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Abstract

We synthesized and characterized a series of four closely related thiourea deriva-
tives (1-4) obtained by reaction of 4-R-benzoyl chloride (R: H, Cl, CH3, and OCH3)
with equimolar amount of potassium thiocyanate and dibenzylamine in dry acetone.
The crystalline and molecular structures of the synthesized compounds 1-4 were
examined to understand how the crystal packing of each compound altered when
substituted by different functional groups at para position on the aromatic ring.
Single-crystal X-ray diffraction analysis revealed that molecules of the prepared
compounds assembled into supramolecular units connected via networks of similar
intermolecular interactions. The packing arrangement of the compounds, however,
was found to be different. We also conducted Hirshfeld surface analysis for all the
synthesized compounds and followed the changes of different properties on these
surfaces related to systematic variations of the substituent. Hirshfeld surface anal-
ysis and decomposed fingerprint plots showed that the structures were stabilized by
H---H, H---S, O---H, N---H, C-H---m, and m---m intermolecular interactions, which
contribute mostly to the packing of the species in the crystal. The two largest
contributions to the packing of the molecules in the crystals were provided by H---H
(51.6, 39.5, 54.4, and 51.4 %) and C-H---n (27.4, 27.1, 24.6, and 28.8 %) inter-
molecular interactions.
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Introduction

Thiourea derivatives are known to be promising compounds in materials chemistry
due to their ability to form intra- and intermolecular hydrogen bonds between NH
donor groups and carbonyl oxygen/thiocarbonyl sulfur atoms [1-5]. The mutual
effect between intra- and intermolecular hydrogen bonding strongly affects the
chemical properties of these compounds. In addition, hydrogen bonds influence the
conformational balance around the —C(C=0)-N—(C=S)N- moiety core of thiourea
derivative compounds. The four main forms of thiourea derivative compounds are S,
U, M, and Z, relying on the formation of proper hydrogen bonds (Scheme 1). The
feasibility of these compounds depends on the orientations adopted by the C=0 and
C=S double bonds with respect to the C—N bonds (where S, U, M, and Z indicate the
position of the C=0 and C=S double bonds relative to the perpendicularly drawn N—
H bond) [6, 7].

Understanding of the conformational and structural properties of thiourea
compounds has direct relevance to many applied fields such as heterocyclic
synthesis intermediates, nonionic surfactants [8], organocatalysts [9-15], metal
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Scheme 1 Plausible conformations of thiourea derivative compounds around the central -C(O)NHC(S)N< moiety
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coordination [26-30], and anion receptors [16-26]. In a recent study by Becker
et al. [6, 27], 739 structures containing the —C(C=0)N(C=S)N- moiety in the
Cambridge Crystallographic Database were analyzed to determine the structural and
conformational properties of these compounds. On the other hand, in another study
on acyl thioureas, 440 crystal structures were found in the Cambridge Crystallo-
graphic Database and the majority (236 structures) displayed a characteristic
intermolecular pattern forming dimers via N-H---S hydrogen bonding adopting an
R%(8) motif [28, 29]. In addition, for better understanding of the contribution of
structural and conformational properties to intermolecular interactions, Hirshfeld
surfaces analysis of a few thiourea derivative compounds has been performed
[30-34].

In this study, a series of functionalized thiourea derivative compounds with
different functional groups (H, Cl, CHs, and OCH3) at para-position on the aromatic
ring were synthesized and characterized by Fourier-transform infrared (FT-IR) and
'H and ">C nuclear magnetic resonance (NMR) spectroscopy. Also, the crystal
structure and conformational properties of synthesized compounds were determined
via single-crystal X-ray diffraction studies. The corresponding crystalline packing
of synthesized compounds is discussed on the basis of variable synthons, leading to
formation of supramolecular structures, all of them essentially dictated by
noncovalent interactions. Analysis of intermolecular contacts was performed based
on the Hirshfeld surfaces and their associated two-dimensional (2D) fingerprint
plots.

Experimental
Instrumentation

NMR spectra were recorded in dimethyl sulfoxide (DMSO)-dg solvent on a Bruker
Avance III 400 MHz NaNoBay FT-NMR spectrometer with tetramethylsilane as
internal standard. Infrared spectra for each compound were recorded in the range of
400-4000 cm™" on a PerkinElmer Spectrum 100 series FT-IR/FIR/NIR spec-
trophotometer Frontier ATR instrument.

X-ray single-crystal diffraction data were recorded on a Bruker APEX-II charge-
coupled device (CCD) diffractometer. A suitable crystal was selected, coated with
Paratone oil, and mounted onto a Nylon loop on a Bruker APEX-II CCD
diffractometer. The crystal was kept at T = 100 K during data collection. The data
were collected with Mo K, (4 = 0.71073 A) radiation for compound 2 and 3 and Cu
K, (4 = 1.54178) radiation for compound 1 and 4, at crystal-to-detector separation
of 40 mm. Using Olex2 [35], the structure was solved with the Superflip [36-38]
structure solution program, using the Charge Flipping solution method and refined
by full-matrix least-squares techniques on F> using ShelXL [39] with refinement of
F? against all reflections. Hydrogen atoms were constrained by difference maps and
were refined isotropically, and all nonhydrogen atoms were refined anisotropically.
Molecular structure plots were prepared using PLATON [40].

@ Springer



172 I. Gumus et al.

Hirshfeld surface analysis

Hirshfeld surface analysis and associated two-dimensional fingerprint plots of
compounds 1-4 were calculated using CrystalExplorer 17 [41]. Hirshfeld surfaces
were mapped with different properties, namely d,,o.m, shape index, and curvedness.
dyorm 18 @ normalized contact distance, defined in terms of d., d;, and the van der
Waals (vdW) radii of the atoms. The combination of d, and d; in the form of a 2D
fingerprint plot provides a summary of intermolecular contacts in the crystal.

Synthesis of compounds 1-4

Compounds 1-4 were prepared according to previously published methods [42—45].
Solution of aryl chloride (4-chlorobenzoyl chloride, 4-methylbenzoyl chloride,
4-methoxybenzoyl chloride, and benzoyl chloride) (5 x 1072 mol) in dry acetone
(50 mL) was added dropwise to suspension of potassium thiocyanate
(5 x 1072 mol) in acetone (30 mL). The reaction mixture was heated under reflux
for 30 min, then cooled to room temperature. Solution of dibenzylamine (5 x 1072
mol) in acetone (10 mL) was added, and the resulting mixture was stirred for 2 h.
Thereafter, the reaction mixture was poured into hydrochloric acid (0.1 N, 300 mL),
and the solution was filtered. The solid product was washed with water and purified
by recrystallization from ethanol:dichloromethane mixture (1:1, v:v) (Scheme 2).

N-(Dibenzylcarbamothioyl)benzamide (1) Yield: 85 %. Color: White. Melting
point: 418-420 K. FT-IR (ATR, v, cm™): 3327, 3272 w(NH), 3030 v(Ar—CH), 1688
v(C=0), 1589 v(C=C), 748 v(C=S). '"H NMR (400 MHz, DMSO-dj, 9, ppm): 10.99
(s, IH, NH), 7.88 (d, 2H, J = 8 Hz, Ar-H), 7.60 (m, 1H, Ar-H), 7.49 (m, 4H, Ar—
H), 7.41-7.32 (m, 6H, Ar-H), 7.21 (d, 2H, J = 8 Hz, Ar-H), 5.24 (s, 2H, CH,), 4.69
(s, 2H, CH,). >*C NMR (100 MHz, DMSO-d;, 9, ppm): 183.46 (C=S), 164.51
(C=0), 135.79 (Ar-C), 135.07 (Ar-C), 132.75 (Ar-C), 132.41 (Ar-C), 128.72 (Ar-
), 128.48 (Ar-C), 128.39 (Ar-C), 128.25 (Ar-C), 127.81 (Ar-C), 127.35 (Ar-C),
55.56 (C-N), 54.68 (C-N).

o o
cl =C=
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R: (1) -H
(2) -l
(3) -OCH,
(4) -CH;,

Scheme 2 Synthesis of compounds 1-4
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4-Chloro-N-(dibenzylcarbamothioyl)benzamide (2) Yield: 80 %. Color: White.
Melting point: 415-417 K. FT-IR (ATR, v, cm™Y): 3267 vw(NH), 3031 v(Ar—CH),
1687 v(C=0), 751 w(C=S), 751 wW(C-Cl). '"H NMR (400 MHz, DMSO-dq, 9, ppm):
11.08 (s, 1H, NH), 7.88 (d, 2H, J = 8 Hz, Ar—H), 7.56 (d, 2H, J = 8 Hz, Ar—H),
7.49 (d, 2H, J = 4 Hz, Ar-H), 7.41-7.32 (m, 6H, Ar-H), 7.19 (d, 2H, J = 8 Hz,
Ar-H), 5.25 (s, 2H, CH,), 4.68 (s, 2H, CH,). '>*C NMR (100 MHz, DMSO-dg, 9,
ppm): 183.16 (C=S), 163.54 (C=0), 137.29 (Ar-C), 135.80 (Ar-C), 135.03 (Ar-C),
131.56 (Ar-C), 130.19 (Ar-C), 128.72 (Ar—C), 128.48 (Ar-C), 127.81 (Ar-C),
127.40 (Ar-C), 55.66 (C-N), 54.72 (C-N).

N-(Dibenzylcarbamothioyl)-4-methoxybenzamide (3) Yield: 84 %. Color: White.
Melting point: 414-416 K. FT-IR (ATR, v, cm™"): 3188 w(NH), 3027 v(Ar-H), 1688
v(C=0), 752 v(C=S). '"H NMR (400 MHz, DMSO-ds, 6, ppm): 10.82 (s, 1H, NH),
7.91 (d, 2H, J = 12 Hz, Ar-H), 7.51 (d, 2H, J = 8 Hz, Ar—H), 7.39-7.32 (m, 6H,
Ar-H), 7.20 (d, 2H, J = 8 Hz, Ar-H), 7.03 (d, 2H, J = 12 Hz, Ar—H), 5.25 (s, 2H,
CH,), 4.66 (s, 2H, CH,), 3.83 (s, 3H, O-CH3). >*C NMR (100 MHz, DMSO-ds, 4,
ppm): 183.76 (C=S), 163.94 (C=0), 130.41 (Ar-C), 127.80 (Ar—C), 127.44 (Ar-C),
127.34 (Ar-C), 124.81 (Ar-C), 113.67, 55.48 (C-N), 54.66 (C-N), 40.19 (O-CHj).

N-(Dibenzylcarbamothioyl)-4-methylbenzamide (4) Yield: 88 %. Color: White.
Melting point: 406-408 K. FT-IR (ATR, v, cm_l): 3365 v(NH), 3061, 3027 v(Ar—
H), 1696 v(C=0), 747 v(C=S). '"H NMR (400 MHz, DMSO-d, J, ppm): 10.89 (s,
1H, NH), 7.80 (d, 2H, J = 8 Hz, Ar-H), 7.50 (d, 2H, J = 8 Hz, Ar-H), 7.39-7.28
(m, 8H, Ar-H), 7.19 (d, 2H, J = 4 Hz, Ar-H), 5.24 (s, 2H, CH,), 4.66 (s, 2H, CH,),
2.36 (s, 3H, CH3). '>*C NMR (100 MHz, DMSO-dg, 8, ppm): 183.58 (C=S), 164.39
(C=0), 142.63 (Ar-C), 135.82 (Ar-C), 135.09 (ArC), 129.95 (Ar-C), 128.93 (Ar—
C), 128.71 (Ar=C), 128.46 (ArC), 128.33 (Ar=C), 127.80 (Ar=C), 127.42 (Ar-C),
55.57 (C-N), 54.67 (C-N), 21.03 (CHs).

Results and discussion
Spectral characterization

Four benzamide derivative compounds were synthesized by reaction of 4-R-benzoyl
chloride (R: H, Cl, CH;, and OCH3;) with equimolar amount of potassium
thiocyanate and dibenzylamine in dry acetone. The products were isolated in high
yield as pure colorless solid. The reaction pathways are given in Scheme 2.

The first evidence of the formation of the prepared compounds is given by the 'H
and "*C NMR spectra of the compounds, in which typical signals belonging to -NH
groups appear in the range of ¢ 10.87-11.01 ppm as singlet, and typical signals of
C=S and C=0 groups at around § ~ 183 and 6 ~ 164 ppm, respectively. In 'H
NMR spectra, aromatic proton signals were observed in the range of ¢
7.91-7.02 ppm. Correlation spectroscopy (COSY) of obtained compounds, given
as supplementary material, allowed unambiguous assignment of aromatic protons.
In the '"H NMR spectra of all compounds, interestingly, different 'H resonances
appeared for each of two -CH,- groups in DMSO-dg at 6 4.69 and 5.24 for
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compound 1, ¢ 5.25 and 4.68 ppm for compound 2, § 5.25 and 4.66 ppm for
compound 3, and ¢ 5.24 and 4.66 ppm for compound 4. Since the resonance in the
C(O)-NH-C(S)—N part gives a double-bond character to the single bond and slows
the rotation of the C-N bond [3, 46-50], for all compounds, this restricted rotation
results in formation of E/Z configurational isomerism in solution [3, 46-50].
Meanwhile, the '*C NMR spectra of compounds 1-4 showed expected carbon
signals. C-H carbon atoms were distinguished from quaternary carbon signals
through heteronuclear multiple-quantum coherence (HMQC) spectra (see support-
ing information).

The v(C-H) stretching vibration mode for aromatic rings in compounds 1-4
appeared at 3324, 3266, 3188, and 3364 cmfl, respectively. The v(C-H) stretching
for alkyl groups (CH,) appeared in the region between 2900 and 3060 cm™" for all
compounds. The v(N-H) stretching modes of compounds 1 and 4 appeared at 3324
and 3364 cm™ !, close to the signals of free secondary amines (3400-3500 cm™ ).
The v(N-H) stretching mode of compound 4 was shifted down to 40 cm™' and
broadened due to hydrogen-bond formation compared with compound 1 (Figs. 5S,
23S) [51]. The v(N-H) stretching modes of compounds 2 and 3 appeared at 3266
and 3188 cm ™!, respectively, lower than those in free secondary amines due to
presence of intra- or intermolecular hydrogen bonds (Figures. 11S, 17S) [52]. The
characteristic v(C=0) stretching modes for compounds 1-4 appeared at 1686, 1687,
1688, and 1696 cm_l, respectively, lower than the free vibration mode of carbonyl
group (~1720 cm™") [52]. This may be due to conjugative resonance and
tautomerism effects in the amide-thioamide groups and the formation of possible
intra- and intermolecular hydrogen bonds. The formation of possible C=S---H-N/C
intermolecular hydrogen bonds seems to strongly affect the frequency of the v(C=S)
mode [53, 54]. It should be mentioned that, for the main thiourea molecule, this
mode emerged at ~ 1090 cm in the FT-IR spectrum, while higher values up to
1325 cm ™! have also been reported [55-57]. This difference results from mixed
vibrations and strong vibrational coupling in thiocarbonyl derivatives containing
nitrogen [58]. In the FT-IR spectra of compounds 1-4, medium-intensity IR
absorptions observed at around ~750 cm™' are tentatively assigned to the v(C=S)
mode. These values are in agreement with previous studies of the mentioned
derivatives [59-61].

Crystal structure description

The crystalline and molecular structures of the synthesized compounds 1-4 were
examined to understand how the crystal packing of each compound altered when
different functional groups were substituted at para position on the aromatic ring.
The molecular structure of the compounds 1-4, with their atom numbering scheme,
is shown in Fig. 1. The crystallographic data of the compounds are summarized in
Table 1, while selected bond lengths and angles are gathered in Table 2.

The obtained thiourea derivative compounds 1-4 crystallize in the monoclinic
P112; with Z = 4, monoclinic C2/c with Z = 8, monoclinic P2; with Z = 4, and
triclinic P—1 with Z = 4, respectively (Table 1). The unit cell parameters of all
compounds were significantly different, indicating the role of the substituent in their

@ Springer



Supramolecular self-assembly of new thiourea derivatives... 175

Asymmetric unit of compound 1 Overlay diagram of compound 1
(left Mol A and right Mol B)

Compound 2 Compound 3

Asymmetric unit of compound 4 Overlay diagram of compound 4
(left Mol A and right Mol B)

Fig. 1 Molecular structure of compounds 1-4, showing atom numbering (in both overlay diagrams, pink
and blue represent Mol A and Mol B for compound 1 and 4, respectively)
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Table 2 Selected bond lengths (A), and bond and torsion angles (°) of compounds 1-4

Atoms Length (A) Atoms Angle (°) Atoms Angle (°)

Compound 1

S1  C8 1.681(4) Cl NI C8 122.8(4) C®) N(1I) C1) O() -—11.4(6)

Ol C1  1.222(5) C8 N2 C9 121.5(3) C@8) N(I) C() C@2) 167.8(4)

N1 C1  1.376(5) Ol Cl NI 12134 C(l) N() C@®) Sy -—118.94)

N1 C8  1.407(6) Ol ClI C2 122.6(4) C(l) N((2) C@B) N(2) 61.6(6)

N2 C8  1.326(6) Nl C8 S1 117.2(3) CO) N@2) C®) S() 6.50)

N2 C9 1.474(6) N2 C8 S1 125.9(3) CO) N@2) C® N(1) -17414)

N2 Cl16 1.485(5) N2 C8 NI 116.94) C(16) N(2) C(8) S(1) —160.7(3)
Compound 2

Cll C5 1.7419(17) Cl N1 C8 123.23(14) C(@8) N(I) C(1) O(1) 4303

S1  C8 1.6844(17) C8 N2 C9 12421(14) C(@B) N(1) C() C2) -177.75(14)

ol Cl 12212 Ol Cl N1 12241(16) C(1) N(1) C(@8) S(1) 114.52(16)

N1 Cl1 1.386(2) Ol ClI C2 123.12(15) C(1) N(1) C(@8) N(2) —-66.8(2)

N1 C8 1.416(2) N1 Cl C2 11444(14) CO N(@2) C®) S(1) 164.71(13)

N2 C8 1.330(2) N1 C8 SI 118.27(12) C(9) N(2) C(8) N(1) -—-13.92)

N2 C9 1.483(2) N2 C8 SlI 125.44(13) C(16) N(2) C(8) S(1) —6.7(2)

N2 Cl6 1473(2) N2 C8 NI 116.28(14) C(16) N(2) C(@8) N(l) 174.67(14)
Compound 3

S1  C9 1.6795(16) Ol Cl1 NI 121.82(14) C(@8) O(R2) C() CH 262

Ol ClI 12168(19) Ol ClI C2 122.17(15) C(@8) O(2) C() C6) —177.14(14)

02 C5 1.3629(18) NI Cl1 C2 116.01(13) C(9) N() C(1) O() 6.7(2)

02 C8 1427Q2) C3 C2 Cl1 12358(15) C(9 N(1) C(1) C@2) -—-172.29(13)

N1 Cl1 1.391(2) Cl NI C9 121.05(13) C(1) N(1) CO) S@) 121.96(14)

N1 C9 1.4047(19) C9 N2 Cl10 124.09(13) C(1) N(1) C(O N2) -589(2)

N2 C9 1.334(2) N1 C9 S1 118.29(12) C(10) N(2) C@O) S(1) 164.87(12)

N2 C10 1.479(2) N2 C9 N1 11691(14) C(10) N(2) C(O) N() -1422)
Compound 4

S1  C9 1.674(2) Cl NI C9 122.32(17) C9 N1 Cl 01 10.0(3)

Ol Cl  1.22003) C9 N2 Cl10 120.75(17) €9 N1 Cl Cc2 —169.07(18)

N1 Cl1 1.388(3) C9 N2 C17 12431(17) ClI N1 c9 Sl 118.29(19)

N1 C9 1417(3) Ol ClI NI 122.28(19) ClI N1 c9 N2 —62.93)

N2 C9 1.335(3) Ol CI C2 12257(19) C10 N2 C9 SI —11.2(3)

N2 C10 1.472(3) Nl ClI C2 115.14(17) C10 N2 C9 NI 170.11(17)

N2 C17 1.480(3) N1 C9 SI 118.30(15) C17 N2 C9 Sl 171.59(15)

Cl C2 1.496(3) N2 C9 SI 125.33(16) C17 N2 C9 NI -7.1(3)

crystal packing. Compounds 2 and 3 contained one molecule in their asymmetric
unit, while compounds 1 and 4 contained two molecules in their asymmetric unit,
with these two different/independent molecules having slightly different bond
lengths, bond angles, and dihedral angles. The atomic numbering scheme for all
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compounds is given in Fig. 1, which also shows the contents of the asymmetric unit
in each case. Overlay diagrams of compounds 1 and 4 are also given in Fig. 1.

The molecular structures of 1-4 consisted of similar thiourea cores —C(O)-NH-
C(S)-N< with different substitution groups. All synthesized compounds showed “S-
shape” conformation (as defined in Scheme 1), in which the orientation between the
C=0 and C=S double bonds is opposite. The conformation around the amidic group
in all compounds was near cis due to O=C-N-C, with torsion angles in the range
between —11.4(6)° and 10.01(3)°, similar to those reported for related thiourea
species [6, 62—65]. The amide and thioamide moieties (O=C-N1-C and C-N1-
C=S) torsion angles were —11.4(6)° and —174.1(4)° for compound 1, 4.3(3)° and
114.52(16)° for compound 2, 6.7(2)° and 121.96(14)° for compound 3, and
10.01(3)° and 118.29(19)° for compound 4. The dihedral angles between the planes
defined by the amide and thioamide moieties of compounds 1-4 were 55.18° (O1-
C2-N1 and S1-C1-N1), 63.15° (O1-C1-N1 and S1-C2-N1), 54.73° (O1-C1-N1
and S1-C2-N1), and 56.01° (O1-C1-N1 and S1-C2-N1), respectively. There was a
significant deviation in the plane angle of compound 2 compared with the other
derivatives (1, 3, and 4). This deviation occurs due to the chloro substituent. The
dibenzyl substituents were twisted to the C3N plane with torsion angles of
— 106.65° and —132.46° for compound 1 (Mol A), —98.24(2)° and —113.36° for
compound 2, —118.56° and —123.19° for compound 3, and —108.99° and —126.35°
for compound 4 (Mol A). In compounds 1-4, phenyl rings of the dibenzyl part were
essentially planar. In compounds 1, 3, and 4, they were twisted with respect to each
other by dihedral angle of 24.58°, 21.00°, and 13.25°, respectively. However, in
compound 2, phenyl rings of the dibenzyl part were parallel to each other with
dihedral angle of 0°. The dihedral angle between the two planes defined by the
phenyl ring of the benzamide part and the thioamide moiety was 51.38°, 72.45°,
63.07°, and 85.47° for the four compounds 1-4, respectively. Considering the
interplanar angles, it can be seen that they were very different from each other. The
substituent at para position of the phenyl ring and the type of intermolecular
hydrogen bonds in compounds 1-4 represent possible reasons for these differences.

The bond lengths and angles were similar for all compounds. The C=S bond
length for each compound was 1.681(4), 1.684(17), 1.679(16), and 1.674(2) 10\,
respectively, lying in the range for typical double bonds of C=S groups [44, 45].
Also, the C=0 bond length for compounds 1-4 was 1.222(5), 1.221(2), 1.217(19),
and 1.220(3) A, respectively. In compounds 1-4, the shortest C—N bond length
corresponded to C8-N2 [1.326(6) A], C8-N2 [1.330(2) A], C9-N2 [1.334(2) A],
and C9-N2 [1.334(2) /QX], respectively, followed by C1-N1 [1.376(5) A], C1-N1
[1.386(2) A], C1-N1 [1.391(2) A], and C11-N1 [1.388(3) A]. The significant
differences between these bond lengths suggest strong m-donation from N2,
resulting in increased electron density in both carbon and sulfur atoms of the
thioamide part [46]. The observed C=S and C=0 double bonds, as well as the
shortened C—N bond lengths in the central -C(O)-NH—C(S)-N< fragment, are
typical for related thiourea compounds. The other main bond lengths of compounds
1-4 lie within the ranges obtained for similar compounds [34, 42-45, 66].

The crystal structure of the compounds is stabilized by intramolecular hydrogen
bonds of type C-H---N, C-H---O, and C-H:--S. These intramolecular hydrogen
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bonds cause formation of fused five-membered ring systems S(5) in each crystal
structure (Fig. 2) and contribute to the conformation adopted in the solid.
Intramolecular hydrogen bond parameters of all the compounds are listed in
Table 3.

Despite the close similarity between compounds 1-4 in terms of their overall
constitution and detailed molecular geometry, there were some significant
differences in the nature of their supramolecular aggregation. The intermolecular
hydrogen bonds, C-H---n and =---n stacking interactions play an important role in
the formation of three-dimensional (3D) supramolecular networks of compounds
(Tables 3, 4 and 5). In the crystalline structure of the compounds, the most basic
intermolecular interactions are the C—H---S or N-H---S hydrogen bonds between the
amide -NH or —CH, groups (a strong H-bond donor) and the thiocarbonyl sulfur
atom (a strong H-bond acceptor) of a partner molecule. These C—H:--S and N-H---S
hydrogen bonds lead to formation of dimeric homo- or heterosynthons. The
homosynthon results when identical hydrogen bonds form between donor and
acceptor moieties of two adjacent molecules, whereas the heterosynthon forms
when two distinct types of hydrogen bond form. In both synthons, the potential
hydrogen-bond donor atom is attached to a relatively electronegative atom (nitrogen
or carbon), which is in cis position to the acceptor atom (thiocarbonyl sulfur or
carbonyl oxygen atom) (Fig. 3).

It is well known that, in thiourea derivative compounds, the C=S group acts as a
hydrogen-bond acceptor [52-65]. The two molecules in the asymmetric unit of
compound 1 are mainly held together by intermolecular N-H---S and weak C-H---S
hydrogen-bonding interactions: the sulfur atoms of the thiocarbonyl groups are

Compound 3 Compound 4

Fig. 2 Intramolecular hydrogen bonds cause formation of the fused S(5) ring motif in compounds 1-4
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Table 3 Intra- and intermolecular hydrogen bonds for compounds 1-4 @A, °

Compound D-H---A D(D-H) D(H--A) D(D--A) Z(D-  Symmetry
H--A)

1 NI1-H1---S1A 0.86 2.54 3.332(3) 153 —1+xyz
N1A-H1A---S1 0.86 2.54 3.332(3) 153 X9, 2
C9A-H9A---S1A 0.97 2.58 3.034(5) 109 -

C6-H6---O1A 0.93 2.56 3.228(5) 129 1—x1—y —12+z
C9-HO9A.---S1 0.97 2.58 3.087(5) 113 -

CI13A-H13A.--01 0.93 2.58 3.195(6) 124 2—-x1—y,12+z
C16-H16A---0O1 0.97 2.60 2.995(5) 105 -

C16-H16A---N1 0.97 2.35 2.797(6) 107 -

C16A-H16C---N1A  0.97 2.38 2.815(6) 107 -

2 NI1-H1---S1 0.88 2.56 3.4048(16) 161 l—-x1—-y,1—-z
C9-H9B---N1 0.99 2.39 2.807(2) 105 -

C16-H16B---S1 0.99 2.54 3.0810(19) 114 -

3 NI1-H1---S1 0.88 2.70 3.3513(13) 132 1 —x9,32 -z
C10-H10B---N1 0.99 2.38 2.816(2 106 -

C12-H12---01 0.95 2.29 3.229(2) 168 l—x1—-y,1—-z
C17-H17B---S1 0.99 2.53 3.0702(17) 114 -

4 C4-H4---S1 0.95 2.86 3.779(2) 162 2—x, -y, 1 —z
C4X-H4X---S1X 0.95 2.87 3.785(2) 161 l—-x1—-y,1—-z
C10-H10B---S1 0.99 2.53 3.068(2) 114 -

C10X-H10---S1X 0.99 2.53 3.071(2) 114 -
C17-H17B---N1 0.99 2.35 2.803(3) 107 -
C17X-H17C---N1X  0.99 2.35 2.801(3) 107 -

involved in the formation of the structure by hydrogen bonding. As shown in Fig. 4,
intermolecular N-H---S (Table 3, 2.542 ;\, symmetry code: —1 + x, y, z) and C-
H---S (Table 3, 2.947 A, symmetry code: —1 + x, y, z) hydrogen-bond interactions
occur between the amide -NH group and the sulfur atom and between the amide —
CH, and the sulfur atom, respectively. The combination of molecules generated
through these N-H---S and weak C—H---S hydrogen-bonding interactions gives rise
to the formation of dimeric R%(9) heterosynthons. The formation of these
intermolecular C=S---H-N/C hydrogen bonds affects the v(C=S) stretching vibra-
tions. In the FT-IR spectrum of compound 1, the shift to lower frequency of the
v(C=S) stretching vibration compared with the normal value is compatible with the
formation of intermolecular hydrogen bonds [67, 68].

The formation of the mentioned dimers is also supported by the establishment of
additional bifurcated C—H---O interactions (C6-H6---O1A, 2.56 A, symmetry code:
1—x, 1 -y, —1/2+ z; C7-H7---O1A, 2.76 A symmetry code: 1 —x, 1 —y,
1/2 4 z) between the carbonyl oxygen atom and two hydrogen atoms of the phenyl
ring (Fig. 4). In the FT-IR spectrum of the compound, the v(C=0) stretching
vibration appears at 1688 cm™!, confirming the presence of hydrogen-bonded
carbonyl (vibration mode of carbonyl functional group is 1720 cm™"). In addition,
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Table 4 Geometrical parameters of C—H:--x interactions for compounds 14 (A, o0

C-H.--Cg () H--Cg H-perp’ /C-H.-Cg o C--Cgf
Compound 1

C(11)-H(1 1A)~~~Cg(4)i 2.94 2.49 132 7.19 3.629(5)
Compound 2

C(13)-H(13)--Cg(2)} 2.86 —2.85 146 4.47 3.678(2)
C(14)-H(14A)--Cg(1)" 2.99 2.97 148 6.23 3.827(2)
C(20)-H(20)---Cg(3) 2.69 2.68 158 4.00 3.587(2)
Compound 3

C(22)-H(22)--Cg(1)} 2.88 2.84 137 8.88 3.6336(19)
Compound 4

C227H22-~-Cg(5)i 2.87 2.78 143 14.32 3.673(3)
C22-H22X--Cg(2)" 2.87 2.78 140 14.71 3.650(3)
“Symmetry codes for compound 1: i = 1 + x, y, z; for compound 2: i = 1/2 —x, 1/2 +y, 1/2-z
i=—12+4x 32—y, =12+ 7z iii=312—x, —1/2+y, 1/2 — z; for compound 3: i =1 — x,
1 —y, 1 —gz forcompound 4: i =x,y,z;ii=—14+x,y,2

ng(4) is the centroid of the rings C2A—C7A (Mol B) for compound 1; Cg(1), Cg(2), and Cg(3) are the
centroids of the rings C2-C7, C10-Cl15, and C17-C22 for compound 2, respectively; Cg(1) is the
centroid of the rings C2—C7 for compound 3, and Cg(2) and Cg(5) are the centroids of the rings C11-C16
(Mol A) and C11X-C16X (Mol B) for compound 4, respectively

“Center of gravity of ring J (plane number above)
dPerpendicular distance of H to ring plane J
€Angle between Cg—H vector and ring J normal

Distance between C-atom and the nearest carbon atom in the benzene ring

in the FT-IR spectrum, marker bands for C-H:--O torsion mode representing a
typical C—H---O hydrogen bond appeared at about 1490 and 1418 cm™' (Fig. 6S)
[69].

In compound 2, the presence of the electron-donating chlorine atom, at para
position on the phenyl ring of benzamide part, had a greater influence on the
molecular packing compared with in compound 1. In compound 2, a series of
dimerization occurs through formation of the consecutive R%(S), R%(IZ), R%(14), and
R5(28) synthons. The N-H--S hydrogen bond, occurring between thiocarbonyl
sulfur atom and amide hydrogen atom, leads to thioamide R3(8) homosynthon,
while the C-H---S hydrogen bond, occurring between thiocarbonyl sulfur atom and
aromatic ring hydrogen atom, leads to R3(14) homosynthon. The C-H---S hydrogen
bond, which shares the same sulfur atom of the previous interaction, reinforces the
strength/cohesion between dimers. However, the establishment of an additional
interaction, the C—H---O between the aromatic ring hydrogen atom and the carbonyl
oxygen atom, leads to R3(12) homosynthon chains along b-direction. Finally, the
chlorine substituent in compound 2 establishes hydrogen- and halogen-bonding
interactions, and a larger ring R3(28) homosynthon occurs via C-H---Cl interactions,
in which the aromatic-ring carbon atom acts as a donor to the chloro atom of the
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Table 5 Geometrical
parameters of t---7 interactions
for compound 2 (A, °)

Rings I-J* Cg(D)--Cg(®  +° Cg(D-perp®  Cg(J)-perp®

~

Compound 1°

Compound 2
Cg(2)--Cg(3)  3.7783(12) 272 —3.3602(8) 3.4913(8)
Cg(3)--Cg)"  3.7782(12) 22.5 3.4913(8) —3.3602(8)

Compound 3

Compound 4"

aCg(1) and Cg(2) are the centroids of rings C2-C7 and C10-C15 for
compound 2, respectively

PCentroid distance between ring I and ring J

“Angle between the centroid vector Cg(I)---Cg(J) and the normal to
plane J

dPerpenclicular distance of Cg(I) on ring J (A)
“Perpendicular distance of Cg(J) on ring I A)

fInteractions greater than 4 A. Symmetry codes for compound 2:
i=x,14+yzii=x,—1+yz2

R, R,

k ) Heterosynthon
[o] N

A U5 -
A A )\/ﬁ%

/ Cis \N Ry 0
Homosynthon S Rq
(o]
N\\
( R
R

Fig. 3 Formation of homosynthon and heterosynthon in the compounds

—
K7

I

partner molecule (Fig. 5). The deformation bands revealed in the FT-IR spectrum
can also be used as marker bands of the C—H:--O dimer. To recognize the dimer of a
C-H---O = C hydrogen bond, a characteristic split bending absorption was detected
for the C—H.--O=C hydrogen bond in the range of 1475-1425 cm ™' corresponding
to torsional TC-H---O deformation of the mentioned dimer [69].

Compound 2 is also stacked in parallel fashion, forming a layered 3D structure
held together by m---m intermolecular interactions with plane separation of 3.778 A
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Mol A

Fig. 4 Supramolecular framework in compound 1 generated via N-H---S, C-H:--S, and C-H---O
interactions
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Fig. 5 a Consecutive formation of R3(8) and R3(12) synthon generated through C-H---S and C-H---O
hydrogen bonds, b consecutive formation of R%(14) and R%(ZS) synthon generated via C-H:--S and C-
H---Cl hydrogen bonds of compound 2, respectively

and symmetry code x, 1 4 y, z (Fig. 6a). These supramolecular layers were also
expanded by C-H---Cl interactions (Fig. 6b). Thus, the 3D supramolecular structure
of compound 2 is generated due to a mixed combination of these intermolecular
interactions, which include slipped m---m stacking between aromatic rings of
adjacent molecules. The main difference is that, in compound 2 compared with
compound 1, face-to-face m---m stacking interactions are formed, influencing the
final solid-state architecture of the compound. In addition, in the structure, the
molecules associate along b axis through 7---m interactions to construct a helical
chain motif (Fig. 6¢).

In compound 3, the N-H---S interaction occurs between the N-H group and the
thiocarbonyl sulfur atom of a neighboring molecule. This leads to the formation of a
dimer, which is obtained through a R§(8) homosynthon (Fig. 7). The position of the
methoxy group in compound 3 plays an important role in the design of the
supramolecular network of the compound. The substitution of methoxy group at
para position on the phenyl ring of benzamide part leads to intermolecular C-H---O
interactions. This interaction occurs between a methoxy group oxygen atom and a
phenyl ring hydrogen atom, leading to the formation of R3(28) synthon. In the
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Fig. 6 a Molecules of compound 2 link one another by self-complementary C-H:--S and C-H:--Cl
hydrogen bonds and =---7 stacking interactions, leading to formation of a layered assembly, b the face-to-
face m---m interactions shown in space-filling representation, ¢ the helical chain formed along b direction

crystalline structure of compound 3, other intermolecular interactions are the C—
H---O (C12-H12:--01, 2.296 A, symmetry code: 1 — x, 1 — y, 1 — z) hydrogen-
bond interaction between the carbonyl group oxygen atom and the phenyl ring
hydrogen atom of a neighboring molecule and the C-H---S interaction between the
thiocarbonyl sulfur atom and the phenyl ring hydrogen atom of a vicinal molecule.
The combination of molecules generated through the C-H:--O and C-H---S
hydrogen-bonding interactions gives rise to the formation of consecutive dimeric
R3(18) homosynthons (Fig. 8). These synthons are only found in compounds 2 and
3. In the FT-IR spectrum, these C—H---O dimer interactions are also characterized by
the appearance of a split of bending absorption bands in the range between 1425 and
1475 em™" [69].

In compound 3, C—H---m stacking interaction occurs, in which the phenyl ring
carbon atom in the molecule acts as a hydrogen-bond donor to the centroid of the
phenyl ring in the neighboring molecule (C—H:--rt, 2.878 A, symmetry code: 1 — x,
1 — y, 1 — z), thus generating a one-dimensional polymeric chain aligned along the
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(@) (b)

Fig. 7 a Supramolecular framework in compound 3 generated via C-H:--O, C-H---S, and N-H:--S
hydrogen bonds, and C-H:--n and mt---w stacking interactions along b-axis, b crystal packing of compound
3 along c-axis

Fig. 8 a The formation of R3(28) homosynthon generated through C-H--O hydrogen bonds, b the
formation of consecutive R3(18) homosynthon generated via C-H:--S and C-H---O hydrogen bonds of
compound 3, respectively

b-axis (Fig. 7). In addition, the very weak parallel-displaced m---m interaction
(symmetry code: 3/2 — x, 1/2 — y, 1 — z) between the dibenzylamine rings of two
adjacent molecules is observed, forming a supramolecular layered assembly
(Fig. 7).
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The asymmetric unit of compound 4 consists of two independent molecules (Mol A
and Mol B). In the asymmetric unit of compound 4, the pairs of independent molecules
are connected via weak N-H---n, C-H---nt, and C-H---S interactions (Fig. 9). The N-
H---m and C-H---w interactions occur between the amide NH group and the phenyl ring
of the benzamide part and between the —CH,/phenyl hydrogen atom and the phenyl
ring of the benzamide part, respectively. In these interactions, the -CH,/phenyl carbon
atom in the molecule acts as a hydrogen-bond donor to the centroid of the phenyl ring
in the neighboring molecule. The C-H---S interaction occurs between the —CH,
hydrogen atom and the thiocarbonyl sulfur atom.

In addition, there are C—H---O intramolecular hydrogen bonds in the crystal
lattice of compound 4 (C8C-H8C---O1X, 2.626 A, symmetry code: 2 — x, 1 — y,
1 — z; C8X-H8XA---0, 2.63 A symmetry code: 2 — x, —y, 1 — z). The carbonyl
group oxygen atoms interact with the methyl group of the benzene ring of the
following molecule. So, the molecules of compound 4 line up in head-to-tail zigzag
form in the crystal through C-H---O interactions (Fig. 10).

Compounds 1 and 4 contain two independent molecules in the asymmetric unit,
which prevents formation of dimeric motifs due to the unsuitable orientations
between hydrogen-bond donor and acceptor groups of the molecules in the
asymmetric unit. In compounds 1 and 4, the angle between a plane through the
thioamide moieties (C1-N1-C7=S1) of molecules in the asymmetric unit is 22.99°
and 69.13°, respectively. The thioamide moiety is not flat in both compounds.
Although the relative orientation of the interacting molecules is different,
compounds 2 and 3 form dimer motifs with almost the same type of intermolecular
interactions. The angle between a plane through the thioamide moieties (C1-N1-
C7=S1) of adjacent molecules is 0° in compound 2, but adopts a value of 86.64° in
compound 3. The angle between the plane of the benzamide phenyl ring of adjacent
molecules is 0° in compound 2 but 32.78° in compound 3. The phenyl rings of
benzamide part of compound 2 are parallel to each other, whereas those of 3 are
tilted at 6 = 32.78° relative to each other. The thioamide moiety is flat in compound
2 but not in compound 3. It can be said that the different geometries of the dimeric
synthons and types of interaction reveal a profound influence of the substituent for
compounds 2 and 3.

Fig. 9 a The intermolecular interactions between two molecules in the asymmetric unit of compound 4,
b the intermolecular interactions in crystal lattice
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Fig. 10 The C-H---O interactions of compound 4, leading to formation of a head-to-tail zigzag form in
the crystal

The Cambridge Structural Database was searched for general N-dibenzylcar-
bamothioyl molecules with any substituents on the aromatic ring of benzamide part.
Five structures were found, viz. 3-{[(dibenzylcarbamothioyl)amino]carbonyl }ben-
zamide (AGEDAT), 1,1-dibenzyl-3-(4-fluorobenzoyl)thiourea (AXABOR), 1,1-
dibenzyl-3-(3-chlorobenzoyl)thiourea (EVEKIA), 3-benzoyl-1,1-dibenzylthiourea
(KUZBUR), and 2-bromo-N-(dibenzylcarbamothioyl)benzamide (URENEL).
AXABOR has R3(8), R5(14), and R53(12) homosynthons generated via N-H:--S,
C-H---S, and C-H---O hydrogen bonds, respectively. They have the same synthon
motifs as observed in compounds 2 and 3 in this study. EVEKIA forms R3(8)
homosynthons that are connected to each other via N-H---S interactions. KUZBUR
is the same molecule as compound 1 synthesized in this work. Although they have
similar N-H---S and C-H---O interactions, compound 1 has an additional
heterosynthon generated via N-H---S and C-H:---S. In addition, KUZBUR and
compound 1 have similar bond lengths and angles, but different space groups.
URENEL and AGEDAT are structurally very different from the compounds of this
study and do not form synthons.

Hirshfeld surface analysis

To provide further insight into the crystal packing of compounds 1-4, a complete
definition of the intermolecular interactions was obtained using Hirshfeld surface
analysis. Figure 11 shows surfaces mapped over the d,.., property, in a similar
orientation of front and back surfaces. The Hirshfeld surfaces of all compounds
mapped with the d,.., are shown as transparent to allow visualization of the
molecules. Red, blue, and white regions show distances shorter or longer than van
der Waals radii and equal to the sum of the van der Waals radii, respectively
[70, 71]. The Hirshfeld surfaces mapped with the d,,., function of compounds 1-4
reveal several red areas indicating close contacts between atoms on the surface
(Fig. 11). The effect of different substituent groups at para position is clearly
illustrated.
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Compound 1 (front) Compound 2 (firont) Compound 3 (firont) Compound 4 (front)
Mol A Mol A

Compound 1 (back) Compound 2 (back) Compound 3 (back) Compound 4 (back)
Mol A Mol A

Fig. 11 Views of Hirshfeld surfaces mapped with d,om in two orientations as front and back view

On the Hirshfeld surface mapped with the d, o, function of compound 1, the two
largest red spots correspond to two hydrogen bonds formed between the
thiocarbonyl sulfur atom and the hydrogen of the amide (N-H---S). Additional
slight red areas are in accordance with the C—H---S interaction bond between the
thiocarbonyl sulfur atom and the aromatic ring hydrogen. The C—H:--O contacts on
the d,o.m Hirshfeld surface are displayed from faint red to white, meaning that these
contacts are nearly equal to the van der Waals separation. These intermolecular
contacts in compound 1 are indicated by arrows in Fig. 12.

In the d,orm Hirshfeld surface of compound 2, the two large red spots correspond
to intermolecular N1-H1---S1 interactions. These strong spots are characteristic for
the cyclic hydrogen-bond dimer motif. One additional slight red area is in
accordance with the C—H---S interaction bond between the thiocarbonyl sulfur atom

Fig. 12 a Hirshfeld surfaces of compound 1 mapped with d,, function, b N-H---S and C-H:--S
hydrogen-bond interactions between the two parent molecules marked with dashed lines
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Fig. 13 a Hirshfeld surfaces of compound 2 mapped with d,om, function, b N-H---S, C-H---S, and C-
H---Cl hydrogen-bond interactions between the two parent molecules marked with dashed lines

and the aromatic ring hydrogen (C-H:---S). In compound 2, an additional
intramolecular C—H---CIl hydrogen bond is also observed as a weak red spot due
to the presence of the chloro group at para position. The Hirshfeld surface mapped
with the d,o, function and N-H---S, C-H---S, and C-H:--Cl hydrogen-bond
interactions between two parent molecules, marked with dashed lines for compound
2, are shown in Fig. 13b.

In contrast to compounds 1 and 2, in compound 3, the two largest red spots
correspond to C—H---O hydrogen-bond interactions, formed between the carbonyl
oxygen atom and the hydrogen atom of the benzamide ring (C-H---O). It was
observed that the presence of the methoxy group in compound 3 altered the
intermolecular hydrogen bonds. Therefore, the arrangements of the molecules in the
crystal packing are different from each other. As seen in Fig. 14a, two medium and
two slight small red areas occurred due to stronger N-H:---S and C-H---S
interactions. The N-H---S and C-H:--S interactions are weaker than C-H:--O
interactions.

In the Hirshfeld surface of compound 4 (Mol A), mapped with the d,,,, function,
a lot of medium red spots were revealed. Three of them correspond to C-H---S
hydrogen bonds, as also observed in the other three compounds (1-3). The two small
red spots are associated with C-H:--O hydrogen-bonding interactions, occurring
between the carbonyl oxygen atom and the methyl group hydrogen atom. Also,
molecules of compound 4 were held together by m---m stacking interactions
occurring between aromatic rings of neighboring molecules, represented on the
front and back surfaces as three small red spots (Fig. 15). The greatest difference
between compound 4 and the other compounds is the lack of N-H---S interaction in
compound 4. However, in case of compound 4, the presence of a methyl group
increased the formation of additional weak C—H---S hydrogen bonds, represented on
the Hirshfeld surface as two small red areas.

Hirshfeld surfaces mapped with the shape index and curvedness were used to assign
characteristic packing modes and planar stacking arrangements of compounds 1-4. On
the Hirshfeld surface mapped with the shape index function for compound 2, “bow-
tie” patterns were noticed, which indicate the presence of aromatic stacking
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Fig. 14 a N-H:--S and C-H---S, and b C-H---O hydrogen-bond interactions between the two parent
molecules marked with dashed lines for compound 3

horms front Aoorm, back

Fig. 15 Intermolecular interactions in the Hirshfeld surface mapped with d,oy, for compound 4

interactions (marked with circles in Fig. 16). The relatively large and green flat
regions, drawn by circles on the coincident curvedness surfaces, provide proof for the
existence of aromatic stacking interactions for compounds [72-79]. For compounds 1,
3, and 4, the close aromatic stacking interactions were not as noticeable as for
compound 2, because there is no evidence of adjacent bow-tie patterns on the shape
index surfaces. On the Hirshfeld surface mapped with the shape index function,
nonreciprocal red and blue triangles, corresponding to C—H---x interactions (marked
with circles in Fig. 17), were seen for compounds 1 and 3.

The 2D decomposed fingerprint plots and relative contributions of various
intermolecular interactions to the Hirshfeld surface area of compounds 1-4 are
displayed in Fig. 18. Analysis of the decomposed fingerprint plots reveals that van
der Waals forces (H---H contacts) play the most important role in the packing of the
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Compound 2 (front), curvedness

Compound 2 (back), shape index Compound 2 (back), curvedness

Fig. 16 Hirshfeld surfaces of compound 2 mapped with shape index and curvedness function. Areas
marked with ovals represent m--- stacking interactions in shape index and flat regions in curvedness

Compound 1 Compound 3

Fig. 177 C-H-:--m (orange triangles) and nt---H-C (blue triangles) interactions on the Hirshfeld surfaces of
compounds 1 and 3 mapped with shape index function
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species in the structures. The H---H interactions in compounds 1-4 correspond to
51.6, 39.5, 54.4, and 51.4 % of the total Hirshfeld surfaces, respectively, being
intensely visible in the middle of the two-dimensional fingerprint plot. Since the
percentages of the surface H:---H interactions in compound 1, 3, and 4 are very
similar, it can be assumed that H---H contacts contribute almost equally to the
packing in these compounds. However, in compound 2, the percentage of H---H
interactions is decreased due to the substitution with the chlorine atom.

For compounds 1-4, the H---S intermolecular interactions in the 2D fingerprint
plot represent N-H---S interactions, representing one of the closest contacts in the
structures and viewed as red spots on the d,o, surface. The H---S intermolecular
interactions are seen as a sharp spike in the 2D fingerprint plots, accounting for 12.1,
10.4, 8.4, and 11.7 % of the total Hirshfeld surfaces, respectively. It can be said that

de de
2.8 2.8
26 2.6
24 2.4
22 22
2.0 2.0]
1.8 1.8
S S
16 16
1.4 1.4
C-H-1t s
12 £oei) 12
1.0 / / 1.0
08 HH N 08
06 $H 0.6
d |
06 08 10 1.2 T4 16 1.8 20 27 24 26 238 06 08 T0 T2 T4 16 18 20 27 24 26 238
Compound 1 (Mol A) Compound 2
d e d e
2.8 2.8
2.6 2.6]
2.4 2.4
22 22
2.0 2.0
1.8 1.8
1.6 1.6
1.4 1.4
1.2 1.2
1.0 1.0
0.8 0.8]
0.6/ 0.6]
d |
06 08 T0 T2 T4 16 18 20 272 24 26 28 06 08 10 1.2 T4 16 1.8 20 272 24 26 238
Compound 3 Compound 4 (Mol A)

Fig. 18 Two-dimensional decomposed fingerprint plots and relative contributions of various
intermolecular interactions to the Hirshfeld surface area of compounds 1-4

@ Springer



194 I. Gumus et al.

Compound 4

Compound 3

Compound 2

Compound 1

il

0% 20% 40% 60% 80% 100%

Compound 1 Compound 2 Compound 3 Compound 4
WH-H 51.6 39.5 54.4 514
mS-H 12.1 10.4 8.4 11.7
wO0--H 5.2 5.4 7.5 5.4
CH 27.4 27.1 24.6 28.8
uC-C 2.7 3.1 1.2 1.1

mCl-H 0.0 11.5 0 0

H Others 1.0 3.0 3.9 1.6

Fig. 19 Relative percentage contributions to the Hirshfeld surface area of various intermolecular contacts
in compounds 1-4

the methoxy substitution in compound 3 reduces the proportion of H---S hydrogen-
bond interactions slightly. The C---H/H---C intermolecular interactions, which
represent C—H---m interactions, account for 27.4, 27.1, 24.6, and 28.8 % of the total
Hirshfeld surfaces for compounds 1-4, respectively (Fig. 19). The methyl
substitution in compound 4 increases the proportion of C---H hydrogen-bond
interactions slightly.

Conclusions

Four novel benzamide derivative compounds were synthesized and characterized by
FT-IR, '"H NMR and '>C NMR spectroscopy techniques. Single-crystal X-ray
diffraction was used to characterize all compounds, and detailed study of their
crystalline arrangements in solid state was performed. The crystalline and molecular
structures of the synthesized compounds 1-4 were examined to determine the effect
of the substituent on molecular self-assembly and dimeric synthons and highlight
the significance of thiourea derivative compounds in crystal engineering. The
packing arrangements of the synthesized compounds were found to be different.
Compounds 2 and 3 showed an ideal conformation around the central thiourea
moiety for the formation of a dimeric hydrogen-bonded homosynthon (H-N-:-C=S)
as the building block. These dimeric synthons were observed regardless of the
formation of different three-dimensional supramolecular networks depending on
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different substituents. In these compounds, revealing a significant influence of
substituents, a series of dimerization occurs through formation of the consecutive
R%(8), R%(lZ), R%(14), and R%(28) for compound 2 and R%(18) and R%(ZS)
homosynthons for compound 3. For compounds 1 and 4, such consecutive synthons
were not observed. In addition, the substituents, for example, chloro in case of
compound 2, methoxy in case of compound 3, and methyl in case of compound 4,
directly participate in formation of noncovalent interactions. Therefore, their
electronic influence in directing the formation of 3D structures cannot be ignored.
Similarities and differences in intermolecular contacts between compounds were
also visualized using Hirshfeld surface analysis. In compounds 1, 3, and 4, the
intermolecular H---H contacts contributed more to the crystal packing compared
with other interactions. The corresponding contact was found to make a smaller
contribution (~ 10 %) in the case of compound 2. The reduction of H---H contacts is
due to the effect of the chlorine substituent at para position on the phenyl ring,
which reduced intermolecular H---H contacts and was compensated by the presence
of H---Cl contacts.
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