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Crystal engineering with 1,3,4-oxadiazole
derivatives: on the importance of CH---N and
CH---x interactionsy
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Three new 1,3,4-oxadiazoles (1-3) have been synthesized. The crystal structure of two of them were solved
by single crystal X-ray diffraction analysis and a detailed quantitative analysis of the weak noncovalent
interactions have been performed by using DFT calculations. In both compounds, the formation of
recurrent H-bonded motifs involving the 1,3,4-oxadiazole is observed. In addition, a variety of CH-'&t
interactions are established, involving both aliphatic and aromatic C-H bonds and the n-system of the
electron rich tert-butylphenyl ring. QTAIM analysis and NCI plots were used to study the nature and the
extent of different intermolecular interactions observed in these structures, which were rationalized using
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Introduction

For the development of new drugs, nitrogen containing
heterocyclic compounds are considered to be the potential
source of natural products.’ Oxadiazoles, triazoles, pyridines,
indoles, and their derivatives, commonly used as medicines
and pesticides,” are examples of such compounds. Among
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these, 1,3,4-oxadiazole and its derivatives®® have gained
attention not only for their significant biological abilities,>®
including antiviral,” antifungal,® insecticidal,’
antibacterial,'®'* and antitumor activities,” but also for their
high activity, good selectivity, and low toxicity. In particular,
compounds having 1,3,4-oxadiazole cores display broad-
spectrum bioactivities in agriculture, with some related
commercial pesticides successfully developed, such as
oxadiargyl, oxadiazon, and insecticide metoxadiazone."
Therefore, the 1,3,4-oxadiazole scaffold is an important
pharmacophore in the development of agrochemical research.
Due to their crucial role in supramolecular chemistry,
molecular recognition and materials chemistry,"® noncovalent
interactions are important for structural chemists."”*° The
hydrogen bonding (HB) interactions are extremely important
in biological systems as can be shown in nucleic acids where
the assembly is controlled by a combination of H-bonds and
-+ stacking interactions.® It is well-known that relatively
weak intermolecular interactions such as C-H-X (X =
halogens, O, S, N) hydrogen bonds play a vital role in the
crystal packing of different kinds of molecules.*'”

In light of this background, we report herein the synthesis
and characterization of three new 1,3,4-oxadiazole derivatives
1-3 (Scheme 1). The crystal structures of compounds 1 and 2
were solved by single crystal X-ray diffractions and the
computed molecular structure has been investigated by DFT
calculations focusing on the energetic analysis of the CH:--n
and H-bonding interactions. The latter form H-bonded motifs
where 1,3,4-oxadiazole acts as a double H-bond acceptor.

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Synthesized compounds under study.

Moreover, in continuation of our ongoing research on
structural properties and biological applications*® of different
heterocyclic compounds,”® especially the azole derivative,™
herein we report the structural as well as LOX inhibition
studies (ESIT) of three 1,3,4-oxadiazole derivatives having
thioether connectivity," as shown in Scheme 1. The main
advantage of these new derivatives over the already reported
derivatives of 2-(benzylsulfanyl)-5-phenyl-1,3,4-oxadiazole is
that compound 1 and 2 contain a tertiary butyl group while
compound 3 contains 3-FPh which may behave structurally
and biologically different.

Experimental
Instrumentation and reagents

All solvents and reagents were purchased from commercial
suppliers and used as received unless noted. All products
were purified by column chromatography on silica gel and
recrystallization. Melting points were determined on a
Yanaco melting point apparatus and are not corrected. FT-IR
spectra were recorded on a SHIMADZU FTIR-8400S
spectrophotometer using the KBr disc method. "H-NMR (400
MHz) spectra were measured on a Bruker spectrometer in
CDCl; and TMS as internal standard. Chemical shifts of *H-
NMR were reported in parts per million relative to the solvent
residual peak (6 7.26). Chemical shifts of "*C-NMR were
reported relative to CDCl; (J 77.16). Reaction progress was
monitored by thin layer chromatography (TLC). FT-IR spectra
were recorded on a SHIMADZU FTIR-8400S
spectrophotometer using the KBr disc method. Suitable
crystals were coated with paratone 8772 oil and placed on a
glass fiber analysed by using a Bruker Kappa APEX-IICCD
diffractometer equipped with graphite monochromated
M, K, radiation. Good quality single crystals of
compounds 1-2 suitable for XRD analysis were grown from a
mixture of EtOH and EtOAc (dissolving 150 mg of each
compound in 5-10 mL of solvent) by slow evaporation over a
period of 48 hours at ambient temperature. The substrates
were prepared according to the literature method.*"?

General procedure for the synthesis of (1-3)

The compounds (1-3) were synthesized by an already
reported procedure®'® with slight modifications by treating
5-aryl-1,3,4-oxadiazole with aromatic alkyl halides in the
presence of potassium carbonate in acetone with simple

This journal is © The Royal Society of Chemistry 2023
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Scheme 2 Synthesis of 1,3,4-oxadiazoles (1-3).

stirring (Scheme 2). Synthesized compounds were purified by
thin layer chromatography (TLC), column chromatography
(CC) and recrystallization.

2-(4-tert-Butylbenzylthio)-5-phenyl-1,3,4-oxadiazole (1).
Light brown crystals (81%); molecular formula: C;9H,(N,OS;
molecular weight = 324.44 ¢ mol™'; m.p. = 40-42 °C; Ry = 0.53
(n-hexane : EtOAc 7:3); solubility: CHCl;/DMSO; FTIR (KBr,
em™): 1560 (C=C,y,), 1563 (C=N), 1173 (C-0), 1045 (C-O-C
oxadiazole), "H-NMR (400 MHz, CDCl;): ¢ 8.04-7.95 (m, 2H),
7.55-7.45 (m, 3H), 7.42-7.35 (m, 4H), 4.52 (s, 2H), 1.32 (s,
9H); "*C-NMR (101 MHz, CDCI3): § 165.81, 164.03, 151.19,
132.48, 131.59, 129.01, 128.84, 126.68, 125.76, 123,73, 36.64,
34.58, 31.26; analysis: for C;9H,oN,OS found (calculated): C,
70.34 (70.30); H, 6.21 (6.25); N, 8.63 (8.60)%.

2-(4-tert-Butylbenzylthio)-5-(3,4,5-trimethoxyphenyl)-1,3,4-
oxadiazole (2). Off white crystals (90%); molecular formula:
C,0H,6N,04S; molecular weight = 414.16 ¢ mol ™% m.p. =
50-52 °C, Rp = 0.51 (n-hexane:EtOAc 7:3); solubility:
CHCI;/DMSO; FTIR (KBr cm™): 1572 (C=Cay), 1521
(C=N), 1010 (C-O-C oxadiazole); 'H-NMR (400 MHz,
CDCly): 0 7.43-7.34 (m, 4H), 7.23 (s, 2H), 4.52 (s, 2H),
3.93 (s, 9H), 1.31 (s, 9H); *C-NMR (101 MHz, CDCI3): §
165.71, 163.83, 153.70, 151.22, 132.46, 128.83, 125.75,
118.73, 104.13, 99.99, 60.97, 56.40, 36.67, 34.58, 31.25:
analysis: for C,,H6N,0,S found (calculated): C, 63.75
(63.72); H, 6.32 (6.30); N, 6.76 (6.71)%.

2-(3-Fluorobenzylthio)-5-(2,4-dichlorophenyl)-1,3,4-
oxadiazole (3). Yellow crystals (73%); molecular formula: C;s-
HoCl,FN,OS; molecular weight = 355.214 ¢ mol ; m.p. =
60-62 °C, Ry = 0.53 (n-hexane:EtOAc 7:3); solubility: CHCl,/
DMSO; FTIR (KBr cm™): 1534 (C=C,y,), 1511 (C=N), 1013
(C-O-C oxadiazole); "H-NMR (400 MHz, CDCl,): 6 7.88 (d, J
= 8.5 Hz, 1H), 7.60-7.53 (m, 2H), 7.38 (dd, J = 8.5, 2.0 Hz,
1H), 7.30 (tdd, J = 7.6, 5.3, 1.8 Hz, 1H), 7.15-7.00 (m, 2H),
4.57 (s, 2H); "*C-NMR (101 MHz, CDCI3): J 164.64, 163.54,
162.02, 160.04, 138.08, 133.83, 131.54, 131.39 (d, J = 3.4 Hz),
131.21, 130.15 (d, J = 8.2 Hz), 127.59, 124.37 (d, J = 3.7 Hz),
123.03 (d, J = 14.5 Hz), 121.44, 115.65 (d, J = 21.1 Hz),
30.20; analysis: for C;5HoCl,FN,0OS found (calculated): C,
50.72 (50.68); H, 2.55 (2.57); N, 7.89 (7.90)%.

X-ray data collection and structure refinement

Suitable single crystals of compounds 1-2 were selected for
X-ray analyses and diffraction data were collected on a
Bruker Kappa APEX-II CCD detector with MK, radiation at
100 K. Using the SADABS program, semiempirical correction
was applied.>® The SHELX program was also used to solve
all structures by direct method.*® Positions and anisotropic
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parameters of all non-H atoms were refined on F> using the
full matrix least-squares technique. The H-atoms were
added at geometrically calculated positions and refined
using the riding model. The details of crystallographic data
and crystal refinement parameters for the compounds 1-2
are given in Table 1.

Theoretical methods

The energies and topological analyses of the supramolecular
assemblies investigated herein were computed at the PBEO-
D3/def2-TZVP level of theory®'™* using the crystallographic
coordinates and the program Turbomole 7.2.** Grimme's D3
dispersion®? correction has been used since it is convenient
for the correct evaluation of noncovalent interactions and
especially those involving m-systems. The quantum theory of
atoms in molecules (QTAIM)*® and noncovalent interaction
(NCI) plot®® reduced density gradient (RGD) isosurfaces have
been used to characterize non-covalent interactions. Both
methods combined are wuseful to noncovalent
interactions in real space. The wavefunctions needed to
generate the NCIPlot surfaces have been computed at the
same level of theory using the Turbomole 7.2 program. The

reveal

Table 1 Crystallographic data and details of refinements for compounds
1-2)

Crystal parameters 1 2

CCDC 2241333 2241334

Chemical formula C1oH,oN,OS C,,H,6N,0,S

M, 324.43 414.51

Crystal system, space group Monoclinic, Monoclinic,
P24/c P24/c

Temperature (K) 296 296

a, b, c(A) 10.5007(1), 10.4066(1),
19.5547(2), 24.9033(2),
8.6349(1) 8.8792(1)

£ 97.941(1) 97.936(1)

v (A% 1756.07(3) 2279.08(4)

zZ 4 4

Radiation type Cu Ko Cu Ko

# (mm™) 1.67 1.50

Crystal size (mm) 0.36 x 0.24 x 0.36 x 0.28 x
0.22 0.24

Diffractometer Bruker Kappa Bruker Kappa
APEXII CCD APEXII CCD

Absorption correction Multi-scan Multi-scan
(SADABS) (SADABS)

Toniny Trmax 0.545, 0.615 0.545, 0.615

No. of measured, independent 21438, 3589, 31041, 4391,

and observed [I > 20(1)] 3204 4023

reflections

Rine 0.023 0.028

(5iN 0/2) max (A1) 0.630 0.613

R[F? > 20(F*)], wR(F?), S 0.041, 0.123, 0.045, 0.137,
1.09 1.05

No. of reflections 3589 4391

No. of parameters 219 286

No. of restraints 12 14

H-atom treatment H-atom H-atom
parameters parameters
constrained constrained

Amaxs Mmin (€ A7) 0.19, -0.20 0.31, -0.26
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NCIPlot index RDG isosurfaces correspond to both favourable
and unfavourable interactions, as differentiated by the sign
of the second density Hessian eigenvalue and defined by the
isosurface color. The color code used in this manuscript is
blue and green for attractive interactions (strong and weak,
respectively) and yellow and red for weakly and strongly
repulsive, respectively. The NCIPlot cubes needed to
construct the isosurfaces have been computed by means of
the MULTIWFN program.®’

Hirshfeld surfaces and energetic calculations

The Hirshfeld surface analysis is a very useful method for
studying intermolecular interactions which are responsible
for the crystal packing of organic and inorganic
compounds.®®™*' The visualization of the intermolecular
contacts in the crystal structure of compounds 1 and 2 was
carried out by using the CrystalExplorer21.5 program.”” For
the calculations, the input file was obtained from the CIF file
obtained from the crystal structure determination. The
normalized contact distance (dnorm) combines both d.
(distance taken from the nearest nucleus outside the surface),
d; (distance taken from the nearest nucleus inside the
surface) and the vdW radii of the atoms involved in the
intermolecular contact. The d,om surfaces are mapped over a
fixed colour scale of -0.025 a.u. (red) and +0.55 a.u. (blue).
The scale colours used in analysing the main intermolecular
contacts in the d,,om map are red (distances shorter than the
sum of vdW radii of atoms), blue (distances longer than the
sum of vdW radii) and white (distances equal to the sum of
vdW radii of atoms involved in the intermolecular
interactions). The combination of d. and d; in the form of
two-dimensional fingerprint (FP) plots provides a summary
of the contribution to the main intermolecular contacts to
the total Hirshfeld surface area.’® We have also analysed an
additional coloured property, namely the shape index, based
on the local curvature of the surface. This Hirshfeld surface
has been performed to explore the existence of C-H:-'n
interactions.

The energies of intermolecular interactions (Ey,) for dimers
formed in the crystal structure of both compounds were
calculated using the CrystalExplorer 21.5 program.*> The
electron density of the molecules for the intermolecular energy
calculations has been obtained at the B3LYP/6-31G(d,p) level of
theory. The total interaction energy (E..) is partitioned into
Coulombic (Ecour), polarization (Ep,), dispersion (Eg), and
repulsion (E.p) energy contributions.

Results and discussion
Synthesis and characterization

The compounds (1-3) under study were synthesized by a
simple and faster procedure. Equimolar quantities of the
respective 1,3,4-oxadiazole and aryl halides in acetone as
solvent in the presence of potassium carbonate as base
react by stirring during 2 hours at 45-50 °C, leading to
the corresponding 1,3,4-oxadiazole derivatives  (1-3).

This journal is © The Royal Society of Chemistry 2023
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Column chromatography and re-crystallization from
ethanol afford the products 1 and 2 as crystalline solids
in good yields. Only very small and twinned -crystals
with low X-ray scattering ability were obtained for
compound 3.

The '"H NMR (400 MHz, CDCl;) data for all compounds
shows a multiplet in the range of 8.00-7.05, corresponding to
the nine, six and seven aromatic protons in the molecule. A
singlet at 4.56-4.51 indicates the presence of two methylene
protons in all the three compounds. Similarly, nine tertiary
butyl protons resonate at 1.31 ppm. A singlet at 1.31 also
corresponding to the nine tertiary butyl protons in
compound 1 while two singlet signals at 3.93 and 1.30
confirms the presence of nine methoxy protons and nine
tertiary-butyl protons in compound 2. All carbon resonances
fall between 165.81-30.19 ppm.

Description of crystal structures of compounds 1-2 and DFT
study

In  2-[(4-tertbutylphenylmethyl)sulfanyl]-5-(3,4,5-trimethoxy-
phenyl)-1,3,4-oxadiazole, one of the C-atoms of the methoxy
group and the terminal C-atoms of the tertbutyl group are
disordered over two set of sites with an occupancy ratio of
0.699(3):0.301(3). In this molecule, the benzene ring of the
trimethoxy group A (C14-C19), the 1,3,4-oxadiazole-2-thiol
group B (C1/C2/N1/N2/01/S1) and part of the toluene group
C (C3-C9) are planar having r.m.s. deviations of 0.0036,
0.0099 and 0.0028, respectively. The dihedral angles between
A/B, B/C and C/A are 5.22(7)°, 76.39(6)° and 81.11(6)°,
respectively (Fig. 1).

In  2-(4-tertbutylphenylmethyl)sulfanyl]-5-(phenyl)-1,3,4-
oxadiazole, the terminal C-atoms of the tertbutyl group are
disordered over two set of cites with an occupancy ratio of
0.869(3):0.131(3). In this molecule, the benzene ring A
(C14-C19), the 1,3,4-oxadiazole-2-thiol group B (C1/C2/N1/N2/
01/S1) and part of the toluene group C (C3-C9) are planar
having r. m. s. deviations of 0.0022, 0.0126 and 0.0366,
respectively. The dihedral angles between A/B, B/C and C/A
are 10.59(5)°, 66.66(5)° and 75.98(6)°, respectively. Molecules
form dimers via C-H:--N bonding and these dimers are
stacked due to C-H--'n interactions (Fig. 2).

Fig. 1 ORTEP diagram of 2-[(4-tertbutylphenylmethyl)sulfanyl]-5-
(3,4,5-trimethoxyphenyl)-1,3,4-oxadiazole drawn at 50% probability
level. The small circles of arbitrary radii show H-atoms. The discorded
C-atoms of minor part are omitted for clarity.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 ORTEP diagram of 2-[(4-tertbutylphenylmethyl)sulfanyl]-5-
(phenyl)-1,3,4-oxadiazole drawn at 50% probability level. The small
circles of arbitrary radii show H-atoms. The discorded C-atoms of
minor part are omitted for clarity.

Molecular dimers and intermolecular interaction energies

The calculations performed with the CrystalExplorer 21.5 (ref.
42) program reveals three molecular dimers for compounds 1
and 2 which are energetically significant in the stabilization of
the crystal packing. Molecules of 1 interact through C-H:-'N
and C-H--m intermolecular interactions, while the crystal
packing of 2 is mainly stabilized by a combination of C-H-"N,
C-H:--O and C-H--m interactions. Table 2 shows pair-wise
interaction energies associated to intermolecular hydrogen
bonds and C-H---m contacts related to three molecular dimers
for 1 and 2, along with the geometrical parameters. For 1, the
most stabilized dimer (D1, Fig. 3) is formed by two different
C-H:*N hydrogen bonds, one involves the H3B of the
methylene group and the N1 atom of the oxadiazole moiety as
acceptor and other involving the H5 atom of the phenyl ring
and the N2 atom. Dimer D1 is also stabilized by C-H--'n
interactions involving the H17B atom of the tert-butyl group
and the centroid of the C4-C9 ring. The contribution of
electrostatic and dispersion energies is 37 and 63% towards
the stabilization of this dimer.

The next most stabilized dimer D2 (Ey; = —7.23 keal mol ™,
Fig. 3) is stabilized by intermolecular C-H--'nt interactions.
The H18 atom of the phenyl group and the C4-C9 phenyl
ring participate in C-H---m interactions as a donor and as an
acceptor, respectively. The contribution of electrostatic energy
is significantly reduced (=16%) compared to that on dimer
D1. This difference could be mainly attributed to the absence
of hydrogen bonds in the stabilization of dimer D2. The H6
atom of the phenyl ring is involved in an intermolecular
C-H--'n interaction with the centroid of the oxadiazole
ring (Fig. 3). It is important to note that the dispersion energy
is dominant (82%) towards the stabilization of this dimer.

In the solid-state structure of 2, we have identified three
structural dimers (D1-D3) with significant intermolecular
interactions energies (E,) as shown in Table 2 and Fig. 4.
These energies range from —13.7 to 9.50 kcal mol™". The basic
structural dimer D1 (Ey = —13.7 keal mol™", Fig. 4) consists
of inversion related molecules stabilized by C-H-=n
interactions between the H20A atom of one methoxy group
and the centroid of the C4-C9 ring. The dispersion energy
contributes about 68% towards the stabilization of dimer D1
in this structure. The second strong dimer D2 (Ey = 12.5 kcal
mol ™, Fig. 4) is formed by a combination of C22-H22C---N1
and C5-H5---N2 hydrogen bonds, involving the N1 and N2 of

CrystEngComm, 2023, 25, 6710-6718 | 6713
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Table 2 Intermolecular interaction energies (kcal mol™) for different dimers extracted from the crystal structure of 1 and 2
Dim. Involved Interactions® d(H---A/Cg), <(D-H---A)? Ecoul Epol Egis Erep Eior
Compound 1
D1 C3-H3B:'N1 2.71/156 -3.88 -1.08 -8.59 4.09 -9.46
C5-H5--"N2 2.71/133
C11-H11B---Cg2 3.33
D2 C18-H18---Cg2 2.98 -2.19 -0.30 -9.55 4.81 -7.23
D3 C6-H6---Cgl 3.21 -1.52 -0.18 -7.85 2.82 -6.73
Compound 2
D1 C20-H20A---Cg2 2.61 -5.41 -1.09 -13.7 6.53 -13.7
D2 C22-H22C--*N1 2.72/116 -4.83 -1.23 -10.2 3.73 -12.5
C5-H5--"N2 2.74/136
D3 C21-H21A1---04 2.78/147 -2.85 -0.31 -10.1 3.76 -9.50
C20-H20B:---Cg1l 2.98

% Cgl and Cg2 are the centroids of the N1/N2/C1/C2/01 and C4-C9 rings, respectively for 1 and Cgl and Cg2 are the centroids of the C14-C19
and C4-C9 rings, respectively for 2. ” Geometry of intermolecular interactions (A, ©). Scale factors used to determine Ey, at the B3LYP/6-31G(d,p)

level of theory: Ecou = 1.019, Epgy = 0.651, Egjs = 0.901, Erep, = 0.811.

the oxadiazole ring as acceptor. The contribution of
electrostatic and dispersion energy for the stabilization of
dimer D2 is 37 and 63%, respectively. Dimer D3 (Eq: =
-9.50 kcal mol™) is stabilized by a combination of
C21A-H21A1--:O1 and  C20-H20B--'nm  intermolecular
interactions. The C-H--'m contact involves the H20B
atom of one methoxy moiety and the centroid of the
C14-C19 phenyl ring. For the stabilization of this dimer,
the dispersion energy contributes 76% (Fig. 4).

MEP, QTAIM and NCIPlot study of dimers D1-D3

The dimers described above have been further analyzed using
three computational tools: MEP surface plots of the
monomers and QTAIM/NCIPlot analysis of the dimers. The
utilization of QTAIM and NCIPlot methods combined is
useful to reveal interactions in real space.

First, the molecular electrostatic potential (MEP) surfaces
of compounds 1 and 2 have been computed to investigate the
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Fig. 3 Partial view of the crystal packing of compound 1 showing the
main dimers (D1-D3) involved in the intermolecular interactions. The
intermolecular contacts are shown as dashed lines.
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most electrophilic and nucleophilic parts of the molecules.
They are represented in Fig. 5, evidencing that the MEP

C
(8

¢

Fig. 4 Partial view of the crystal packing of compound 2 showing the
main dimers (D1-D3) involved in the intermolecular interactions. The
intermolecular contacts are shown as dashed lines.
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Fig. 5 MEP surfaces of compounds 1 (a) and 2 (b). The energies at
selected points are given in kcal mol™. Isosurface 0.001 a.u.

minimum is located at the N-atoms of the 1,3,4-oxadiazole
ring (-37.0 keal mol™) in 1 and at the O-atom of the methoxy
group (-37.7 kcal mol™) in 2. The MEP at the O-atom of the
five membered ring is significantly more positive (-7.5 kcal
mol ™" in 1 and -6.3 kcal mol™ in 2).

The MEP surfaces also show that the MEP values are
positive at the aromatic and aliphatic C-H bonds, ranging
from +11 to +17 kecal mol™ on the dihydropyrazole ring in
both complexes. The MEP is negative over the six-membered
rings, in both compounds, ranging from -9.4 to -13.8 kcal
mol™", thus explaining their ability to participate in C-H---xt
interactions. Moreover, the MEP surface analysis and the
location of the MEP maximum and minimum agrees well
with the important C-H--*N interactions described above in
both compounds, which are relevant in their crystal packing.
Finally, it is worth mentioning the existence of two weak
c-holes at the S-atoms, opposite to the C-S bonds with values
ranging from 1.3 to 5.0 keal mol™.

The analysis of the three dimers of compound 1 using
QTAIM and NCIPlot indices is depicted in Fig. 6, focusing
solely on intermolecular interactions for clarity. In dimer D1,
the QTAIM/NCIPlot analysis identifies three CH--*N bonds.
Each bond is characterized by a bond critical point (CP,
marked as a red sphere) and a bond path (highlighted with
an orange line) linking the H-atom to the N-atom of the five-
membered ring. Notably, a green reduced density gradient
(RDG) isosurface, coinciding with the bond CP, further
characterizes each hydrogen bond (HB). The unified QTAIM/
NCIPlot examination also unveils additional contacts between
C-H groups and the n-systems of tert-butylphenyl rings,
marked by bond CPs, bond paths, and green isosurfaces.
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Fig. 6 Combined QTAIM/NCIPlot analyses of dimers D1 (a), D2 (b) and
D3 (c) of compound 1. Only bond critical points are represented (as
red spheres), for the sake of clarity. For the NCIPlot isosurface (s =
0.5), the -0.35 < sign(,)p < 0.35 color scale was used. Gradient cut-
off = 0.04 a.u.

The QTAIM/NCIPlot analysis of dimer D2 (Fig. 6b) reveals
several bond CPs connecting both monomers. Beyond the
bond CPs and RDG isosurfaces signifying the CH:--'m
interactions, the QTAIM analysis indicates connections
between each S-atom and the O-atom of the oxadiazole ring,
and to an H-atom from the phenyl ring. The diminutive size
of these green RDG isosurfaces implies the relative weakness
of these contacts.

For dimer D3 (Fig. 6¢), the QTAIM/NCIPlot assessment
identifies two CH:-*N interactions. Each is marked by a bond
CP and bond path linking the H-atom to the N-atom of the
five-membered ring. Two more bond CPs and RDG
isosurfaces highlight the CH:-'m interactions. The QTAIM
evaluation further detects a CH:-*S bond involving a CH bond
from the ¢-butyl group.

A comparative analysis was conducted on the three dimers
of compound 2, as depicted in Fig. 7. In dimer D1, each
symmetrically identical and notably short CH:--n contact is
distinguished by a bond CP and bond path, linking the
H-atom to a C-atom of the ring. The m-character of this
contact is more distinctly highlighted by the RDG isosurface,
which envelops a significant portion of the n-cloud of the
aromatic ring.
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Fig. 7 Combined QTAIM/NCIPlot analyses of dimers D1 (a), D2 (b) and
D3 (c) of compound 2. Only bond critical points are represented (as
red spheres), for the sake of clarity. For the NClplot isosurface (s =
0.5), the -0.35 < sign(4,)p < 0.35 color scale was used. Gradient cut-
off = 0.04 a.u.

For dimer D2 (Fig. 7b), the QTAIM/NCIPlot evaluation
verifies the presence of three CH---N hydrogen bonds, marked
by their respective bond CPs, bond paths, and green
isosurfaces. This analysis also uncovers the involvement of two
CH:--m contacts associated with the p-tert-butylbenzyl groups.

Lastly, the QTAIM/NCIPlot assessment of the
centrosymmetric dimer D3, aside from identifying the CH:-'n
contacts, reveals two CH---O and CH:---S hydrogen bonds.
These bonds engage with the H-atoms of the methoxy group,
aligning well with the MEP analysis results for compound 2,
as illustrated in Fig. 7b.

In summary, the six dimers showcase a complex array of
interactions, providing context for the moderately strong
interaction energies calculated for these assemblies (see
Table 2).

Hirshfeld surface analysis

The Hirshfeld surfaces mapped over the dyorm function for
compounds 1 and 2 are shown in Fig. 8. The dominant
intermolecular contacts in both structures are shown as
bright red areas. These representations reveal that the crystal
packing of both compounds is mainly stabilized by non-
classical hydrogen bonds and additional non-conventional

6716 | CrystEngComm, 2023, 25, 6710-6718

View Article Online

CrystEngComm

1

Fig. 8 Hirshfeld surfaces mapped over dnorm property for compounds
1 and 2. The second molecule is 180° rotated around the horizontal
axis of the plot. The labels are discussed in the text.

intermolecular contacts observed in the crystal structure. The
full two-dimensional fingerprint plots and those delineated
into H---S/S--*H and O---S/S:--O for 1 and H--*H and H---N/
N---H for 2 are shown in Fig. 9.

In compound 1, the small red spots labelled 1 and 2 are
attributed to C3-H3B:--N1 and C5-H5---N2 hydrogen bonds,
respectively, with 11.3% contribution to the total Hirshfeld
surface area. The red bright red spots labelled 3 on the dorm
map are assigned to C-H:---m interactions, involving the H5
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Fig. 9 Full and decomposed two-dimensional fingerprint plots of 1 (a—
¢) and 2 (d-f).
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Fig. 10 Hirshfeld surfaces of 1 (top) and 2 (bottom) mapped over
shape index property in the colour range of -1.0 a.u. (concave) to 1.0
a.u. (convex).

atom and the centroid of the C4-C9 phenyl ring. These
contacts are visible as a pair of wings in the top left and
bottom right region of the fingerprint plot (Fig. 9), which
comprise 25.8% of the total Hirshfeld surface area.

The white regions labelled 5 are attributed to weak C6-
H6-:-S1 hydrogen bonds. These contacts are visible in the
fingerprint plots as a pair of spikes at (d. + d;) =~ 3.0 A, in
accordance with the H6---S1 distance of 3.165 A. These H:*-S/
S--*H contacts comprise 5.9% of the Hirshfeld surface. The
appearance of red regions around the S1 and O1 atoms are
indicative of S1---O1 chalcogen bonding interactions. These
contacts contribute 2.0% to the total Hirshfeld surface area.
The presence of H---H interactions in the crystal structure of
1 is evidenced by the presence of bright red areas labelled 4
in the dyorm surface, attributed to H17---H12B dihydrogen
interactions [d(H17---H12B) = 2.39 A], with a distance shorter
than the sum of vdW radii of H-atoms. These contacts are
highlighted in the middle of scattered points of the
fingerprint plot, with a minimum value of (d. + d;) = 2.4 A,
and the highest contribution of 49% of the total Hirshfeld
surface area.

In 2, the bright red spots labelled 1 in the d)om surface
are mainly attributed to C20-H20---n interactions involving
the H20 atom of the methyl group from the methoxy moiety
and the centroid of the C4-C9 ring. These interactions are
also visible on the fingerprint plot (Fig. 9) as a pair of wings,
with a contribution of 19.9% to the total Hirshfeld surface.
The red spots labelled 2 and 3 are attributed to
C22-H22C--*N1 and C13-H13B---O4 hydrogen bonds,
respectively, while the red regions labelled 4 and 5 are attributed
to C5-H5--'N2 and C21-H21A---O1 interactions, respectively.
The contribution of H---N/N---H and H---O/O---H contacts to
the total Hirshfeld surface area is 8.8 and 14.2%, respectively.

The existence of the C-H---m interactions has been
evidenced by the appearance of patches with a large red
depression above the =n-system, and a blue region
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surrounding the C-H donor on the Hirshfeld surfaces
mapped over the shape index property (Fig. 10). These results
are in accordance with the dom, fingerprint plots and with
the crystallographic results.

Conclusions

Three new oxadiazole derivatives were synthesized and two of
them were X-ray characterized. The research explored
molecular dimers and their intermolecular interaction
energies in compounds 1 and 2. Both compounds have three
energetically significant molecular dimers crucial for crystal
packing stabilization. Compound 1 interacts through C-
H--*N and C-H--m, whereas compound 2 is stabilized
primarily by C-H---N, C-H---O, and C-H---n interactions.
Dimer D1 in both compounds emerged as the most stable,
with interaction energies heavily influenced by electrostatic
and dispersion contributions.

Several computational tools, including MEP surface
plots, QTAIM, and NCIPlot, provided deeper insights into
these interactions confirming the significance of C-H--w
and C-H---N/O interactions in crystal packing. Hirshfeld
surface analysis further highlighted that the crystal
packing in both compounds is primarily stabilized by
non-classical hydrogen bonds and additional
unconventional intermolecular contacts.
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