Cg4 3.5839°¢ 11.489 —53 —4.2 —34.6 15.3 —28.8
SADHEM —X,2—-y,—z N2—H2---02, 2.180(2), 172 5.336 —54.6 —273 —60.6 56.8 —85.7
Cg2---Cg2 3.6231(3)"
1+x1+yz C6—H6- - -N3, 2.50(1), 148 11.748 —11.2 —4.6 —10.4 14.5 —11.6
C11—H11---01 2.714(2), 126
x,1+yz C14—H14---03 2.700(2), 168 8.345 —18.7 —5.8 —288 20.8 —325
X,25—y, —%+z C3—H3A---04 2.418(2), 161 13.228 —124 —-3.0 —-7.1 8.9 —13.6
X3 -y -z C3—H3C---Cgl 2.91° 7.434 —18.7 —86 —67.2 345 —60.0
—1-x%+y Y-z C18—H18B---Cgl 2.97° 13.948 —22 —1.7 —134 10.0 —73
OKEWOS —X1-y,1—z N2—H2A---N1 2.03(2), 166 9.033 —99.7 —51.8 —42.1 109.6 —84.0
X, —1+y,z C11—H11---03 2.655(1), 143 6.355 —13.1 —8.7 —46.3 28.0 —40.1
—x, -y 1—z Cgl---Cgl 3.5565(2)" 8.602 —-83 —58 —47.1 238 —374
YB—xth—y1—z Cg2---Cg3 3.5640(2)" 6.753 —277 —101  —888 59.3 —67.3
Vo —xV+y 15—z C5—H5---Cg2 2.98° 10.881 —-3.0 —4.1 —37.2 213 —22.9
SODGID 1—-x1-y,—z N3—H31---N2, 2.18(3),177 6.948 —95.1 —46.8 —69.1 107.3 —103.7
Cg2---Cg2 3.8799(1)"
X, Vo—-y —%+z N3—H32---02 249(2),174 4.920 —214 —10.3 —49.5 273 —53.9
1—-x%+yY—z C15—H15---01 2.604(1), 160 7.986 —134 —6.6 —24.1 13.2 —30.9
CIKJAI X, ¥, 2 N2—H2B---01W, 1.913(3), 161 5.787 —60.7 —25.6 —15.5 58.9 —43.0
C15—H15B---01W 2.657(3), 142
X,—Y2—yVa+z O1W—H1W---04 2.11(4), 155 6.215 —314 —10.5 —134 27.8 —275
x,a—-yV+z O1W—H2W.---04 2.16(4), 157 4.749 —19.7 —83 —9.8 19.8 —18.0
X, =% —y -Y%+z C10—H10A---03 2.491(2),132 7.999 —143 —4.0 —14.2 8.6 —24.0
X, —1+y,z $1-02---Cg2 3.143(1)¢ 4.896 —19.7 —11.6 —76.8 49.3 —58.8
CIKJIQ X,z N2—H2B- - -01W, 1.920(2), 161 6.850 —-604  —233  —152 58.0 —40.8
C15—H15B---01W 2.668(3), 142
X, % —-y¥%+z O1TW—HI1W---04 2.13(5), 148 7.718 —31.1 —10.5 —13.6 275 —27.7
X, o—-y+z O1W—H2W---04 2.31(4),138 5.851 —10.1 —4.9 —-9.0 121 —12.0
X, Y-y, —Y2+z C10—H10A---03 2.544(2), 129 9.322 —13.9 —4.1 —143 7.6 —24.7
X,—1+vyz $1-02---Cg2 3.137(1)¢ 4.855 —21.2 —10.9 —83.2 50.3 —65.0

2 H---Cg distance.

b Inter-centroid distance.

€ 0---Cg distance. 1: Cg1, Cg2 andCg3 are the centroids of 03/N3/C7—C9, C1—C6 and C12—C17 rings, respectively; MULMA: Cg1, Cg2 and Cg3 are the centroids of 04—N3/C14—C16,
C1—C6 and C8—C13 rings, respectively; POPJUA: (g1, Cg2, Cg4 and (g6 are the centroids of 04A—N5A/C1A—C3A, C11A—C16A, 04B—N5B/C1B—C3B and C19B—C24B rings, respectively.
SADHEM: Cg1 and Cg2 are the centroids of 05—N3/C15—C17 and C1/C2/C4—C7 rings, respectively; OKEWOS: Cg1, Cg2 and Cg3 are the centroids of 01—N1/C13—C15, C1—C6 and C7—C12
rings, respectively; SODGID: Cg2 is the centroid of C10—C15;CIKJAI and CIK]JIQ: Cg2 is the centroid of C8—C13 ring.

3.3. Hirshfeld Surface Analysis

In this work, we have calculated the Hirshfeld surfaces and 2D-fin-
gerprint plots for investigating similarities and differences in the pack-
ing motifs of the series of eight structures under consideration. Fig. 3
show the molecular Hirshfeld d,,o;m surfaces and full 2D-fingerprint
plot of 1 and related compounds, respectively. The two near and larger
red spots labeled 1 on the left in Fig. 3a are due to the formation of dim-
mers via N2—H2- - -N3 hydrogen bonds involving the acceptor N3 atom

from the isoxazole ring. These contacts (motif I in Fig. 2) represent the
stronger hydrogen bond interaction in the crystal, as reflected by the
geometrical parameters and highest Pixel energy (Table 4). Another
pair of smaller red areas labeled 1 at the center in Fig. 3a is also attribut-
ed to H---N/N---H contacts, but representing C—H- - -N hydrogen
bonds between the H14 atom of the dimethylaminophenyl ring and
the N1 atom of the azomethine group. In comparison to the former con-
tact, the smaller extent of red area, the longer H---N distance of
2.51(2) A (2) and lower directionality (157°) in C14—H14---N1
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Fig. 3. (a) Hirshfeld dy,orm surface for compound 1: molecule in (b) rotated by 180° around the vertical axis of the plot; arrows showing regions of (1) N"H, (2) O"H, (3) C"Hand (4) H'H
intermolecular contacts. (c) Full 2D-fingerprint plot derived from the surface. (For interpretation of the references to color in this figure, the reader is referred to the web version of this

article.)

hydrogen bonds are indicative of a weaker interaction, supported by the
lowest Pixel energy (—22.7 k] mol~ ') we found in this compound.

In Fig. 3b appears two small red spots (labeled 2) related to H- - - O/
O- - -H contacts, which are associated to two different C—H- - - O hydro-
gen bonds. The upper bright red region at right in Fig. 3a, and the pair of
small red spots labeled 2 in Fig. 3b correspond to C18—H18A- - -O1 hy-
drogen bonds, while a red spot at center in the rotated surface indicates
C5—H5- - - 01 hydrogen bond. These contacts are highlighted in Fig. 2 as
motifs Il and IV, respectively, the former contributing (— 54.8 kj mol~ 1)
7.3 k] mol~ ! more stabilization towards the crystal packing than that of
the motif IV. The regions highlighted as 3 correspond to H---C/C---H
contacts attributed to weak C—H- - - interactions. The pair of white re-
gions labeled 3 at the upper side in both the surfaces indicates
C17—H17---Cg2 and C3—H3- - - Cg3 interactions, which are more visi-
ble in Fig. 3b. The bright red spot labeled 3 at left in Fig. 3a is related to a
short C- - -H contact involving the benzylidene C14 carbon atom inside
the surface, and the methyl H10C hydrogen atom in a neighboring mol-
ecule (symmetry: ¥2 + x, %2 —y, —V2 + z). The red spot labeled 3 at bot-
tom left in Fig. 3b is the reciprocal H10C- - -C14 contact. This interaction
is part of an insignificant C10—H10C- - - Cg3 stacking with intermolecu-
lar distance longer than 3.0 A. One of the several weak H- - - H contacts in
this structure appears as a diffuse white region labeled 4 in Fig. 3b indi-
cating a contact distance longer than the sum of van der Waals radii. Fig.
S1 displays the dyorm surfaces and decomposed 2D-fingerprint plots
highlighting the main intermolecular contacts for all related com-
pounds. Alam and co-workers have reported the synthesis and structur-
al characterization of three hydrazones Schiff base analogues and the
intermolecular interactions were evaluated by means the Hirshfeld sur-
face analysis. This study reveals that these compounds were packed
through O0—H, N—H, C—H and m— interactions [19].

The offset Cg1---Cg1 interactions we described in Section 3.1 for
compound 1 can be seen on the Hirshfeld surface mapped with shape
index (Fig. 4a), as a pattern of alternating red and blue triangles with
suitable symmetry [40]. In addition, a relatively large and flat green re-
gion at the same side of the molecule on the corresponding curvedness
surface (Fig. 4b) is also characteristic of m-stacking interactions [39]. A
view of shape index surface in other orientation (Fig. 4c) clearly con-
firms the existence of the two C—H- - -1 interactions described in

Section 3.1, as a pair of large and touching complementary triangles
[40].

The pair of narrow pointed spikes labeled 1 around (d, + d;) of 2.0 A
in 2D-fingerprint plot (Fig. 3¢) shows the presence of N---H/H---N
contacts, while a pair of short and broad wings labeled 2 around
(d. + d;) of 2.5 A is attributed to O- - -H/H- - -O contacts. The C- - -H/
H- - -Ccontacts appear in a characteristic way for C—H- - i interactions,
i.e. in the form of pronounced wings (labeled 3) on the sides of the plot
with the shortest di + de = 2.7-2.8 A[59]. The H- - -H interactions are
highlighted in the middle of scattered points in 2D fingerprint map,
with minimum values of (de + di) around 2.3 A.

The relative contributions to the Hirshfeld surface area due to the
main intermolecular interactions for compound 1 and related structures
are shown in Fig. 5. The calculations reveal that in all eight compounds,
the intermolecular H- - -H contacts have a major contribution to the
crystal packing in the wide range of 16%-44%, as result of the differences
in the relative content of H-atoms. The N- - - H/H- - N contacts in 1 com-
prise 11.5% of total Hirshfeld surface area, slightly higher than those for
MULMA, POPJUA, SADHEM, OKEWOS and SODGIG structures (8%-10%).
In contrast, the decomposition of the fingerprint plot shows that O- - - H/
H- - -O contacts comprise 17.9% of the total Hirshfeld surface area for the
molecule of 1, slightly lower than those for remaining compounds
(21%-28%). The contribution of 22.9% for C- - -H/H- - -C contacts is rele-
vant in 1 and similar in MULMA (24%) and SODGID (25%), correspond-
ing to all intermolecular C—H- - - Cinteractions of which C—H- - -t were
clearly displayed in shape index and curvedness surfaces (Fig. 4), and
2D-fingerprint plot (Fig. 3c).

The presence of C- - -C contacts in the crystal structures is represent-
ed in fingerprint plots as areas of pale blue/green color on the diagonals
at around di = de = 1.7-1.8 A, and correspond to the presence of mr- - -t
stacking interactions [40]. This feature can be observed in the
decomposed 2D-fingerprint plots of most related structures (Fig. S1,
column 4) where the C- - -C contacts (labeled 6) comprise from 2%
to 6% of total Hirshfeld surface area. In the case of compound 1, we
do not observe the characteristic areas of r1- - -7 stacking in fingerprint
plot due to the relative percentage of C- - -C contacts is extremely
low (0.4%). In similar structures, the m- - -7 stacks occur between
benzene and/or benzylidene rings (Table 3) favoring a higher



D.M. Gil et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 185 (2017) 286-297 293

Fig. 4. Hirshfeld surfaces mapped over shape index and curvedness for compound 1. (For interpretation of the references to color in this figure, the reader is referred to the web version of

this article.)

contribution of C- - - C contacts than that for compound 1 where the off-
set Cgl---Cgl interactions involve isoxazole rings fewer enriched of
carbon atoms.

Another interesting feature in most of structures (except SODGID) is
the presence of O- - -C/C- - - O contacts (labeled 5) with contributions in
the range 2%-7%, corresponding to all intermolecular S—O- - - C interac-
tions of which S—O- - - were described in Section 3.1 as lone-pair- - -1t
contacts for POPJUA, CIKJAI and CIKJIQ structures. The Ip- - -1t contacts
are identified in the Fig. S1, for monohydrate compounds.

To get a complete understanding towards the dominant electrostatic
nature of N—H- - -N and N—H- - - O interactions, electrostatic potentials
(ESP) were calculated over the Hirshfeld surfaces of all eight structures.
Fig. S2 depicts the decomposed ESP map of compound 1 showing the
H---N/N---H contacts, while ESP values around H-atoms and acceptor
atoms (N, O) in hydrogen bonds interactions with dominant coulombic
energy for related structures are listed in Table S1. The strongly electro-
positive blue region on the H2 atom (0.159 a.u.) in compound 1 inter-
acts with the strongly electronegative red region over the N3 atom

OH---H @C---H ON---H 0OO0---H OCl---H

(—0.093 a.u.) resulting in the formation of a dimer through strong
N2—H2- - -N3 hydrogen bonds, and reflecting the substantial coulom-
bic contribution of 53% found for this motif in the PIXEL calculations.
In comparison, the ESP is moderately positive around the H14 atom
(0.053 a.u.) but much lower than that over the H2 atom, and less elec-
tronegative (—0.081 au) about N1 atom leading to the formation of
weak C14—H14- - -N1 hydrogen bonds with 26% from coulombic com-
ponent towards the total cohesive energy.

Like in structure 1, the strongly electropositive potentials
(0.163-0.183 a.u.) on the H-atoms interact with strongly electronega-
tive potentials (from —0.082 to —0.097 a.u.) near the N-atoms resulting
in the occurrence of strongest N—H- - -N hydrogen bonds for MULMA,
POPJUA, OKEWOS and SODGID (Fig. S2, ESIT) with dominant coulombic
contributions (45%-53%). We observe a similar behavior around hydro-
gen and oxygen atoms in N—H- - -O hydrogen bonds for CIKJAI and
CIKJIQ with even higher electropositive (0.218 and 0.217 a.u.) and elec-
tronegative (—0.095 and —0.104 a.u.) values, in agreement with
higher coulombic percentages of 60% and 61%, respectively.

OBr--:H OC---C OC---O0 OC:---Cl OOthers

POPJUA
SADHEM
OKEWOS

SODGID

CIKJAI
CIKIIQ

25%

75%

Fig. 5. Relative contributions of various intermolecular contacts to the Hirshfeld surface area in compound 1 and related structures.
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3.4. NBO Analysis

In order to evaluate energetically hyperconjugative and conjugative
interactions in compound 1, the Natural Bond Orbital (NBO) analysis
was carried out. The donor-acceptor interactions lead electron density
delocalization associated with the occupancy shifts from the occupied
Lewis-type (bonding or lone pair) NBO's to the unoccupied non-Lewis
type (anti-bonding) NBO's of the molecule. The stabilization energy E
(2) associated with donor (i) and acceptor (j) delocalization is estimat-
ed from the second-order perturbation approach [60]:

2
Fi;

E(2) = 8By =~ 2 M

where g; is the donor orbital occupancy, E; and E; are diagonal elements
(orbital energies) of the donor and acceptor NBO's, respectively and F;;
is the off-diagonal Fock matrix element. The NBO calculations were per-
formed at B3LYP/6-311 4 +4G(d,p) level of approximation. The large
value of E (2) is an indicative of more intense interaction between elec-
tron donors and electron acceptors.

The  electron delocalization produces m-conjugation or resonance
owing to the m — m* interactions. The overlap of various types of orbitals
such as o0 —» *, m — 0%, Ip — m* and Ip — 0™ produces primary hyper-
conjugative interactions, whereas the orbital overlap o — 0* produces
secondary hyper-conjugative interactions. The most relevant hyper-
conjugative interactions calculated by NBO analysis for the Schiff base
BA-SMX are presented in Table 5. The results show n C14—C15 — m*
C12—C13, m C12—C13 - m* C16—C17, m (3—C4 — " C1—C2, 1
C1—C2 - * (3—C4 and m C(8—C9 — m* C7—N3 intramolecular inter-
actions with energy values of 26.47, 21.76, 27.20, 35.79 and
27.44 kcal mol™ !, respectively. These interactions are related to the res-
onance in the molecule and lead to intramolecular charge transfer caus-
ing stabilization of the molecular system. The lone pair of 02 oxygen
donates its electrons to the o-type anti-bonding orbitals o* C1—S, o*
S—N2 and o* S—O01 with stabilization energy of 18.88, 16.76 and
24.13 kcal mol ™', respectively. The interaction between Ip N4 and the
m* C14—C15 gives more stabilization of the molecule with
47.97 kcal mol™ ! and is indicative of a double-bond character of the

Table 5
Second-order perturbation theory analysis of the Fock matrix for the Schiff
base BA-SMX calculated at B3LYP/6-311++G(d,p) level.

Interaction (donor — acceptor)® E(2)°
mC14—C15 — m* C12—C13 26.47
mC14—C15 - m* C16—C17 13.51
mC12—C13 - m* C14—C15 16.85
mC12—C13 - m* C16—C17 21.79
mC16—C17 — 1* C14—C15 21.24
mC16—C17 — m* C12—C13 14.41
mC3—C4 - m* C5—C6 16.38
mC3—C4 - m* C1—C2 27.20
mC5—C6 — m* C4—C3 21.16
1 C5—C6 — m* C1—C2 17.39
mCl—C2 — m* C4—C3 35.79
mC8—C9 — m* C7—N3 27.44
mC12—C13 - m* C11—N1 2222
Ip 02 - 0*C1—S 18.88
Ip 02 - 0* S—N2 26.76
Ip 02 - 0*S—01 24.13
Ip 01 - 0*C1—S 19.15
Ip 01 - 0* S—N2 25.71
Ip 01 - 0" S—01 24.71
Ip N4 — m* C14—C15 47.97
IpN1 - m* C11—H 12.84
Ip N2 — m* C7—N3 23.10
Ip 03 — m* C7—N3 14.72
Ip 03 — m* C8—C9 35.19

¢ See Fig. 1 for atoms numbering scheme. Ip indicates the lone pair on
the specified atom.
" Energy values in kcal mol~".

N4—C15 bond. The hyper-conjugative interaction Ip 03 — m* C8—C9
(35.19 kcal mol™!) is responsible for the stabilization of R3-ring
(N3—03/C7—C9) in the molecule.

3.5. Vibrational Study

A tentative assignment of the main vibrational modes expected for
BA-SMX is listed on Table S2. Fig. 6 depicts the experimental IR and
Raman spectra of the title compound. The vibrational analysis of the
compound in solid state was supported by quantum chemical calcula-
tions at B3LYP/6-311 +-+G(d,p) level of theory, in comparison with re-
lated compounds as well as on basis of potential energy distributions
(PED). The simulated IR and Raman spectra compared with the experi-
mental ones are presented in Figs. S3 and S4, respectively.

3.5.1. Assignment of Bands

3.5.1.1. (=N Vibrations. The vibrational modes of the azomethine groups
are highly sensitive to the degree of charge transfer between donor and
acceptors, and therefore such stretching modes are of particular interest
for spectroscopists and it is relevant in the synthesis of coordination
compounds using Schiff bases as ligands. The C=N stretching mode
generally appears in the frequency range 1674-1649 cm™ ' as strong
bands because of the large change in dipole moment during this vibra-
tion. For the compound under study, the medium intensity band located
at 1618 cm™ ! in the IR spectrum (1621 cm™ ! in Raman) is assigned to
the C=N stretching mode. This mode is calculated at 1625 cm~! with
67% of PED contribution. Generally, this mode appears mixed with
C—C stretching modes of the aromatic rings.

3.5.1.2. SO;NH Vibrations. The bands corresponding to the asymmetric
and symmetric SO, stretching modes generally appear at around 1315
and1160 cm™ !, respectively [61]. The inclusion of unsaturated function-
al groups to the SO, moiety has a little effect on the SO, stretching vibra-
tion. Such stability of the SO, frequencies with respect to the
neighboring unsaturated groups is due to the fact that both S=0
bonds are not coplanar with the adjacent unsaturated moiety. Hence,
there is no conjugation effect between the S=0 bonds and the function-
al groups adjacent, and the 1(SO,) frequencies remain in a constant re-
gion [61].

The strong band located at 1315 cm™ " in the IR spectrum
(1300 cm~ ! in Raman) is assigned to the asymmetric SO, stretching
mode. The calculated value for this mode is predicted at 1328 cm ™!
with a contribution of 38%. These results are in agreement with the as-
signment reported by Di Santo et al. that reports this mode as a strong
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Fig. 6. Experimental IR and Raman spectra (solid) of the Schiff base BA-SMX.
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band in IR at 1314 cm™ '[62]. For related Schiff bases this vibration was
reported in the frequency range 1350-1300 cm™ ![63-65].

The IR spectra show a medium intensity band at 1147 cm™
(1144 cm™! in Raman), which can be assigned to symmetric SO,
stretching mode, in agreement with related compounds [62-66]. The
calculated value for this mode is 1092 cm™! with a PED contribution
of 72%.

The band corresponding to the SO, in-plane bending mode and the
wagging appear at 567 and 601 cm™ !, respectively in the IR spectra
with counterparts at 567 and 605 cm ™! in the Raman spectra.

The S—N stretching vibrations appear in the spectral range 950-
860 cm ™' [61,62,66,67]. The IR spectra of the title compound show a
medium intensity band located at 844 cm™! which is tentative assigned
to S—N stretching mode, in agreement with the computed value of
831 cm~! at B3LYP/6-311++G(d,p) approximation. The C—S
stretching mode is tentatively assigned to the weak absorption ob-
served at 690 cm~ ! in the IR spectra (690 cm™ ' in Raman), in good
agreement with the computed value (667 cm™!) and with values re-
ported in literature [63,66].

The analysis of the IR and Raman spectra in the N—H stretching
mode region is of main interest for analyzing the presence of intra/inter-
molecular hydrogen bonds. For the compound under study, this mode is
observed as a weak band in the IR spectra at 3289 cm™ . For its parent
sulfamethoxazole, the N—H stretching vibration appears as a strong
band at 3467 cm™ ' in the IR spectra [63]. From this comparison, it is ap-
parent that the N2—H- - -N3 intermolecular hydrogen bonds are re-
sponsible for the red-shift and low intensity of the ¥(N—H) mode
observed in the Schiff base.

1

3.5.1.3. N(CH3), Vibrations. For the assignment of methyl group modes,
several fundamental vibrational modes can be associated to each CHs
group such as asymmetric and symmetric stretches, bends, rocking
and torsional modes. The assignment of all these modes is shown in
Table S2. The bands located at 2966 and 2927 cm ™! are assigned to
the asymmetric CHs stretching mode of the methyl groups attached to
the amino N atom, in good agreement with the computed values
(2933 and 2930 cm™~ ') and with results previously reported [14,68].
The weak band located at 1387 cm™ ! in the IR spectra is assigned to
the CHs; symmetric bending mode, with a computed value of
1396 cm™! (83% of PED).

The IR spectrum shows two absorptions at 1227 and 949 cm™ !, with
low intensity, which are tentatively assigned to the N(CHs), asymmet-
ric and symmetric stretching modes, respectively. Counterpart signal
appears in the Raman spectrum at 952 cm™'. The computed values
for these modes are predicted at 1228 and 935 cm™ !, respectively.

The strong band located at 1371 cm™ ! in the IR spectra (1363 cm ™!
in Raman) is assigned to the N4—C15 (N—Ph) stretching mode coupled
with CHs rocking modes (See Table S2). The possible interaction
between the lone pair N4 and the ring R1 indicates a double-bond char-
acter of the N4—C15 bond and could explain the shift to higher frequen-
cies observed. The band located at 434 cm ™! in the Raman spectra is
attributed to the N(CHs), in-plane bending mode.

3.5.1.4. Phenyl Ring Vibrations. The Schiff base studied in this work has
two phenyl rings (R1 and R2) para-substituted, linked through an
azomethine group. The weak band located at 3076 cm™ ' in the IR spec-
trum is assigned to the C—H stretching mode corresponding to R1. The
weak bands at 3143 and 3112 cm™ 'are assigned to the C—H stretching
mode of R2.

The ring C—C stretching vibrations are prominent in the vibrational
spectra of aromatic derivatives and generally these modes are influ-
enced by substituents [61]. The strong bands observed in the IR spec-
trum at 1605 and 1552 cm ™~ ! (1603 and 1544 cm™~ ! in Raman) are
assigned to C—C stretching modes corresponding to R1 and the bands
located at 1575, 1382 and 1087 cm™ ! in the IR spectra (1566 and
1087 cm™ ! in Raman) could be tentatively assigned to C—C stretching

modes of R2. These results are in agreement with the computed values
reported in Table S2.

The in-plane C—H bending modes of the phenyl rings appear as a
series of bands at 1532, 1445, 1162 and 1124 cm™ ! in the IR spectra
and their counterparts in Raman are observed at 1483, 1155 and
1123 cm™ . These results are in agreement with calculations and PED
analysis indicates that these modes have coupling with C—C stretching
modes of the phenyl ring and with other modes of substituents (See
Table S2). The C—H out-of-plane bending mode of R2 is assigned to
the absorption observed at 829 cm~! (831 cm™ ' in Raman), in good
agreement with calculations.

3.5.1.5. Isoxazolyl Vibrations. It is known that the five-membered hetero-
cycle ring modes cannot be interpreted as simple vibrational modes and
most of them are of complex origin and involve different vibrational
types. The medium intensity bands located at 1472 and 1269 cm™ ! in
the IR spectra are assigned to the C—N and C—O stretching modes, re-
spectively. These frequencies values and the relative intensities are in
very good agreement with the computed ones, as shown in Table S2.
The IR spectrum shows a weak band located at 925 cm ™! (923 cm ™!
in Raman) and is assigned to the N—O stretching mode with a 47% of
PED contribution.

3.6. 'H and 3C NMR Analysis

The calculated 'H and '>C NMR chemical shifts (&) have been per-
formed with the GIAO method taking into account implicitly the solvent
(CHCls). Experimental 'H and '>C NMR spectra of the Schiff base are
shown in Figs. S5 and S6, respectively. Table 6 shows a comparison be-
tween experimental and calculated values. All data sets showed a linear
relationship with R-square values for each spectrum above 0.999 (See
Figs. S7 and S8).

The singlet located at 8.23 ppm is assigned to the azomethine pro-
ton, in accordance with the values reported by similar structures [14].
In 'H NMR spectra of BA-SMX, the absorption of aromatic ring protons
is in the range 6.25-7.80 ppm, in good agreement with literature data
[69]. The doublet located at 2.37 ppm is assigned to the protons of the
methyl group attached to isoxazole ring (R3) and the singlet at
3.07 ppm is attributed to protons of methyl groups of N(CHs),.

The peak observed at 162.2 ppm in the '>C NMR is assigned to the
carbon atom of the azomethine group, in agreement with the literature
values [14,69] and calculations. The chemical shifts of the aromatic car-
bon atoms in the title compound appear in the range of 111.5-
157.6 ppm. The expansion of the range of aromatic chemical shifts
(100-150 ppm) is attributed to the attachment of more than one elec-
tron withdrawing and electron realising substituents leading to
deshielding of the protons and carbon atoms. The C10 attached to ring

Table 6
Comparison between experimental and theoretical 'H and '*C NMR chemical shifts (ppm)
for the Schiff base BA-SMX.

Experimental® J°  Calculated® Experimental Calculated
C9—CH; 2.37 (d) 2.36 c10 12.61 12.64
N—CH; 3.07 (s) 3.06 C18,C19 40.05 41.15
C8—H 6.25(q) 0.7 6.57 c8 85.53 99.41
Cl4—H 6.71(d) 9.0 6.78 C14,C16 1115 1134
C5—H 7.18 (d) 86 7.27 C3,C5 121.7 1251
C13—H 7.75(d) 9.0 7.75 C12 1241 128.9
C2—H 7.80 (d) 86 7.95 C2,C6 128.5 133.0
C11—H 823(s) 8.42 C13,C17 1314 136.6
C1 1344 140.5
C15 153.1 157.4
C4,C7 157.6 165.5
Cl11 162.2 167.2
9 1711 180.2

¢ Multiplicity in parentheses; s: singlet, d: doublet, q: quartet.
b Coupling constant in Hz.
¢ Calculated at B3LYP/6-311 + G(2d,p) taking into account implicitly the solvent.
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R3 appears as a peak located at 12.61 ppm and the carbon atoms of the
methyl groups of N(CHs), are located at 40.05 ppm, in accordance with
reported values [14]. As can be seen in Table 6, the results obtained by
quantum chemical calculations using the GIAO method are in reason-
able agreement with the experimental values.

3.7. Electronic Spectra

The experimental and calculated electronic absorption spectra of the
Schiff base BA-SMX are shown in Fig. 7. The experimental spectrum was
measured in acetonitrile as solvent in the 200-800 nm spectral range.
Table 7 shows the main absorption bands, correlated with the calculat-
ed values and a tentative assignment of the electronic transitions. Based
on these results, there is a very good agreement between experimental
and calculated electronic spectra.

As can be seen in Table 7, the calculated wavelengths are 387,310
and 293 nm. The electronic spectrum in acetonitrile presents bands lo-
cated at 370 nm, 315 nm and 242 nm. Taking into account the oscillator
strengths, the band located at 370 nm in the experimental electronic
spectra is assigned to an electronic transition from HOMO to LUMO mo-
lecular orbitals (11 — m* nature) with 100% of contribution. The frontier
molecular orbitals mainly involved in the electronic transitions are
drawn in Fig. S9. The HOMO corresponds to a m bonding system local-
ized over both phenyl rings and p-type orbitals strongly located on the
N atom of the azomethine group and over both nitrogen and oxygen
of ring R3. The LUMO exhibits m anti-bonding character delocalized
over both phenyl rings and non-bonding character of N atom of the
N(CHs), group. The energy difference between both HOMO and LUMO
molecular orbitals is an important parameter in determining molecular
electrical transport properties [70]. The energy gap HOMO-LUMO was
predicted to be 2.430 eV obtained at B3LYP/6-311 + +G(d,p) level, indi-
cating that this Schiff base is very stable.

The shoulder observed at 315 nm is assigned to the HOMO-
1 — LUMO excitation, with minor contribution of HOMO — LUMO + 1
transition. The band observed at 242 nm in the experimental electronic
spectrum is assigned to HOMO - LUMO + 1 (65%) and
HOMO — LUMO + 2 (29%) transitions, both of m — m* nature.

4. Conclusions
A new Schiff base, namely 4-(4-dimethylaminobenzylideneamino)-
N-(5-methyl-3-isoxazolyl)benzenesulfonamide (1), was synthesized,

characterized by spectral studies (IR, Raman, 'H NMR,'>C NMR and elec-
tronic absorption) and its crystal structure elucidated by X-ray

—— Experimental

—-—- Calculated

Absorbance (a.u.)

i T . T y T : T ' T ' T s T .
200 250 300 350 400 450 500 550 600
Wavelength (nm)

Fig. 7. Experimental and calculated electronic spectra for the Schiff base BA-SMX in
acetonitrile as solvent.

Table 7
Calculated and experimental wavelengths (nm), oscillator strengths and tentative assign-
ments of the main electronic transitions in the Schiff base BA-SMX.

Wavelength (nm) Oscillator strength (f)® Tentative assignment®

Calculated® Experimental

387 370 1.1730 HOMO — LUMO (100%)

310 315 0.0996 HOMO-1 — LUMO (78%)
HOMO — LUMO + 1 (13%)

293 242 0.0038 HOMO — LUMO + 1 (65%)

HOMO - LUMO + 2 (29%)

¢ Calculated at B3LYP/6-311++G(d,p) approximation taking into account implicitly
solvent.

b Oscillator strengths of calculated transitions are in atomic units.

€ Major contributions are shown in parentheses.

diffraction methods. The molecular conformation has been corroborat-
ed by comparison of geometric parameters between the DFT optimized
and X-ray determined structures. Intermolecular interactions in title
compound and seven related structures were studied with Pixel ener-
gies and Hirshfeld surfaces showing that the crystal packing is stabilized
by strong N—H---N or N—H---0 hydrogen bonds and weaker
C—H- - -0 hydrogen bonds, together with short 1- - -1 and/or C-H- - -1t
stacking contacts for six structures. The presence of rare Ip- - -1 stacks
was observed only in three compounds. Similarities and differences
we found in the formation of diverse intermolecular patterns revealed
that the packing of the molecules is sensitive towards the nature of sub-
stituents on the sulfonamide and benzylidene groups. Pixel energy cal-
culations indicated a dominant coulombic contribution towards the
total cohesive energy for N—H- - -N and N—H- - - O hydrogen bonds.
Hirshfeld surface analysis has shown that the close contacts in all struc-
tures are dominated mainly by H- - -H contacts, indicating that van der
Waals forces exert a crucial effect on the stabilization of the packing.
2D-fingerprint plots enabled quantifying the contribution of specific
contacts to the Hirshfeld surface area. The electrostatic potentials
mapped on the Hirshfeld surfaces confirmed the electrostatic nature
of the strong hydrogen bonds according to the energetic results. This
work represents the first close insight on intermolecular interactions
into a series of Schiff base sulfonamide derivatives, providing a set of
tools for understanding of crystal packing in this type of compounds.
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