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Introduction

Supramolecular motifs formed by CHz/Cl-
substituted arene groups: evidence for structural
differences in thiophosphoramides and similarities
in their complexes+

Saeed Hosseinpoor,@a Mehrdad Pourayoubi,@*a Eliska Zmeskalova ©°
and Morgane Poupon®

Differences/similarities of supramolecular motifs are discussed in two new thiophosphoramide
structures and their Ni  molecular complexes: (CyHs0),P(SYINHC(S)NHCH,CgH4X)  and
[{(CoH50),P(SHINC(S)NHCH,CgH4X)}oNil (X = CI/CHz I/1l and I1I/1V). The structures have equal numbers
of donor/acceptor sites contributing to classical hydrogen bonds (PS/CS and 2 x NH in ligands and 2
x PS and 2 x NH in the complexes). However, these donor and acceptor sites contribute to inter/
intramolecular hydrogen bonding in ligands and intramolecular hydrogen bonding in complexes. In
the supramolecular assemblies of the ligands, the classic hydrogen bonds (N-H---S=C) are restricted
in dimer synthons, and the weaker interactions (formed by Cl/CHz substituents) compete against each
other. In the complexes, despite the lack of classic intermolecular hydrogen bond, numerous weak
interactions, e.g., C-H---Y (Y =S, O, Ni, N, and =), contribute to the molecular assemblies, which do
not include the participation of Cl/CHs. Thus, different packing features of ligands, but similar in
complexes are observed. Each ligand and the associated complex show nearly equal supramolecular
motifs in the slice of the substituted benzyl groups, related to the formation of C—H---Cl/7-- 7 for the
4-Cl-CgH4CH; groups in I/l and C—H---7 for the 4-CHs-CgH4CH, groups in II/IV. The repeatabilities
of the motifs made by 4-Cl-CgH4CH,/4-CH3-CgH4CH, were checked by surveying 142/844
structures with 178/1482 segments in the CSD, which show that 17% and 12% of the structures
exhibited similarities with the title structures. The methods X-ray crystallography, 2D fingerprint plots,
electrostatic potential surfaces, QTAIM, and energy framework calculations were applied to present
the discussion.

The importance of weak interactions can become clearer
when two almost the same molecules with just a difference in

The prediction and design of crystalline structures have been
a topic of interest, due to various applications in material
sciences and pharmaceutics."™ In this context, strong to
moderate interactions, notably hydrogen bonds, play a signifi-
cant role in forming molecular assemblies and are extensively
addressed.>*” Although weak interactions often have less
impact on the formation of supramolecular assemblies, their
role is still questionable, and there are reports on the study of
such interactions in molecular/ionic crystal structures>® and
macromolecule materials.>**
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the substituent (influential for weak interactions) form two
crystal structures with different packing features."™** In
organic compounds, Cl/CH; units—which have about the
same volume—are frequently utilized as substituents. Their
disparate electrical characteristics lead to different actions as
donor/acceptor sites in contacts and to form different molec-
ular assemblies. The electron density of chlorine, bonded to
one other atom, is anisotropically distributed, resulting in the
formation of (i) a negative belt orthogonal to the covalent
bond (a possible electron donor site) and (ii) a o-hole upward
of the chlorine bond with lower electron density and generally
positive electrostatic potential (a possible electron acceptor
site).>*

However, the expected behavior of organic chlorine is its
hydrogen acceptor capability in weak hydrogen bonds. Methyl
groups, with positive electrostatic potential on their hydrogens,
usually take part in weak hydrogen bonds and dihydrogen

© 2024 The Author(s). Published by the Royal Society of Chemistry
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interactions. Nevertheless, a negative region on the associated
carbon atom was calculated, where it is bonded to an electro-
positive atom, proposing the potential electron donor
behavior.'*** In fact, the electron density around methyl is
practically distributed in opposition to chlorine.

In addition to direct interactions of substituents, their
influence on the electrostatic potential of neighboring groups
can impact the molecular assembly. Regarding the substitu-
tions of the aryl groups, Wheeler showed the through-space
effect of substituents on the electrostatic potential,'® although
he explained that the main effect of substituents is due to their
direct and local interaction.'”*®

Some researchers show that exchanging non-polar substit-
uents with the same sizes in molecules® (e.g. CI/CHj3) or even
with different sizes*® (e.g. CF3/CHj3) may cause the production of
isostructures. Further research showed that in some cases, the
directional interactions of Cl atoms may alter the structure.”* An
old CSD study indicated that about 30% of the crystal structures
with Cl/CH;-substitution that had been documented up to that
time were isostructure.” Earlier investigations affirm the iso-
structurality in Cl/CH;-exchanged crystal structures, in which
interactions with no contribution of the Cl atom dominate.**’
In some structures where the DH:--Cl (D = hydrogen donor
atom) and Cl---Cl interactions are dominant with respect to
other weak interactions, the structures are changed by
exchanging the Cl atom with the CH; group.”**®** Moreover,
there are examples of structural similarity of hydrogen bond
pattern, based on stronger interactions, but with differences in
crystal packing related to the contribution of Cl/CH;.** None-
theless, the prediction of the possible isostructurality is chal-
lenging, and it is still up for discussion how weak to moderate
interactions play a role in discriminating or not in structures
with exchanged methyl and chloro substituents.

The (R'O),P(S)(NHC(S)R?) thiourea-based thiophosphor-
amides (R" = aryl/alkyl, and R> = amine groups) are studied in
complexation processes,***> manufacturing of antibacterial
agents,*»* membranes,* as sulfide donor precursors in the
fabrication of photoluminescence thin-films,***” and in the
concepts related to crystal engineering.®>*%3°

Some attempts have been made to look into the structural
features of the thiophosphoramide family affected by the
methyl and chlorine substituents, individually. However, the
comparison of motifs and interactions created by chlorine/
methyl substituted aryl groups and their effects on supramo-
lecular assemblies is limited to a pair of Hg complexes.*
Herein, we report on two new thiourea-based thiophosphor-
amide structures and their nickel complexes, including CH;/Cl
substituents attached to an arene ring (I-IV, Chart 1). The
differences between these structures are probed by closely
looking at the crystal structures using computational methods.
The role of weak interactions is examined in the effectiveness of
Cl/CH; exchange on structural changes. Additionally, the
structures with 4-Cl-C¢H,CH, and 4-CH;-C¢H,CH, fragments
were retrieved from the Cambridge Structural Database to find
the probability of the creation of the aryl---aryl motifs similar to
I/IIl and II/1IV.
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Chart 1 Structural formulas of I-IV.
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Experimental and theoretical methods

Diffraction data were collected on a Rigaku/Oxford Diffraction
diffractometer using Cu Ka radiation at 95 K (I) and 120 K (II-
IV). The data were registered with an Atlas S2 CCD area detector.
CrysAlis PRO*' was used to control the experiment and process
data. Shelxt*> was used for the structure solution, and
Jana2020 ** was used to refine and finalize the structure model.
The structures were solved by the direct method and refined by
the full-matrix least-squares method on F>. All non-hydrogen
atoms were refined anisotropically, and the hydrogen atoms
were all located on a difference-Fourier map, but those attached
to carbon atoms were repositioned geometrically. The H atoms
were initially refined with soft restraints on the bond lengths
and angles to regularize their geometry (C-H in the range 0.93-
0.98 A, N-H in the range 0.86-0.89 A and Ujs,(H) in the range
1.2-1.5 times U,q of the parent atom), after which the positions
were refined with riding constraints.

X-ray crystallographic parameters of I-IV are gathered in
Table 1, and selected bond lengths and angles and hydrogen
bond parameters are given in Tables S1-S5.f The molecular
structures are represented in Fig. S1.7

All the chemical substances utilized in this investigation
were procured from commercially available sources and
employed in their original state. "H, "*C{'H}, and *'P{"H} NMR
spectra were recorded using a Bruker Avance III 300 MHz
spectrometer. As external standards, chemical shifts were
determined relative to TMS for 'H and **C and 85% H,;PO, for
31p. IR spectra were recorded on a Buck 500 Scientific spec-
trometer using KBr pellets. The mass spectra were recorded
with a Varian Mat CH-7 spectrometer at 70 eV.
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Table 1 Crystallographic parameters of the structures 1-1V
1 I I v

Chemical formula Cy,H,5CIN,0,PS, Cy3H,,N,0,PS, Cy,H,,CIN,Nig 500,PS, C13H,0N,Nig 560,PS,

M, 352.85 332.43 381.19 360.77

Crystal system, space group Triclinic, P1 Triclinic, P1 Triclinic, P1 Triclinic, P1

Temperature (K) 95 120 120 120

a, b, ¢ (A) 7.6290 (1), 7.6702 (1), 5.8046 (2), 10.7878 (2),  7.8502 (2), 10.1868 (4),  8.2171 (3), 9.9942 (4),
14.1025 (4) 13.3907 (3) 11.6914 (4) 11.1612 (4)

a, B,y (°) 94.2128 (19), 99.531 (2),  81.0002 (18), 83.334 (2),  113.275 (3), 97.462 (3), 113.611 (3), 93.655 (3),
98.0165 (16) 89.276 (2) 97.123 (3) 92.926 (3)

V(A% 801.93 (3) 822.58 (4) 835.66 (5) 835.21 (6)

zZ 2 2 2 2

w (mm™) 5.51 3.88 5.86 4.39

Crystal size (mm) 0.49 x 0.27 x 0.14 0.79 x 0.55 x 0.38 0.31 x 0.27 x 0.12 0.76 x 0.28 x 0.22

Toniny Tonax 0.11, 0.46 0.10, 0.23 0.15, 0.49 0.03, 0.38

No. of measured, independent,
and observed [I > 2.00(1)]

11539, 3210, 3153

13 323, 2929, 2793

12 744, 2996, 2716 13 759, 2985, 2692

reflections

Rint 0.023 0.038 0.096 0.068

(Sin 6/ max (A7) 0.624 0.600 0.600 0.600

R[F* > 20(F%)] 0.026 0.031 0.050 0.045
WR(F%) 0.071 0.097 0.141 0.139

S 0.97 1.04 1.00 0.99

No. of reflections 3210 2929 2996 2985

No. of parameters 182 190 188 187

Apmaxy Apmin (€ A7) 0.54, —0.28 0.36, —0.37 0.76, —0.81 0.64, —0.91

The molecular electrostatic potential (ESP) surfaces were
calculated using the Gaussian 09 software** at the B3LYP/cc-
pVDZ level of theory, for molecules extracted from crystal
structures after neutron-normalization of hydrogen positions.

Crystal lattice energies of structures I and II were calculated
using CrystalExplorer 21.5 with the CE-B3LYP method and 6-
31G(d,p) basis set.” In this approach, the interaction energies
of a molecule with the first sphere of the neighboring molecules
are computed, and the effects of the further molecules on the
lattice energy are ignored. The interaction energies (E,) are
calculated using the equation:

Etot = keleEele + kpolEpol + kdisEdis + krepErep

where the k values are scale factors (given in Table S67), and Eej,
Epol, Eqis, and Erp, are electrostatic, polarization, dispersion, and
repulsion energies. These energy components are calculated
individually rather than breaking down a much larger total
energy.*® Crystal lattice energies (Ep,) are calculated using

1 . . .
Eaw = > Z:NEmt formula,” in which N is the number of

molecular pairs in the molecular shell, and E, is the total
energy of each molecular pair. Crystal lattice energies, interac-
tion energies of molecular pairs, and their components (elec-
trostatic, dispersion, polarization, and repulsion) are given in
Tables S7 and S8.+

Intermolecular interactions of molecular pairs with the most
prominent energies in the crystal structure were studied using
the QTAIM method.*® In structures I and II, the molecular pairs
with total interaction energies = —15 k] mol ™" (obtained from

crystal lattice energy calculations) were selected. The

32208 | RSC Adv, 2024, 14, 32206-32220

wavefunction files were obtained using Gaussian 09 software**
with the D3-B3LYP/cc-pVDZ level of theory, and the QTAIM
diagrams were plotted with the MultiWFN program package.*
Selected topological parameters including potential energy
density (V(r)), kinetic energy density (G(r)), total energy density
(H(r)), total electronic density (p(r)), and its corresponding
Laplacian (V?p(r)) at bond critical points (BCPs) are given in
Table 2. The V(r) values can be applied in the formula E = V(7)/2
for estimating the hydrogen bond strength of molecular
systems in the gas phase.*® In the crystal structures, reporting
the interaction energy values obtained from this estimation can
be misguiding due to some observed deviations from the results
of other computational methods.** Nevertheless, the V() values
can still be utilized as a criterion for the approximate compar-
ison of the interaction strengths that are employed in this study.
The p(r) is another parameter that is used for approximate
comparison of the interaction strength.> Based on Koch-
Popelier criteria if the p(r) value at a BCP of a CH---X contact
ranges at 0.002-0.035 a.u. a hydrogen bond is established.*

The 2D fingerprint plot represents the distance of each point
on the Hirshfeld surface to the nearest internal atom (d;) and
external atom (d.). Accordingly, the term d; + d. can be used as
a criterion for estimating interaction strengths. The fragment
patches of the generated Hirshfeld surface show the regions in
contact with neighbor molecules and their area.

Synthesis and crystallization

Preparation of (C,H;0),P(S)(NHC(S)NHCH,C¢H,-4-Cl) (I)
and (C,H;0),P(S)(NHC(S)NHCH,CsH,-4-CHj3) (II). A solution of
0,0-diethyl chlorothiophosphate in anhydrous acetonitrile was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Topological parameters for BCPs of structures I-IV with V(r) < —0.0010 a.u

Pair code Interaction p(7) V(1) G(r) V(1) H(r)
Intramolecular (I) NH---S=P 0.0194 0.0473 0.0111 —0.0104 0.0007
Ia NH---S=C 0.0224 0.0473 0.0115 —0.0112 0.0003
CH---S=C 0.0061 0.0185 0.0039 —0.0031 0.0008
b CH---O 0.0089 0.0274 0.0065 —0.0062 0.0003
Ic CH---S=C 0.0048 0.0150 0.0030 —0.0022 0.0008
CH--*N 0.0063 0.0215 0.0045 —0.0037 0.0008
CH:---O 0.0041 0.0180 0.0035 —0.0025 0.0010
Id CH:---S=P 0.0060 0.0152 0.0033 —0.0028 0.0005
CH---N 0.0044 0.0165 0.0033 —0.0024 0.0009
CH---S=C 0.0043 0.0128 0.0026 —0.0020 0.0006
CH:---S=C 0.0042 0.0127 0.0026 —0.0020 0.0006
CH--' 0.0066 0.0200 0.0042 —0.0033 0.0009
NH---Cl 0.0038 0.0137 0.0028 —0.0021 0.0007
CH---Cl 0.0048 0.0156 0.0031 —0.0022 0.0009
CH---Cl 0.0050 0.0162 0.0033 —0.0025 0.0008
CH:---HC 0.0048 0.0177 0.0035 —0.0026 0.0009
Ie CH---S=C 0.0035 0.0112 0.0022 —0.0015 0.0007
CH---S=C 0.0041 0.0114 0.0023 —0.0018 0.0005
CH:---S=P 0.0077 0.0211 0.0046 —0.0038 0.0008
If T T 0.0052 0.0122 0.0026 —0.0022 0.0004
CH---Cl 0.0064 0.0219 0.0044 —0.0034 0.0010
C(m)---Cl 0.0055 0.0161 0.0033 —0.0027 0.0006
Ig CH:---S=P 0.0056 0.0173 0.0035 —0.0026 0.0009
CH:---HC 0.0047 0.0162 0.0033 —0.0025 0.0008
Intramolecular (II) NH---S=P 0.0202 0.0474 0.0113 —0.0108 0.0005
IIa NH---S=C 0.0219 0.0462 0.0112 —0.0109 0.0003
CH:---S=C 0.0061 0.0206 0.0041 —0.0032 0.0009
CH---S=C 0.0039 0.0128 0.0025 —0.0018 0.0007
I1b CH:---S=C 0.0037 0.0102 0.0021 —0.0016 0.0005
O---S=P 0.0033 0.0117 0.0023 —0.0018 0.0005
N---S=P 0.0044 0.0120 0.0026 —0.0023 0.0003
CH---O 0.0101 0.0311 0.0075 —0.0073 0.0002
CH:---HC 0.0033 0.0129 0.0024 —0.0015 0.0009
CH---HC 0.0030 0.0119 0.0021 —0.0013 0.0008
CH:---HC 0.0040 0.0143 0.0026 —0.0015 0.0011
CH---HC 0.0040 0.0149 0.0028 —0.0019 0.0009
IIc CH:---S=P 0.0091 0.0247 0.0054 —0.0047 0.0007
NH---7 0.0050 0.0174 0.0034 —0.0025 0.0009
CH--T 0.0073 0.0223 0.0047 —0.0038 0.0009
T T 0.0043 0.0109 0.0023 —0.0019 0.0004
11d CH:---S=C 0.0066 0.0173 0.0037 —0.0031 0.0006
CH---HC 0.0032 0.0122 0.0022 —0.0013 0.0009
Ile CH:---S=P 0.0040 0.0112 0.0023 —0.0017 0.0006
CH:---7 0.0049 0.0162 0.0032 —0.0025 0.0007
CH--'T 0.0040 0.0126 0.0026 —0.0020 0.0006
Iif CH---HC 0.0042 0.0173 0.0031 —0.0020 0.0011
CH:---HC 0.0045 0.0180 0.0034 —0.0022 0.0012
Intramolecular (III) NH:---S=P 0.0201 0.0536 0.0128 —0.0122 0.0006
IIIa CH---O 0.0050 0.0193 0.0040 —0.0032 0.0008
CH---S=P 0.0068 0.0211 0.0044 —0.0035 0.0009
CH--*N 0.0049 0.0166 0.0035 —0.0029 0.0006
CH:-- 0.0044 0.0142 0.0028 —0.0022 0.0006
CH---Ni 0.0062 0.0187 0.0039 —0.0032 0.0007
111b CH---S=P 0.0078 0.0227 0.0049 —0.0041 0.0008
IIc CH:---S=P 0.0040 0.0128 0.0025 —0.0017 0.0008
CH:--HC 0.0034 0.0140 0.0026 —0.0017 0.0009
CH:---HC 0.0024 0.0123 0.0022 —0.0013 0.0009
1d CH---S=P 0.0042 0.0136 0.0027 —0.0019 0.0008
CH---Cl 0.0038 0.0125 0.0025 —0.0020 0.0005
Cl---S 0.0048 0.0122 0.0026 —0.0022 0.0004
IIIe CH:---S-C 0.0050 0.0152 0.0031 —0.0024 0.0007
CH:---O 0.0028 0.0132 0.0024 —0.0015 0.0009
CH:---HC 0.0045 0.0182 0.0034 —0.0023 0.0011

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2024, 14, 32206-32220 | 32209
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Table 2 (Contd.)
Pair code Interaction p(r) V(1) G(r) V(1) H(r)
CH:---HC 0.0035 0.0142 0.0027 —0.0018 0.0009
If CH---Cl 0.0050 0.0162 0.0033 —0.0026 0.0007
TC-+TC 0.0048 0.0116 0.0025 —0.0021 0.0004
Intramolecular (IV) NH:---S=P 0.0183 0.0502 0.0118 —0.0111 0.0007
Iva CH:---O 0.0066 0.0227 0.0051 —0.0045 0.0006
CH---O 0.0032 0.0133 0.0026 —0.0018 0.0008
CH:---S=P 0.0055 0.0187 0.0036 —0.0025 0.0011
CH:--- 0.0066 0.0217 0.0045 —0.0035 0.0010
CH---Ni 0.0057 0.0184 0.0037 —0.0027 0.0010
Ivb CH:---S=P 0.0042 0.0119 0.0024 —0.0017 0.0007
CH:---S=P 0.0041 0.0129 0.0025 —0.0018 0.0007
Ive CH---HC 0.0034 0.0166 0.0028 —0.0015 0.0013
Ivd CH:---S=P 0.0044 0.0123 0.0025 —0.0020 0.0005
CH---S=P 0.0041 0.0128 0.0025 —0.0018 0.0007
Ve CH:---O 0.0020 0.0092 0.0016 —0.0010 0.0006
CH---HC 0.0045 0.0211 0.0037 —0.0022 0.0015
vf CH:---S-C 0.0033 0.0095 0.0019 —0.0014 0.0005
CH--- 0.0032 0.0090 0.0018 —0.0014 0.0004

treated under vigorous stirring with potassium thiocyanate (1:1
mole ratio) for 18 hours. The potassium chloride salt was
filtered off, and the filtrate was reacted with 4-chlorobenzyl-
amine for I or 4-methyl benzylamine for II (1:1 mole ratio).
After 4 hours, the solution was filtered off and left for slow
evaporation. The obtained crystals, suitable for X-ray analysis,
were separated, washed with acetonitrile, and dried.

I: m.p.: 84 °C. IR (KBr disc, », cm™"): 3258, 3099, 2920, 1552,
1492, 1417, 1330, 1284, 1181, 1098, 1026, 879, 806. MS (70 €V,
El): m/z (%) = 353 (2) [M + 1], 352 (22) [M]', 292 (23) [M-
2C,H,]", 259 (34) [M-2C,H;0H-1]", 139 (98) [C,HCIN]", 121
(97) [CNPS,], 77 (65) [CeH5]", 29 (100) [C,H5]". *'P{'"H} NMR
(121 MHz, DMSO-dg): 6 (ppm) = 60.57 (s). "H NMR (301 MHz,
DMSO-d): ¢ (ppm) = 9.33 (s, 1H), 8.55 (t, *Jyu_ = 5.6 Hz, 1H),
7.43 (d, *Jy_u = 8.5 Hz, 2H), 7.34 (d, *Ji_y = 8.5 Hz, 2H), 4.70
(apparent d,J = 5.6 Hz, 2H), 4.12 (m, 4H), 1.27 (¢, *Ji_y = 7.0 Hz,
6H). "*C{"H} NMR (75 MHz, DMSO-d,): 6 (ppm) = 181.28 (d, *Jc_
p = 4.1 Hz), 137.41 (s), 132.19 (s), 129.78 (s), 128.82 (s), 64.12 (d,
*Jo-p = 5.3 Hz), 47.16 (s), 16.13 (d, *Jc_p = 7.9 Hz).

II: m.p.: 97 °C. IR (KBr disc, », cm ™ *): 3264, 3094, 2913, 1768,
1550, 1501, 1420, 1332, 1286, 1184, 1107, 1024, 973, 882, 803,
654. MS (70 eV, EI): m/z (%) = 333 (72) [M + 1], 332 (75) [M]', 331
(72) [M-1]", 122 (72) [CHNPS,]', 120 (24) [NHCH,C¢H,CH;]", 28
(100) [C,H,4]". *'P{"H} NMR (121 MHz, CDCl;): é (ppm) = 50.80
(s). "H NMR (301 MHz, CDCl;): 6 (ppm) = 8.20 (t, / = 2.7 Hz, 1H),
7.76 (d, >Ju_p = 9.7 Hz, 1H), 7.35 (d, *Jy_u = 8.4 Hz, 2H), 7.25 (d,
*Ju_n = 8.4 Hz, 2H), 4.82 (apparent d, J = 5.1 Hz, 2H), 4.17 (m,
4H), 2.37 (s, 3H), 1.32 (t, *Juu = 7.1 Hz, 6H). "*C{"H} NMR (75
MHz, CDCl,): 6 (ppm) = 180.84 (d, */c_p = 6.3 Hz), 137.62 (s),
133.31 (s), 129.50 (s), 127.71 (s), 64.68 (d, *Jc_p = 5.1 Hz), 50.07
(s), 21.19 (s), 15.80 (d, *Jc_p = 7.9 Hz).

Preparation of [{(C,H50),P(S)(NC(S)NHCH,C¢H,-4-CI)},Ni]
(1) and [{(C,H;0),P(S)(NC(S)NHCH,CeH,-4-CH3)},Ni] (IV). A
solution of the ligand (I or II) in methanol was reacted with
a solution of potassium hydroxide in the same solvent (1:1

32210 | RSC Adv, 2024, 14, 32206-32220

mole ratio). Then, a solution of NiCl,-6H,0 in methanol was
added dropwise (ligand:metal mole ratio = 2:1), and the
solution was stirred for 3 hours. The potassium chloride salt
was filtered off, and the filtrate was left until the solvent evap-
orated. Violet crystals, suitable for X-ray analysis, were obtained
from recrystallizing residual precipitate in a mixture of
methanol/acetonitrile (1:1 v/v).

III: m.p.: 133 °C. IR (KBr disc, », cm™%): 3168, 2978, 2914,
1565, 1494, 1394, 1340, 1262, 1093, 1027, 969, 907, 814. *'P{'H}
NMR (121 MHz, CDCl,): 6 (ppm) = 57.32 (s). 'H NMR (301 MHz,
CDCl,): 6 (ppm) = 9.42 (s, 2H), 7.25 (d, *J;;_y = 8.1 Hz, 4H), 7.18
(d, *Jiz11 = 8.0 Hz, 4H), 4.46 (apparent d, ] = 6.0 Hz, 4H), 4.36-
3.93 (m, 8H), 1.42 (¢, Ju-u = 7.0 Hz, 12H). ’C{'"H} NMR (75
MHz, CDCl;): 6 (ppm) = 187.13 (weak signal), 134.41 (s), 133.78
(), 128.99 (s), 128.93 (s), 63.17 (d, *Jc_p = 4.7 Hz), 45.21 (s), 15.98
(d, *Jc_p = 8.1 Hz).

IV: m.p.: 134 °C. IR (KBr disc, », cm~'): 3180, 2982, 2905,
2861, 1555, 1461, 1404, 1339, 1251, 1162, 1101, 1045, 959, 906,
820, 801, 669. *'P{'"H} NMR (121 MHz, CDCl,): § (ppm) = 56.77
(s). *H NMR (301 MHz, CDCL,): 6 (ppm) = 9.36 (s, 2H), 7.25-7.07
(m, 8H), 4.45 (apparent d, J/ = 5.8 Hz, 4H), 4.38-3.95 (m, 8H),
2.38 (s, 6H), 1.44 (t, *Jyy_; = 7.1 Hz, 12H). >C{"H} NMR (75 MHz,
CDCl,): 6 (ppm) = 186.79 (weak signal), 137.78 (s), 132.74 (s),
129.51 (s), 127.58 (s), 63.08 (d, *Jc_p = 4.8 Hz), 45.77 (s), 21.18 (s),
16.01 (d, *Jc_p = 8.4 Hz).

Results and discussion
Crystal structure description

Single crystals of ligands I/II, and complexes III/IV were ob-
tained from CH;3;CN, and CH3;CN/CH3;OH (1:1 v/v) solutions,
respectively, in the ambient conditions. All four compounds
crystallize in the triclinic P1 space group, with one molecule in
the asymmetric units of I/II and one-half of the molecule in the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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asymmetric units of III/IV (Fig. S11). The complete molecules of
III and IV are generated by an inversion element.

In these structures, the P atoms have a distorted tetrahedral
P(S)(N)(O), environment, and the N atom attached to phos-
phorus is also linked to the carbon atom of a C(S)N moiety. Both
these nitrogen atoms in all four structures show almost a planar
configuration with the NHC,, NHPC, or NPCNi environments.
The bond lengths and angles are in the normal range of anal-
ogous structures and according to the atoms involved.>** In the
coordination compounds II and IV, the nickel atom has
a square planar NiS,N, geometry.

After the deprotonation of the P(S)NHC(S) segment (from
ligands to complexes), the phosphorus-nitrogen and carbon-
nitrogen bonds are strengthened, while the carbon-sulfur
bonds are weakened. The related values in I/Il and II/IV (dp_n =
1.6731 (12)/1.6714 (15) A & 1.647 (2)/1.646 (2) A, dc = 1.3772
(18)/1.376 (2) A & 1.343 (4)/1.348 (4) A, dc_s = 1.6839 (14)/1.6807
(18) A & 1.727 (3)/1.729 (3) A) show the changes in carbon-sulfur
bonds are higher.

In all structures, the intramolecular N-H---S=P hydrogen
bond is made by the NH unit of the X-CsH,CH,NH segment (X =
Cl/CHj;), forming a 6-membered hydrogen-bonded ring (an S6
graph-set, graph set notations are described in the ref. 56).
Typically, this hydrogen bond in structure I is slightly
stronger than the associated ligand (I) (according to the V(r) =
—0.0122/—0.0104 a.u. and p(r) = 0.0201/0.0194 a.u. for III/I). The
sulfur atom of the thiocarbonyl group cooperates in the inter-
molecular N-H---S hydrogen bonds in I/II or coordination Ni-S
bonds in HI/IV. These structural features are also observed in
the reported constitutional isomers,*?* despite the different
packing characteristics due to their different molecular
conformations.

The conformations of the P(S)NC(S)N segment are described
by the S-P-N-C/P-N-C-N/P-N-C-S torsion angles. These
torsion angles show +sc/+sp/+ap conformations in I/Il and +sp/
+sp/+ap conformations in II/IV (sp = synperiplanar, ap =
antiperiplanar, and sc = synclinal). The differences of confor-
mations in ligands and complexes are related to the S=P-N-C
torsion angles (I/II: 48.44°/—50.77°, III/IV: 13.28°/24.41°), which
correspond to an almost flat hydrogen-bonded S6 ring in
complexes and higher twisting of the similar ring in ligands.
This trend to planarity is a result of the deprotonation of NH
units in complexes.

() (B)

Fig. 1 The overlays of (A) II/IV (RMSD = 0.002) and (B) I/Il (RMSD =
0.010) with fixing the PSN moieties on each other (for Ill/IV, one-half of
the molecule was considered).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The superposition of coordination structures (III and IV,
Fig. 1A) shows a relative mirror image relation (if the difference
of Cl/CH; substituents is ignored). This feature does not appear
in the ligand structures (I and II, Fig. 1B), where the orientations
of amine and ethyl groups are different.

The ESP maps of molecules in crystal structures were
generated to make a better image of the potential of each part of
molecules for establishing interactions (Fig. 2). Accordingly, in
the ligand structures, the highest accumulation of negative ESP
is around the C=S sulfur atom (the surface energy, Es,, = —26.7
and —26.0 kcal mol " for I and II). The involvement of the P=S$
sulfur atom in the intramolecular hydrogen bond decreases the
negative ESP accumulation (—14.0 and —14.4 kcal mol ™" for I
and II). The positive ESP is accumulated on the P-bonded NH
groups (the highest Eg,, = +29.0 and +27.8 kcal mol * for I and
), creating a high potential for establishing intermolecular
hydrogen bonds.

In complexes, coordinating the C-S and P-bonded nitrogen
atom to the Ni atom reduces the negative ESP of this sulfur
atom, and removes the positive ESP around the nitrogen atom.
The most negative ESP is located on one of the ethoxy O atoms
(the lowest Eg, = —23.6 and —28.2 kcal mol ™" for III and IV),
while positive ESP is almost uniformly expanded on all CH
units. Thus, interactions are weak in the crystals and molecules
do not include suitable sites to form prominent interactions.

The ESP surfaces visualize the differences in the Cl/CHj;
behaviors. Negative ESP is distributed as a belt around the Cl
atom, and on the c-hole region, and the absolute value of the
negative ESP decreases. This trend is almost reversed for the
methyl group. The belt around the CH; group contains a posi-
tive ESP, while by relocating to the region along the o-bond, the
value of the positive ESP decreases.

A remarkable feature in ESP surfaces is the effect of elec-
tronegative atoms on the surrounding environment. In all
structures, the ESP on the surface of the side of the aryl ring
closer to the sulfur atom is more negative than the other side. In
I and II, the E,, of near/far faces of the aryl ring to the C=S
group are equal to —17.3/-10.9, and —22.0/-17.0 kcal mol *. In
III and IV, unlike I and II, the P=S group is oriented towards the
aryl ring, and the E,, of near/far faces of the aryl ring is equal to
—~7.7/-4.8, and —13.1/-11.5 kcal mol ', respectively. In
complexes, the cooperation of the electronegative N and S
atoms with an oxygen atom situated sterically above them
creates a vast region with high negative ESP, which is maxi-
mized on the oxygen atom. This region even covers the
surroundings of the Ni atom, which individually has a positive
charge.

Based on Rozas classification, all of the hydrogen bonds are
weak, and positive V?p(r) and H(r) values of all BCPs indicate the
absence of any strong/moderate hydrogen bond.*”

In the molecular assembly of I, a dimer synthon (R,*(8)) is
formed through a pair of N-H:--S=C hydrogen bonds (the most
important interaction, V(r) = —0.0112 a.u., p(r) = 0.0224 a.u.),
which is strengthened by the C-H---S=C interactions (pair Ia,
Fig. 3). Such dimers are connected through two equal C-H---O
hydrogen bonds (V(r) = —0.0062 a.u., p(r) = 0.0089 a.u., pair Ib),
and construct a tape in the direction of [110]. Weak C-H---N

RSC Adv, 2024, 14, 32206-32220 | 32211
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Fig. 2 ESP surfaces of I-IV with the isovalue 0.0004 a.u. The energies (in kcal mol™) for the selected points of the surfaces are given at the

B3LYP/cc-pVDZ level of theory.

hydrogen bond (V(r) = —0.0037 a.u., p(r) = 0.0063 a.u.), C-H:--
0, and C-H---S=C contacts in pair Ic, C-H- -7t interactions and
some weak hydrogen bonds in pair Id, and three C-H---S
hydrogen bonds in pair Ie (Table 2) link the tapes together to
make sheets parallel to the ab-plane (ab-assembly, Fig. 3). The
sheets are stacked through 7 -7 interaction, along with the C-
H---C], and C---Cl in pair If, and C-H---S=P, and H:---H inter-
actions in pair Ig, to form a three-dimensional network
(Fig. 3B).

The most important molecular pair in II (pair Ha, Fig. 4) is
similar to I, which includes N-H---S=C hydrogen bonds (V(r) =
—0.0109 a.u., p(r) = 0.0219 a.u., R,*(8) motif), and C-H---S=C
interactions. However, the number of the latter type of inter-
actions is different (in comparison with pair Ia, Table 2).

Regardless of pair Ila, the molecular assembly in II is
significantly different from I. The C-H---O hydrogen bond of
pair ITb holds the dimers IIa together (V(r) = —0.0073 a.u., p(r) =
0.0101 a.u.) to make a one-dimensional assembly along the a-
axis, which is reinforced by P=S---N, P=S---O, C-H---S=C, and
dihydrogen contacts. The C-H---S=P hydrogen bond (V(r) =
—0.0047 a.u., p(r) = 0.0091 a.u.) and the interactions related to
the aryl fragment (C-H---7, N-H---7t, and 7---7) in pair ¢ and
the C-H---S=C interactions in pair Ild extend the supramo-
lecular architecture to a two-dimensional assembly parallel to
the ac-plane (ac-assembly, Fig. 4A). Such symmetry-related
sheets are connected through C-H---S=P, C-H--w, and H---H

32212 | RSC Adv, 2024, 14, 32206-32220

interactions (pairs Ile and IIf) to form a three-dimensional
supramolecular architecture (Fig. 4B).

The molecular packing maps of structures III and IV have
a close similarity (Fig. 5 and 6). In both structures, the most
numbers of intermolecular interactions are seen along the a-
axis, which include C-H---S=P, C-H:--O, C-H---Ni, C-H- ‘N,
and C-H---7 interactions (pairs Illa and IVa, Fig. 5). The planar
environments at N and Ni atoms and the high electrostatic
potential of the [(CNHC(S)NP(S)),Ni] part (Fig. 2) influence the
formation of ribbon arrangements shown as green and purple
in Fig. 5A. In these pairs, the strongest interactions (based on
potential energy density) are the C-H---S=P (IIla) and C-H---O
(Iva) hydrogen bonds with the V(r) values of —0.0035 and
—0.0045 a.u., respectively. The intermolecular anagostic C-H---
Ni interactions are seen in II/IV (V(r) = —0.0032/—0.0027 a.u.
and p(r) = 0.0062/0.0057 a.u.). The lengths and angles of the C-
H---Ni interactions in II/IV stand 2.946/3.010 A and 122.31°/
113.05°, respectively, which are in the normal range of such
rarely occurred interactions (2.3-3.0 A and 110-170°).°** The
ESP surfaces show that the formation of C-H---Ni interactions
is related to the electrostatic nature caused by the electronega-
tive atoms neighbor to Ni, which make a vast region with
negative electrostatic potential and attracts hydrogens.

The noted assemblies are extended to two-dimensional
architectures by the C-H:--S=P hydrogen bonds in the direc-
tions parallel to the ac plane for IIl and (011) plane for IV [Fig. 5,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 QTAIM diagrams of the most influential molecular pairs (cutoff energy value = —15 kJ mol™) in the packing of structure I, and two views of
the energy framework considering these molecular pairs along the c- and a-axes. The most prominent interactions in each pair are labeled:
NH---S=C (1), CH---S=C (2), NH---S=P (3), CH---O (4), CH---N (5), CH---1 (6), CH---CL (7), H---H (8), CH---S=P (9), 7t---7 (10), and Cl---C (11). Total
interaction energies (Eiot) are given at the bottom of each pair. Section (A) shows pairs contributing to form ab-assembly and section (B)
represents pairs that stack ab-assemblies together (atom color codes: P = orange, O =red, N = cyan, C = dark green, Cl = light green, S = yellow,

and H = white).

V(r) = —0.0041, —0.0017 (pair IIIb), —0.0018 and —0.0017 a.u.
(pair IVb)]. The thiophosphoryl group contributes to some other
C-H:---S=P interactions, as represented in pairs Illc, IIld, and
Ivd (Fig. 6). The stabilization of III in the b-direction and IV in
the c-direction is happened by C-H---O and CH---HC interac-
tions between two ethoxy groups (pairs Ille and IVe, V(r) values
are given in Table 2) to form three-dimensional networks alto-
gether with the other noted interactions.

The main difference in the structures originates from the
interactions related to the 4-chlorobenzyl and 4-methylbenzyl
moieties (IIIf and IVf). The CH,C¢H,Cl and CH,C¢H,CH;
moieties in III and IV take part in similar contacts to the

© 2024 The Author(s). Published by the Royal Society of Chemistry

associated ligands, i.e. C-H---Cl/w---w and two equal C-H--7
interactions, respectively (Fig. 6).

In pair IVf, there is a slippage between two adjacent arene
rings compared to IIIf. This slippage also changes the orienta-
tion of the ethoxy groups. The conformation of the P-O-C-C
segments are +ap/+ap for IIl and +ap/+ac (ac = anticlinal) for IV.
The different conformations cause a larger distance of chlorine
and ethoxy with respect to the methyl and ethoxy groups in
associated compounds. However, the chlorine atom attracts one
of the terminal hydrogen atoms of the ethoxy group and makes
a C-H---Cl hydrogen bond (Fig. 6, V(r) = —0.0026 a.u., p(r) =
0.0050 a.u.). In the lack of the chlorine atom (in IV), the CH,

RSC Adv, 2024, 14, 32206-32220 | 32213
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Fig. 4 QTAIM diagrams of the most influential molecular pairs (cutoff energy value = —15 kJ mol™?) in the packing of structure II, and two views
of the energy framework considering these molecular pairs along the b- and c-axes. Total interaction energies (Eio) are given at the bottom of
each pair. The most prominent interactions in each pair are labeled: NH---S=C (1), CH:--S=C (2), NH---S=P (3), CH---O (4), S---N (5), CH-- 7t (6),
NH---7t (7), CH---S=P (8), 7t---7t (9), and H---H (10). Section (A) shows pairs contributing to form ac-assembly, and section (B) represents pairs that
stack ac-assemblies together (atom color codes: P = orange, O = red, N = cyan, C = dark green, S = yellow, and H = white).

unit of benzyl takes part in the C-H:--7 interaction; thus, the
closeness of the ethoxy and methyl groups forces the ethoxy
group backward.

Considerable differences in the crystal packings of I and II
are reflected in the pronounced differences in the volumes of
unit cells (801.93 (3) and 822.58 (4) A®). While III and IV (with
more similarities) show comparable volumes (835.66 (5) and
835.21 (6) A*).

Analysis of contacts using fingerprint plots

The 2D fingerprint plots illustrate the contribution rates of
contacts in molecular packing, as shown in Fig. 7. In all struc-
tures, H---H contacts have more share relative to the other
contacts and are developed in a vast region of plots. These

32214 | RSC Adv, 2024, 14, 32206-32220

contacts relative to total contacts have 41.8% in I and 46.5% in
III, with the CI substituent, and increase to 60.9% in II and
61.2% in IV, with the CH; group. The smallest corresponding d;
+ d. values are marked with label 1 in the figure.

The sum of H---H% and Cl---H% contacts in I and III are
comparable with the percentages of H---H contacts in II and IV.
This value for the structure I (H:--H% + Cl---H% = 55.6%) is
remarkably lower than H---H% in the structure II (H---H% =
60.9%). Part of this difference is due to the 7---7 interactions,
which are fewer in II with respect to I (C--:C% = 0.3% and
2.6%). The environment around the chlorine atom in III does
not have any notable difference relative to the methyl group in
IV (III: H---H% + Cl---H% = 61.1%, IV: H---H% = 61.2%), which
is a result of the almost similar molecular packing.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5

(A) Two-dimensional assemblies formed by the molecular pairs Illa/lllb and 1Va/IVb. Ribbons, represented by green and purple colors,

constructed through the consequence of pairs llla and IVa; molecules in the ribbons with different colors interacted together as shown in the
pairs lllb and IVb. (B) QTAIM diagrams of the molecular pairs Illa/IVa and llIb/IVb (atom color codes: Ni = green, P = orange, O =red, N =cyan, C

= dark green, S = yellow, Cl = light green, and H = white).

The contribution of the arene rings in the molecular packing
(7c--+7t/C-H---7t) appears as C---C and C---H contacts (labels 3
and 4). In two structures having chlorine atoms (I and III), the
arene rings take part in 7t---7 interaction, while in the analo-
gous structures having methyl groups (II and 1V), the w7
interactions do not matter (C---C is absent in IV). This scarcity/
absence of 7---7 interactions in II/IV is compensated by raising
the C-H-- 7 interactions.

In I/IL, the H---S contacts appear as the tallest spikes (with d;
+d. = 2.3-2.5, label 5) due to the N-H:--S=C hydrogen bonds,
while in III/IV, the weak C-H---S=P hydrogen bonds appear as

© 2024 The Author(s). Published by the Royal Society of Chemistry

shorter spikes (with d; + d. = 2.8-3.0). The H---O contacts
manifest two small symmetric spikes in all structures (label 6).
The C-H---N contacts in III, and C-H---Ni contacts in III/IV have
small contributions, which are introduced with labels 7 and 8,
respectively (Fig. 7).

Study of the origin of similarities/differences in packing
features

Scrutinizing intermolecular interactions in analogous struc-
tures helps to understand the origin of changes in the packing
features. Structures III and IV have very slight variances, while I

RSC Adv, 2024, 14, 32206-32220 | 32215
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Fig.6 QTAIM diagrams of the molecular pairs llic-1lIf and IVc—IVf (atom color codes: Ni = green, P = orange, O =red, N = cyan, C = dark green,
S = yellow, Cl = light green, and H = white). The most prominent interactions in each pair are labeled: CH---S=P (1), H---H (2), NH---S=P (3),

CH---Cl (4), S---CL (5), CH---S-C (6), CH---O (7), Tc---

and II differ significantly. On the other hand, the supramolec-
ular networks of III and IV are negligibly affected by the Cl/CH;
substituents. Notably, in pairs Illa and IVa, with the most
contact surfaces (covering 43.2% and 35.9% of the Hirshfeld
surfaces of III and IV, respectively) and the majority of inter-
actions, the Cl/CH; substituents do not have a significant role in
the formation of the assemblies. Structures I and II have
completely different packing features. Hence, it stands to
reason that the change of substituent (Cl/CH;) will determine
the difference between the crystal packing features.

A common characteristic of the structures reported here (I-
V) is the intramolecular N-H:--S=P hydrogen bonds, similar to

32216 | RSC Adv, 2024, 14, 32206-32220

7 (8), and CH:-- 1 (9).

most of the analogous structures retrieved from the Cambridge
Structural Database.®® In structures I and II, the centrosym-
metric hydrogen-bonded dimers are formed through a pair of
N-H---S=C hydrogen bonds. Other packing features are
different and heavily depend on the Cl/CH; substituents.

The results of crystal lattice energy calculations demonstrate
that structure I has a much bigger amount of attraction force

1 * . .
E.«) than structure II (E, = — NE_ ., in which
2 att

Eye = Eete + Epol + Edis, Eay = —301.2 k] mol ™", Eyuy =
—279.4 k] mol™'), counteracting with repulsion force, despite
the crystal lattice energy of II is slightly larger (Ejauq =

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 2D fingerprint plots and percentages of contacts in structures
1-1V. Locations of corresponding minima d, + d. values for contacts
are shown by the numbers (contact codes: 1 =H---H, 2 =Cl---H, 3 =
C-C,4=C+H 5=S+-H 6=0--H, 7=N---H, and 8 = Ni---H).

—164.8 k] mol ', and Ejun) = —166.8 kJ mol '). The greater
attraction force of I (arising from interactions of Cl substituent)
results in denser molecular packing (the volumes within
Hirshfeld surfaces for I and II equal 392.83 and 403.22 A%
respectively). In such conditions, investigating the interactions
of the altered fragments (aryl groups) in these two structures
can shed light on factors affecting changes in molecular
packing features.

In structure I, the most important interactions around the
aryl fragment include 7-- -7 with two near C---C bond paths (V(r)
= —0.0022 a.u.), a pair of equal C-H---Cl interactions (V(r) =
—0.0034 a.u., pair If, Fig. 3), and a C-H--- interaction (pair Id,
V(r) = —0.0033 a.u., Fig. 3). Moreover, the chlorine atom is
involved in hydrogen bonding with three near hydrogen atoms
(pair Id, Fig. 3).

In structure II, the environment around the aryl fragment
exhibits some variations. Despite the presence of the C-H:--7
contacts formed by two hydrogens of the ethyl fragment (pair
Ile, V(r) = —0.0025 and —0.0020 a.u., Fig. 4), the behavior of the
aryl fragment in interacting with one another differs from the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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structure L In this structure, the aryl rings interact by a pair of
equal C-H---7 interactions (pair Ilc, Fig. 4), along with a 7w---7
interaction with fewer potential energy density (V(r) = —0.0019
a.u. for two observed bond paths).

Thus, the chlorine atom in I with higher electrostatic
potential has the propensity to establish weak hydrogen bonds
(C-H---Cl with V(r) = —0.0034, —0.0025, and —0.0022 a.u. and
N-H---Cl with V(r) = —0.0021 a.u., pairs Id and If). Especially in
pair If| it creates a motif that is stabilized by the cooperation of
a 1---7 interaction; while in II, the CH;-substituent with lower
electrostatic potential is not involved in such interactions. The
interactions of the CH; substituent are weaker and in lack of ClI-
involved hydrogen bonds, the molecules have more freedom to
form different competing interactions. Especially in pair Ilc,
aryl fragments are stacked through C-H---7 and 7---7v interac-
tions. Hence, the electrostatic differences of the CH;/Cl
substituents lead to the different packing features of I and II.

Structures III and IV have nearly identical molecular
packing; however, similar to structures I and II, the mutual
interactions of aryl fragments are different. These fragments in
structures III and IV make contacts almost resembling I and II,
respectively. In structure III, dimers are formed through m---m
and C-H---Cl interactions (pair IIf), while in structure IV,
analogous dimers (pair IVf) are constructed through C-H-- 7
and H,C-H---S-C interactions, and the 7---7t interactions are
absent.

Similar supramolecular motifs related to the CH,C¢H,Cl
fragment (involving C-H---Cl and 7t---7 interactions) were also
observed in the structures with the refcodes HELXAB and
HELXEF (with the formulas P(S)(NHCH,CsH,Cl);
[P(S)(NHCH,CH,Cl);],Hg,Cl,, respectively).*

As a result, the role of the electrostatic potential is crucial in
these variations. Hydrogens in all structures tend to interact
with groups having high negative ESP values. In the aryl frag-
ment of structures I and III, the Cl atom has a high negative
ESP, but in the absence of the Cl atom in II and IV, the -
electron cloud is more negative, which attracts the hydrogen
atoms.

To make a more comprehensive evaluation of the repeat-
ability of these patterns, a survey in the CSD was conducted
based on the structures having CH,C¢H,;-4-Cl and CH,CgH,-4-
CH; fragments. The first search was carried out based on the
motifs containing two CH,C¢H,;-4-Cl moieties interacted with
two C---C contacts (between two carbons in positions of 2 or 3 of
aryl rings) within the specified distance =< 3.8 A. The second
search was done based on the motifs including two CH,CgH,4-4-
CH; moieties, which have at least two reciprocal C---H contacts
(between a carbon atom in any position of aryl ring and
a hydrogen of CH, unit) with a distance < 3.3 A.

Among structures that possess CH,C¢H,-4-Cl fragment, 142
queries out of 844 have patterns similar to those in the struc-
tures I and II (containing m---7 interactions with C---C
distances up to 3.8 A and C-H---Cl hydrogen bond, Fig. 8),
which shows 17% probability of repetition of these motifs.
Fig. 8 shows the frequency of m---7 interaction lengths of the
specified patterns. Accordingly, the lengths of w7
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Fig. 8 The distribution of indicated interaction lengths between (a)
two CH,CgH4CL, and (b) two CH,CgH,4CH3 fragments (CSD version
5.42 updated at September 2021 was used).

interactions in structures I and III are within the normal range
(Cg---Cg = 3.640 and 3.644 A, respectively).

For the structures with the CH,C¢H,-4-CH; fragment, 178
queries out of 1482 have patterns similar to those in structures
II and IV (i.e., a 12% probability of repeating, applying a crite-
rion of C---H distances up to 3.3 A). As was noted earlier, this
motif includes a pair of equal C-H-- 7 interactions, with the
CH, moiety as a hydrogen bond donor (Fig. 8). According to the
abundance histogram, the C-H---7 interaction length in the
structures Il and IV is in the normal range (C-H:--C = 2.841 and
3.198 A).

32218 | RSC Adv, 2024, 14, 32206-32220

View Article Online

Paper

Spectroscopy

In the IR spectra, the bands centered at 3258/3099 cm™ " for I
and 3264/3094 cm™ " for II are associated with the NH vibra-
tions. For the related nickel complexes, only one band appears
in this region, centered at 3168 cm ™" for Il and 3180 cm ™ for
IV (due to the deprotonation of one NH unit in the coordinated
ligand). For I and II, the bands at 1552 and 1550 cm ™' are
related to the S=C-N vibration that for IIl and IV are shifted to
1565 and 1555 em ™', similar to those reported for analogous
ligands/complexes.*?

The phosphorus signals appear as a singlet (in *'P{'"H} NMR)
at 60.57 and 50.80 ppm for I and II and 57.32 and 56.77 ppm for
III and IV, respectively (solvent: DMSO-d, for I and CDCI; for I,
11, and IV).

In the "H NMR spectra, triplets in the range of 1.27-1.44 ppm
and multiplets in the range of 3.93-4.38 ppm correspond to the
CH; and CH, moieties of ethyl groups. The CH, moiety of the
benzyl group appears as a doublet (within 4.45-4.82 ppm). A
typical pattern of the para-substituted arene ring (two doublets)
is observed for I-III in the 7.18-7.43 ppm range, but in IV, an
overlap signal appears at 7.25-7.07 ppm.

The shapes of NH signals are surprising, as they show the
effects of hydrogen bonding, complexation, and solvent. For I (in
DMSO-dg), the triplet at 8.55 ppm corresponds to the NH unit
that bonded to the CH, moiety, and the broad peak at 9.33 ppm
corresponds to the NH unit of the P(S)NHC(S) segment. For II (in
CDCl;), the NH unit bonded to the CH, moiety appears a triplet,
slightly shifted with regard to I (at 8.20 ppm); however, the shift
and pattern of the other NH unit are meaningful (at 7.76 ppm as
a doublet with J = 9.7 Hz). These differences are related to the
solvent effect and different hydrogen bonding in the two
solvents. The pattern of the noted triplet in CDCl; is also
different from the triplet in DMSO-de, where in CDCl; it tends to
broaden, probably due to the remaining intramolecular NH---S
hydrogen bonding, and the through space phosphorus nucleus
effect to this NH unit. In both complexes, only one broad NH
signal appears at 9.42 ppm for Il and 9.36 ppm for IV (complexes
lack the other NH). The broadening is related to the remaining
NH:--S hydrogen bonds in solution, which are stronger in
complexes with respect to the corresponding ligands.

In the "*C{"H} NMR spectra of all four compounds, the CH,
and CH, groups (of ethyl moiety) and the CS group appear as
doublets, due to *J coupling with phosphorus for methyl and %/
couplings for two others. Typically, for I, the related signals
appear at 16.13 (})Jcp = 7.9 Hz), 64.12 (}Jcp = 5.3 Hz), and
181.28 ppm (*/cp = 4.1 Hz). The chemical shifts and coupling
constants related to similar carbon atoms in three other
compounds show no significant differences, except for low-
intensity signals of CS wunits in complexes. The other
aliphatic/aromatic signals appear as singlets at the expected
regions, as noted in the Experimental section.

Conclusions

The (C,H50),P(S)(NHC(S)NHCH,CsH,X) thiophosphoramides
and the [{(C,H50),P(S)(NC(S)NHCH,CsH4X)},Ni] complexes (X

© 2024 The Author(s). Published by the Royal Society of Chemistry
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= Cl/CHj3, I/II and III/IV) were synthesized to study the effect of
the Cl/CH; substituents in the crystal packing. Despite the same
crystallization process, the molecular packing features are
different in the ligands but are similar in the complexes. These
characteristics can be monitored by comparing the degrees of
participation of the Cl---H and H---H contacts with the H---H
contacts, respectively in compounds including the chlorine
substituents (I/III) with analogous CH;-substituted compounds
(I/Iv) by the Hirshfeld surface analyses. The sum of Cl---H%
and H---H% percentages in I is different from the H---H% in I,
but nearly equal sum values are observed in III and IV. The
other feature is different unit cell volumes of the ligands and
similar ones of the complexes.

By analyzing crystal structures, the origins of the similarities/
differences were investigated, and the following conclusions
were drawn: in the ligands, the dimer synthons are formed
through classical N-H---S=C hydrogen bonds, and to connect
the dimers some weak interactions compete with each other.
Thus, the variations in the molecular packing features are
brought about by the Cl and CH; substituents, which have
different capacities for establishing interactions. In structure I,
the chlorine atom takes part in the C-H---Cl hydrogen bonds,
which drives the aryl rings to stack through 7---7 interactions.
In structure II with the CH; substituent, the molecules take part
in C-H---1v and 7---7 interactions.

In the molecular complexes, the planar environment
around N and Ni atoms, the electron delocalization in the NCS
segment, and intramolecular N-H---S=P hydrogen bonds
cause the planarity and rigidity of the middle part of the
molecule (i.e. the [[CNHC(S)NP(S)),Ni] fragment). These geom-
etry requirements and high negative electrostatic potential in
this region cause to attract hydrogens and make CH---O, CH:--
N, CH---Ni, and CH:--S interactions, which facilitate molecular
stacking and the creation of ribbon assemblies. A large part of
the interactions is established in these ribbons without the
contribution of the Cl/CH; substituents. Consequently, despite
the lack of moderate interactions in III and IV, several numbers
of weak interactions contribute to constructing the main feature
of supramolecular assembly. Thus, the structures become
strikingly alike. The slight differences in the structures arise
from the slippage of the CH,CsH,CH; moieties in IV relative to
the CH,C¢H,Cl moieties in III, which causes the different
conformations of ethoxy groups.

Altogether, it can be concluded that as much as the role of
stronger directional interactions (than those established by Cl/
CH; groups) in the expansion of the structure in different
dimensions decreases, the influence of the Cl/CH; exchange on
the structural change increases. From the viewpoint of motifs
made by aryl groups, the structures III and IV are similar to the
corresponding ligands I and II.

The variations observed in the aryl---aryl motifs in structures
possessing Cl substituent (I and III) in comparison to structures
with CH; substituent (I and IV) may be attributed to the higher
negative ESP of the Cl atom relative to the CH; group. In the
presence of the Cl atom, the hydrogens are preferentially
attracted to the Cl, as a part of the negative charge of the -
system is transferred to the Cl atom. Thus, the motifs are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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constructed through CH---Cl and w---7v interactions. In the
absence of Cl, the hydrogens are attracted to the m-cloud of the
aryl ring to form CH---m interactions.

The analysis of structures possessing CH,CsH,Cl and CH,-
C¢H,CH; moieties retrieved from the CSD show around 17%
and 12% repeatability of aryl---aryl motifs similar to those
observed in I/III and II/IV, respectively.
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