A \

v
A4

Heoo®06

http://pubs.acs.org/journal/acsodf

Supramolecular Self-Assembly Mediated by Multiple Hydrogen
Bonds and the Importance of C—S--:N Chalcogen Bonds in
N’-(Adamantan-2-ylidene)hydrazide Derivatives

Lamya H. Al-Wahaibi, Karthick Vishal Asokan, Nora H. Al-Shaalan, Samar S. Tawfik, Hanan M. Hassan,
Ali A. El-Emam, M. Judith Percino, and Subbiah Thamotharan*

I: I Read Online

Article Recommendations |

Cite This: ACS Omega 2022, 7, 10608—10621

ACCESS | [ihl Metrics & More ’ Q Supporting Information

ABSTRACT: The present article comprehensively examines six
N’-(adamantan-2-ylidene)hydrazide derivatives using the Hirshfeld
surface analysis, PIXEL energy for molecular dimers, lattice
energies for crystal packing, and topological analysis for intra-
molecular and intermolecular interactions. The crystal structure of
one of the N’-(adamantan-2-ylidene )hydrazide derivatives, namely,
N’-(adamantan-2-ylidene)-S-bromothiophene-2-carbohydrazide 1,
C,sH ;N,OSBr, has been determined and analyzed in detail along
with five closely related structures. The molecular conformation of
1 is locked by an intramolecular C—S---N chalcogen bond as found
in one of its closely related structure, namely, N’-(adamantan-2-
ylidene)thiophene-2-carbohydrazide. Furthermore, a detailed
potential energy surface scan analysis has been performed to highlight the importance of a chalcogen bond. Two of these
compounds possess syn-orientation for amide units, whereas the corresponding moiety exhibits anti-conformations in the remaining
four structures. The Hirshfeld surface and its decomposed fingerprint plots provide a qualitative picture of acyl substituent effects on
the intermolecular interactions toward crystal packing of these six structures. Intermolecular interaction energies for dimers observed
in these structures calculated by density functional theory (B97D3/def2-TZVP) and PIXEL (MP2/6-31G**) methods are
comparable. This study also identifies that multiple hydrogen bonds, including N/C—H--O/N and C—H--7 interactions, are
collectively responsible for a self-assembled synthon. The nature and strength of these interactions have been studied using atoms in
molecule topological analysis. The in vitro antiproliferative activity of compound 1 was assessed against five human tumor cell lines
and showed marked antiproliferative activity.

1. INTRODUCTION

The adamantane cage is an essential building motif in several
drugs."™ The chemotherapeutic potency of adamantane
derivatives was initially discovered after developing amanta-

compound 3 (csd refcode: ILESAV),” compound 4 (csd
refcode: OKOLOR),*® compound 5 (csd refocde: XEBTT)),*’
and compound 6 (csd refcode: NICCEH)** shown in Figure
1. These related structures were used for comparative analysis

dine®® and rimantadine” as effective therapies against influenza
A viral infections and tromantadine as an antiviral drug for the
treatment of skin infection caused by herpes simplex virus.®
Antitumor activity was reported for some adamantane
derivatives. Adaphostin,”'’ the synthetic retinoid CD437,'""*
adarotene (ST1926),"*'* and opaganib (ABC294640)">'° are
currently used as efficient therapies against different resistant
cancers.

Continuing ongoing research efforts in the chemotherapeu-
tic'’ ™" and structural characterization”> >° of adamantane-
based derivatives, we describe herein the synthesis, structural
characteristics, and antiproliferative activity of N’-(adamantan-
2-ylidene)-S-bromothiophene-2-carbohydrazide derivative 1.
The Cambridge Structural Database (CSD)”” search reveals
five closely related structures for structure 1, and its closely
related structures are compound 2 (csd refcode: YAJBES),”
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to study the effect of the acyl substituents (R) on the crystal
packing and to gain more insights into the nature and strength
of different intermolecular interactions formed in these
structures.

Different types of hydrogen bonds, including N—H:--O and
N-H---N interactions, are found in biological macromolecules
such as proteins and nucleic acids. The former hydrogen bond
plays an important role in stabilizing various secondary
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Figure 1. Chemical structures of N'-(adamantan-2-ylidene)hydrazide
derivatives.

structural elements such as helices and f-sheets in polypep-
tides, whereas both types of hydro%en bonds help stabilize base
pair recognition in nucleic acids.” In addition, the C—H---O
interaction also participates in the stabilization of proteins and
nucleic acids.>*~>° Crystallography and computational tools
have been used to describe supramolecular assembly governed
by charge-assisted hydrogen bonds in complexes of amino
acid—carboxylic acid model systems.>” Recently, authors have
analyzed new types of supramolecular structures driven by salt
bridge interactions and charge-assisted aromatic ring sys-
tems.”*””

In addition to the above interactions, the other types of
intermolecular interactions, namely, C—H--0,° C-H---§,*
C—H--Br,”” C—H--N,* and C—H--C(7)*"* interactions
play vital roles in the self-assembly of organic molecules in the
crystalline state and crystal engineering. The abovementioned
interactions are formed in the N’-(adamantan-2-ylidene)-
hydrazide derivatives described in this work. Different
theoretical tools, including Hirshfeld surface (HS) analysis,
2D-fingerprint (2D-FP) plots, PIXEL energy, and Bader’s
atoms in molecular approach,*® were used to better understand
the contribution of various intermolecular interactions to the
crystal packing of these compounds. The role of nitrogen
substituents on structural and packing features and vibrational
behavior has been studied using adamantane—thiourea hybrid
derivatives."”*® There is a growing interest in the highly
directional noncovalent interactions, that is, 6—hole and 7—
hole interactions. These interactions can be exploited in
synthesis, catalysis, supramolecular chemistry, molecular
recognition, and crystal engineering.”’~>” The existence of an
intramolecular S---N chalcogen bond in the N-acylhydrazone
derivative and its effect on the molecular conformation has
been studied utilizing molecular modeling and spectroscopic
techniques.” The present study also allowed us to investigate
the role of an intramolecular chalcogen bond (C—S:+N) ;> and
conformational preference of amide units exhibited in these
compounds.

2. RESULTS AND DISCUSSION

Compound 1 in this study can be obtained by combining 5-
bromothiophene-2-carbohydrazide with 2-adamantanone. Fur-
thermore, characterization of this compound was conducted by
NMR ('H and "C) spectroscopy (Figures S1 and S2,
Supporting Information). A colorless block-shaped single
crystal was obtained from ethanol solvent, and the crystal
structure was determined. We also used five closely related

structures of 1 to investigate the role of various substituents,
namely, thiophene, 3-pyridyl, 4-pyridyl, phenyl, and methyl
moieties in N’-(adamantan-2-ylidene)hydrazides on the
molecular conformation, crystal packing, and intermolecular
interactions. The intermolecular interactions within them have
been studied using various theoretical tools. The N’-
(adamantan-2-ylidene)hydrazides derivatives possess an ada-
mantyl cage, hydrazine in the middle, and variable substituents
as mentioned above. We also describe the antiproliferative
properties of compound 1 against five different cancer cell lines
in vitro.

2.1. General Molecular and Crystal Structural
Description. Compound 1 crystallizes in the monoclinic
space group P2,/c with a single molecule in the asymmetric
unit. The crystal data and refinement parameters for 1 are
summarized in Table 1 and the thermal ellipsoid representa-

Table 1. Crystal Data and Refinement Parameters for
Compound 1

empirical formula C,;sH,;N,OSBr

formula weight 353.27
crystal system monoclinic
space group P2,/c

a/A 12.0105(6)
b/A 9.8832(4)
c/A 12.8066(5)
a/deg 90

B/deg 103.2030(10)
y/deg 90
volume/A3 1479.99(11)
z 4

Peatc g/cm® 1.585
u/mm™! 2915
F(000) 720.0

crystal size/mm?®
radiation

20 range for data collection/deg

047 X 021 X 0.18
Mo Ka (4 = 0.71073)
5.396 to 66.408

index ranges —-18<h<16
-15<k<14
-19<1<19
reflections collected 20031
independent reflections 5646 [R,, = 0.0263, R, = 0.0267]
data/restraints/parameters 5646/0/186
goodness-of-fit on F* 1.054

final R indexes [I > 26(I)]
final R indexes [all data]
largest diff. peak/hole/e A~
CCDC no.

R, = 0.0251, wR, = 0.0613
R, = 0.0292, wR, = 0.0629
0.62/-0.82

2123456

tion of compound 1 is shown in Figure 2a. In 1, the central
N=N-C unit and the thiophene ring are nearly coplanar, with
the dihedral angle formed between them being 6.17°.
However, the adamantane cage is twisted by 43.98° with
respect to the mean plane of the thiophene ring. The six-
membered rings constituting the adamantyl moiety have a
typical chair conformation as previously observed. The bond
lengths of C1=N1 [1.288 (1) A], N1-N2 [1.383 (1) A], and
C11=01 [1.243 (1) A] bonds are comparable with those of
related structures.”* ™

Two different orientations (syn and anti) for the amide unit
have been observed in substituted N’-(adamantan-2-ylidene)-
hydrazide derivatives, including the crystal structure of
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(b)

Figure 2. (a) Thermal ellipsoids of compound 1 are drawn at the S0% probability level and an intramolecular C—S---N chalcogen bond is shown
and (b) structural superimposition of 1 with its five closely related structures [color codes: 1 (gray), 2 (faded salmon), 3 (magenta), 4 (orange), 5

(violet), 6_mol A (yellow green), and 6_mol B (teal)].

compound 1 described in this work. In structures 3—6, the
amide unit adopts an anti-conformation while the correspond-
ing unit exhibits syn-orientation in compounds 1 and 2. The
structural superimposition diagram (Figure 2b) reveals the
different orientations of the amide unit. It also reveals that the
4-pyridyl ring (compound 4) rotates relatively larger than 3-
pyridyl (compound 3) and phenyl (compound $§) rings. It
should be noted that the syn-orientation for an amide unit in
compounds 1 and 2 helps to form an intramolecular C—S---N
chalcogen bond between the thiophene sulfur atom and one of
the N atoms, which is not part of amide unit. In other
compounds, there is no intramolecular interaction formed.

2.2. Intramolecular S--N Chalcogen Bonds and Syn—
Anti-Conformations of the Amide Unit. The molecular
conformation of compounds 1 and 2 is locked by an
intramolecular C—S-+N (C15—S1--N1) chalcogen bond,
which stabilizes the syn-conformation of the amide unit
(Figure 2a). The geometrical parameters for this chalcogen
bond [compound 1: S-+N = 2.787 (1) A and «CSN =
163.06(1)° and compound 2 (major disordered component
with an occupancy ratio of 0.833): S--N = 2.780 (1) A and
ZCSN = 162.44(1)°] are comparable in these two structures.
To understand the role of this chalcogen bond in stabilizing
the molecular conformation and find the energy barrier
between the syn- and anti-orientation of the amide unit, we
have performed a relaxed potential surface scan around the
C11-C12 (C5—C4 in 2) and N2—C11 (N1—CS in 2) bonds
of the structure of 1. The former bond describes the rotation of
the thiophene ring, while the latter bond corresponds to the
rotation of the amide unit.

Figure 3 shows that the syn-orientation has the least-energy
conformer (N2—C11—C12—S1 = 0°) and the energy differ-
ence between syn- and anti-conformations is about 1.7 kcal
mol™" (0.7 keal mol™" for compound 2). The corresponding
torsion angle in the X-ray structure of 1 is 8.24° (15.62° in 2).
To investigate the importance of chalcogen bonds in stabilizing
the molecular conformation, we have taken the first (syn; N2—
C11—-C12-S1 = 0°) and second (anti; N2—C11—C12-S1 =
180°) least-energy conformers of compound 1, and these
conformers were subjected to structural optimization in the gas
phase at the MO062X-D3/cc-pVTZ level of theory. The
optimized structures were also used to determine intra-
molecular non-bonding interactions using topological analysis.
It is observed that the S1--N1 chalcogen bond stabilizes the

I M 1 M 1 M T
—=— compound 1
—— compound 2

Relative energy (kcal mol?)

anti anti

———————————r———————————
180 150 120 90 60 -30 0 30 60 90 120 150 180
Torsion angle (°)

Figure 3. Calculated potential energy [with the B3LYP/6-31+G(d,p)
level of theory] for rotation around the C11—C12 (structure 1) and
C5—C4 (structure 2) bonds.

syn-conformer, while C—H--N interaction stabilizes the anti-
conformer as shown in Figure S3. The topological parameters
for these interactions are summarized in Table SI. The
dissociation energy for a chalcogen bond (4.5 kcal mol™) is
relatively stronger than C—H--N interaction (3.1 kcal mol™").
The topological analysis for X-ray geometry of 1 also reveals
that the dissociation energy for a chalcogen bond is 4.5 kcal
mol ™%,

The relaxed potential energy scan around the N2—Cl1
(N1-C5 in 2) bond in structure 1 indicates that syn-
orientation has the least energy compared to anti-conforma-
tions for the amide unit. The energy difference between these
two conformers is about 4.2 kcal mol™" (Figure S4, Supporting
Information). We noticed that the anti-conformer makes short
H-H contacts between amide NH and adjacent H of the
thiophene ring (2.17 A) and between amine H and adjacent H
atoms of the adamantyl moiety (1.90 A). The former and latter
short contacts are relatively longer in the crystal structures.
The syn-conformer of the amide unit stabilized with an
intramolecular C—H--N interaction (Figure SS, Supporting
Information).
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Figure 4. 2D-FP plots of compounds 1—6. Values in parentheses show the percentage relative contributions of selected intermolecular interactions

to the total HS area.

2.3. Hirshfeld Surface Analysis and 2D-FP Plots. HS
analysis was performed to investigate the nature of the
intermolecular interactions and their quantitative contributions
to the crystal packing of 1 and its closely related N'-
(adamantan-2-ylidene)hydrazide derivatives reported earlier.
This analysis sheds light on how the contribution of different
noncovalent interactions altered due to different acyl
substituents. The close inter-contacts are observed in
structures 1—6, as depicted in the HSs in Figure S6.

In compound 1, the intense red spots are associated with
intermolecular N—H--O, two C—H--O, and C—H--C(x)
interactions, which are shorter than vdW radii of respective
interacting atoms. The amide unit has participated in
generating a synthon formed by N—H--O and C-H--O
interactions. One of the H atoms of the thiophene ring is
involved in three-centered C—H:-O/C interactions with
carbonyl O and C atoms, respectively. A similar feature is
observed for the former synthon, while the latter bifurcated
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Figure 5. Molecular dimers observed in the crystal structure of 1. (a) Strong M1 dimer is stabilized by N—H:--O and C—H---O interactions, (b)
three-centered (C—H:--Br and C—H:--S) interactions generate motif M2, (c) motif M3 stabilizes with C—H---O interaction, (d) adjacent M1
motifs are interlinked by motif M4, (e) motif MS stabilizes with C—H:--7 interaction, and (f) supramolecular assembly built by alternate M1 and

M6 motifs.

C—H:-O/C interactions disappear in the unbrominated
thiophene-containing derivative (compound 2). However, the
relatively less intense red spots show intermolecular C—H:-S
interaction formed between one of the H atoms of the
adamantyl moiety and the S atom of the thiophene ring in 2.

When thiophene or bromothiophene is replaced with 3-
pyridyl (compound 3), 4-pyridyl (compound 4), and phenyl
(compound $) substituents, the nature of close inter-contacts
shows different features. However, compounds 3—5 display
similar inter-contacts features on the HS. For instance, the
wide and intense red spot is associated with an intermolecular
N-H--N hydrogen bond. The relatively less intense spots
appear for N—H--:O and C—H:--O/N/C interactions and a
short C---N contact, and the intensity of the red spots is
comparable for these interactions.

The derivative with a methyl substituent (compound 6)
displays similar features as observed in compounds 1 and 2.
Specifically, the large red spots are attributed to strong N—H--
O hydrogen bonds in both molecules A and B of 6. Two small
red spots adjacent to the N—H:--O hydrogen bonds belong to
intermolecular C—H--O interactions. The protons of the
methyl and adamantyl groups have participated as donors for
the C—H---O interactions, and the carbonyl oxygen has been
involved as an acceptor for N—H:--O and C-H--O
interactions. Moreover, these three interactions are formed
between molecules A and B, which are linked alternately. In
addition, there are less intense red spots observed for the N—
H--N interaction, in which the NH group of molecule A
interacts with the N atom of molecule B, and this interaction
links the molecules A and B alternately, generating a C(4)
chain that runs parallel to the crystallographic a axis. The

intensity and size of the red spots are associated with the N—
H-N hydrogen bond, which is markedly different in 6 and
compounds 3—5, and this feature has not been observed in
compounds 1 and 2.

2D-FP plots were obtained from the HS analysis for
structures 1—6 to investigate the distribution of different inter-
contacts found in the crystal structures and how different
substituents influence these contacts. In all six structures, the
significant contributions arise from H--H contacts, and their
contributions range from 42 to 73.1% (Figure S7, Supporting
Information). The selected 2D-FP plots of compounds 1—6
are depicted in Figure 4.

The 2D-FP plots of compounds 1 and 2 show several
invariant features and differences in the distribution pattern for
some inter-contacts. The Br-substitution in compound 1
reduces the contribution of H---H contacts by 14.6% compared
to compound 2 with no Br atom. A slight reduction in the
contribution is also observed for H---C, H--N, and H---O
contacts in 1. These reductions are compensated by increasing
H---Br interactions, which contribute about 16.5%. When a
phenyl moiety replaces the thiophene ring, the contributions of
H---H, H---C, H-N, and H:--O contacts are slightly increased.

The H---H contacts appear as a single spike in compounds 1
and 2, and the shortest inter-contact is located at ~2.2 A (d, +
d;), whereas the corresponding contacts show a blunt tip, and
the closest distance located at the tip is 2.2 A in compounds
3—5. We note that the shortest H---H contacts are observed
beyond 2.3—2.4 A in compound 6. The distribution of H--O
contacts looks very similar in compounds 1, 2, and 6 and
appears as sharp double spikes with the distance at the tip
being 1.8—2.0 A. The corresponding contacts in compounds
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Table 2. Intermolecular Interaction Geometries along with Energies (in kcal mol™") for Various Dimers in 1—6 Obtained by
the PIXEL and DFT Methods®

PIXEL/MP2/6-31G**

important geometry” H--A (&),
dimer CD symmetry interactions £D—H--A (deg) Ecou Epal Egip B B AE,/B97D3/def2-TZVP
Compound 1
M1 8271 —x+1,—-y+1, N2-H2---01 1.93, 169 —24.2 —8.8 —-8.1 23.1 -17.9 —18.0
—-z+2
C6—H6--01 221, 156
M2 8120 «x, —y +1/2, C10—HI10A---S1 291, 160 -3.2 —-1.8 -89 8.3 -5.5 —6.4
z+1/2
C10—HI10A:--Brl 29§, 132
M3 7.863 —x+1,y—1/2, Cl4-H14--0O1 2.28, 163 -3.5 -1.5 =59 5.8 —-5.2 —6.4
-z +3/2
M4 7742 —x,y — 1/2, C8—H8--Brl 3.04, 145 20 -12 -78 62  —49 —6.0
-z +3/2
M5 9883 xy—1,2 C4—H4-Cgl 2.85, 140 -15  —06 =56 36  —41 -55
Mé 7168 —x, —y + 1, C3—H3A--Brl 3.04, 144 -1.1 -0.5 —4.6 2.6 -3.7 —4.6
—z+1
Compound 2
M1 6936 —x+ 1/2, N1-H4--01 1.84, 172 264 —106  -88 277 —182 -19.5
-y +1/2,
—z+1
Cl11-H11---01 2.32, 142
M2 5.087 —x+1,—-y+1, C13—H14--Cgl 2.53, 163 —6.4 -2.9 —14.6 15.1 -89 —13.5
—z+1
M3 5704 —x+ 1, C14—H15---S1 2.95, 128 -2.8 -1.5 —8.2 6.4 —6.0 -7.9
¥y, —z+1/2
M4 9.864 x+1/2, C15-H17--Cgl 2.61, 147 -21 =09 51 43  -37 —54
-y +1/2,
z+1/2
MS 7797  x, —y+1, C1-H1---01 2.56, 132 -1.0 -0.8 =3.1 2.3 -2.6 -3.0
z—1/2
Cl1-H1---N1 2.68, 175
Compound 3
M1 4074 —x+1/2, N2—-H19-N1 2.16, 160 —-15.9 -7.5 —-17.0 22.8 -17.6 —18.6
-y +3/2,z
N2—-H19--01 249, 127
C1-H1--N1 2.43, 159
Cl1-H1---01 2.40, 134
C13—H15--01 2.34, 155
C9-H11-Cg2 2.85, 159
C13--N1 3.064 (1)
M2 10261 —x + 3/2, C4—H6--Cg2 2.70, 138 -1.7 -0.7 —4.8 3.1 —4.1 -S54
y - 1/2)
z—1/2
Compound 4
M1 4056 «x —1/2, N2-H19--N1 2.13, 162 -17.0 —-8.1 —17.8 24.6 —18.3 —18.6
-y +3/2,z
N2—H19--01 2.54, 128
C1-H1--N1 238, 157
C1-H1-01 2.39, 135
C13-H15--01 2.39, 158
C4—Hs--Cg3 2.88, 160
C13--N1 3.073 (1)
M2 10158 —x + 1/2, C8-H10--01 2.65, 145 —21  —09  -53 47  -35 -5.0
y+1/2,
z+1/2
C9—H12--Cg3 2.60, 142
Compound §
M1 4046 x—1/2, y—1 NI1-H1---N2 2.11, 161 —-16.7 —-8.2 —17.4 25.5 —-16.9 —18.7
—z+1/2
C9—H7---N2 247, 144
C9-H7--01 2.25, 147
C3-H2--01 2.32, 166
C3-N2 3.177 (1)
M2 8.991 —x+1,y— 1/2, C15—H17--Cg4 2.47, 164 —-2.8 —-1.2 —6.1 5.8 —4.3 —6.1
-z +1/2
10613 https://doi.org/10.1021/acsomega.2c00159
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Table 2. continued

PIXEL/MP2/6-31G**

important geometry” H-A (&),
dimer CD symmetry interactions £D—H--A (deg) Ecou Epal T B I AE_,/B97D3/def2-TZVP
Compound 6
Ml 10982 —x+1,—y+1, C24—-H34--02 2.34, 1585 =52 -17 -2.5 4.4 =5.0 =5.0
—z+1
Ml,p 4851 —x+1,—y+1, N4-H33--N1 2.37, 127 —-15.4 —6.7 —=12.5 18.1 -16.5 -16.7
—z+1
N4-H33---01 2.03, 154
C20—-H28---01 2.28, 166
C24—-H35---01 2.4S, 148
M2,3 5483 —x, -y + 1, N2—-H15--N3 2.57, 123 —-14.1 =57 —8.6 14.1 —-14.1 —14.4
—z+1
N2-H15--02 1.97, 158
C8—-H10--02 2.33, 173
C12—H17---02 2.51, 129
M3,3 8705 «x,y 2 C7-H9--02 2.58, 135 -14 -1.0 -2.7 1.9 -32 34

“Cgl, Cg2, Cg3, and Cg4 are centroids of thiophene, 3-pyridyl, 4-pyridyl, and phenyl rings and CD is the distance between the geometrical centres
of the molecules. “Neutron values are given for all D—H:--A interactions.

3-S5 are relatively longer (2.3—2.4 A), which suggests that
these contacts could be weaker. The wing-like pattern
represents H---C (or C—H:7) interactions, and these contacts
are almost disappeared due to the absence of the aromatic ring
(compound 6). However, these interactions make significant
contribution to respective crystal packing in the remaining
structures with an aromatic ring.

A pair of sharp spikes is observed for H-N contacts in
pyridyl isomers (3 and 4), and the distance at the tip is 2.2 A in
both compounds. The corresponding distance is observed
beyond 2.2 A in the remaining structures. Moreover, the 4-
pyridyl substituent reduces the contribution of H--N contacts
by 7.7% and slightly increases the contribution of H--H (by
4.5%) and H--C (3.6%) compared to the 3-pyridyl isomer.
The relative contribution of different contacts including H---H,
H---C, H---O, and H:-N is comparable in derivatives
containing 4-pyridyl and phenyl substituents. These features
indicate that the effect of the 4-pyridyl substituent is marginal
compared to the 3-pyridyl substituent.

As shown in Figure 5, 30% of the total HS area occupied by
the other interaction categories in compound 1 and the H---Br
and H---S contacts make notable contribution among other
types of contacts. The H--Br interaction contributes about
16.5% toward crystal packing of 1, and the shortest distance
appears at 2.9 A in the 2D-FP plot. At the same distance, H--S
contacts are also located and contribute about 9.3% to the total
HS area. The contribution of H---S contacts is comparable in
compounds 1 and 2. However, the shortest distance of H---S
(2.8 A) is slightly shorter in compound 2 compared to
compound 1. The nature of the intermolecular contacts and
their quantitative contributions to the crystal packing were
described in detail for six closely related adamantyl phenyl-
thiourea derivatives.>® In this study, the authors found that the
contribution of H---H contacts ranges from 34 to 72%, which is
comparable to the present study. In 1—S5, the contribution of
H---C contacts is similar to that of adamantyl phenylthiourea
derivatives. There are significant differences in the contribution
of H--O contacts between the title compounds and the
adamantyl phenylthiourea derivatives.

2.4. Molecular Dimers in the Crystal Structure of 1.
The intermolecular interaction energies for the dimeric pairs
observed in compounds 1—6 were calculated using the CLP-

PIXEL code. This calculation revealed six dimeric motifs for
compound 1 whose intermolecular interaction energies (E,,)
range from —17.9 to —3.7 kcal mol™" as summarized in Table
2. The dimeric motifs observed in compound 1 are illustrated
in Figure S. The total interaction energies of different
molecular dimers are compared with those calculated by the
counterpoise method using the B97D3/def2-TZVP level of
approximation. In general, the energies of dimers calculated
using two different approaches are comparable, except for
dimers stabilized by C—H--x interactions.

The inversion-related molecules form the most stable dimer
(motif M1) via intermolecular N—H--O and C-H--O
hydrogen bonds, in which the carbonyl oxygen atom (O1) is
involved as an acceptor for both interactions (Figure Sa). The
role of these interactions is to connect the molecules in the
adjacent layers to build columnar packing along the crystallo-
graphic ac plane. As expected, this dimeric motif is
predominantly electrostatic in nature, with an 80% contribu-
tion toward the stabilization.

Motif M2 is stabilized by intermolecular C—H:--S and C—
H---Br interactions, in which one of the protons (atom H10A)
of the adamantyl moiety is involved as a donor for both of
these interactions (Figure Sb). These interactions link the
molecules to generate a chain that runs parallel to the ¢ axis.
Furthermore, the electrostatic and dispersion energies
contribute about 36 and 64% toward the stabilization of
dimer M2.

One of the H atoms of the bromothiophene ring is involved
in an intermolecular C—H:--O interaction with the carbonyl O
atom. This interaction stabilizes the molecular dimer M3 and
links the molecules into a chain parallel to the crystallographic
b axis (Figure Sc). The PIXEL energy analysis reveals that the
component of electrostatic energy contributes about 46%
toward the stabilization of this dimer. The dispersive nature
(71%) of dimer M4 is caused by an intermolecular C—H---Br
interaction, in which one of the adamantyl H atoms is involved
in the interaction. Furthermore, motif M4 bridges the adjacent
dimers of motif M1, and these two motifs are arranged
alternately to form a chain (Figure 5d).

Additionally, MS and M6 motifs are dispersive in nature,
contributing 73—74% toward stabilizing these motifs. The
former motif MS is stabilized by an intermolecular C—H:---7
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Figure 6. Molecular dimers observed in the crystal structure of 2. (a) Strongest M1 dimer is stabilized by N—H---O [R,*(8) ring] and C—H--O
[R,*(14) ring] interactions, (b) intermolecular C—H--7 interaction stabilizes the molecular dimer M2, (c) weak C—H--$ interaction provides
stability to the dimer M3, (d) motif M4 stabilizes with an intermolecular C—H:--7 interaction, and (e) bifurcated C—H--+O/N interactions stabilize

motif MS.

o T T
/ bl ! Compound 3

Compound 4

/ M1 [ Compound 5

Figure 7. Dimers in the crystal structures of 3—5 and a small red sphere represents centroid of the aromatic ring in these structures. Dimers in these

structures are labeled.
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Figure 8. Dimers in the crystal structure of 6. Dimers in this structure are labeled.

Table 3. Lattice Energy (in kcal mol™")

compound code Coulombic polarization
1 —-22.6 —-8.9
ILESAV —-21.6 —11.2
OKOLOR —23.4 —-12.1
XEBTIJ —-23.2 —11.7
YAJBES 224 -95
NICCEH —-19.9 -9.2

dispersion repulsion cell dipole total
—42.1 39.0 0.0 —34.7
—36.6 32.5 -0.5 —-37.2
—40.2 38.8 -0.9 —-37.8
—41.0 39.8 0.0 —36.1
-37.3 38.1 0.0 -=31.1
—-29.8 27.4 0.0 —-31.6

interaction, and adamantyl and thiophene rings are engaged in
this interaction (Figure Se). The latter motif M6 is formed by
an intermolecular C—H---Br interaction to generate a ring as
shown in Figure Sf. Furthermore, motifs M6 and M1 are also
arranged alternately in the crystal structure.

2.5. Molecular Dimers in Related Structures. The CLP-
PIXEL calculation was carried out for five closely related
structures of 1 in order to identify the energetically significant
dimers found in the solid state. The intermolecular interaction
energy and its various energy components are summarized in
Table 2. Structure 2 has five molecular dimers with
intermolecular interaction energies ranging from —18.2 to
—2.6 keal mol™". As shown in Figure 6, these dimers stabilize
by intermolecular N—H:-O and C—H--O/N/S/x interac-
tions, which are similar to compound 1 except C—H:--Br and
C—H-N interactions. The intermolecular interaction energy
of dimer M1 in structures 1 and 2 is nearly the same (Figure
6a). The electrostatic energy contributes about 81% toward the
stabilization of dimer M1 in this structure. For the stabilization
of remaining dimers (M2—MS; Figure 6b—e), the electrostatic
and dispersion energies contribute in the range of 34—39 and
61—66%, respectively.

In the remaining compounds (3—6), the most stable dimer
(motif M1) in these structures stabilized by more number of
interactions, including N—H--O/N and C-H--O/N/x
interactions, could be due to the trans-conformation of the
amide unit in these structures. In compounds 1 and 2, the
amide unit exhibits the cis-conformation. The molecular
dimers observed in structures 3—6 are illustrated in Figure 7.

3-Pyridyl (compound 3) and 4-pyridyl (compound 4)
derivatives have only two molecular dimers in each in the solid
state. In both compounds, the most stable dimer (M1) is
stabilized by N—H---N/O and C—H:--N/O/7 interactions and

10616

a C-N short contact [3.064—3.073 (1) A]. A short C---N
contact (3.177 A) is also present in dimer M1 of structure S.
The intermolecular interaction energy (—17.6 and —18.3 kcal
mol™") for this dimer is comparable in these two structures.
The second most stable dimer (M2) is stabilized primarily by
an intermolecular C—H:--7 interaction. The H atom of the
adamantyl unit and pyridine ring has participated in C—H---x
interaction in 3 and 4 as a donor and an acceptor, respectively.
In compound 4, dimer M2 is further stabilized by an
intermolecular C—H---O interaction. Again, the intermolecular
interaction energy for the M2 dimer in both compounds is
comparable.

The phenyl derivative § also has two molecular dimers
similar to compounds 3 and 4. The stability of the M1 dimer in
S is slightly weaker than the M1 dimers in 3 and 4. The
presence of additional N—H--O and C—H--7 interaction in
structures 3 and 4 could be a reason for more stability, and no
such C—H:--7 is present in dimer M1 of compound 5. Another
common feature observed in 3—35 is that the dimer M2 is
stabilized by an intermolecular C—H---7 interaction, in which
the aromatic ring acts as an acceptor in all three compounds.
Furthermore, the strength of this dimer in these compounds is
very similar. For the stabilization of M1 dimers in 3-S5, the
contribution of electrostatic energy is nearly the same (58—
59%). However, the contribution of electrostatic energy is
significantly reduced (~20%) compared to that on structures 1
and 2.

The methyl derivative 6 was crystallized in the monoclinic
system with the P2,/c space group, and the asymmetric unit
contains two crystallographically independent molecules (A
and B). In the asymmetric unit, molecules A and B interact via
intermolecular C—H---O interaction (motif M3,;). The
dimeric motifs observed in this structure are depicted in
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Table 4. In Vitro Antiproliferative Activity of Compound 1 and the Anticancer Drug Doxorubicin against Human Prostate
Cancer (PC-3), Hepatocellular Carcinoma (HEPG-2), Colorectal Carcinoma (HCT-116), Mammary Gland Breast Cancer

(MCEF-7), and Epithelioid Carcinoma (HeLa) Cell Lines

IC5p (uM)*
PC-3 HEPG-2 HCT-116 MCE-7 HeLa
compound 1 41.75 +£ 2.9 1638 £ 1.5 29.55 £ 2.2 9.32 + 0.7 7.18 £ 0.5
doxorubicin 8.87 + 0.6 4.50 £ 0.2 523 +03 417 £ 0.2 5.57 + 04

“ICq values presented as the mean + SD of three separate determinations, p < 0.05.

Figure 8. The PIXEL energy analysis suggests that no direct
interaction is formed between the A molecule and its
symmetry-related partners. However, an intermolecular C—
H:--O interaction is formed between molecule B and its
symmetry-related equivalents (motif M1y), generating a cyclic
dimer [R,%(8)]. Three molecular dimers are formed between A
and B molecules and their symmetry equivalents (motifs M1,
to M3,5). The first two most stable dimers (M1, and M2,5)
are stabilized by N—H--N/O and C—H--O interactions,
which are similar to those observed in compounds 3-S.
However, the strength of these dimers is slightly weaker
compared to other structures. It is noted that intermolecular
C—H--N interaction is not observed in these dimers.
However, compounds 2—5 have C—H:--N interaction, which
provides additional stabilization to dimer M1 in these
structures.

2.6. Lattice Energies. The total lattice energies (E,,) for
crystal structure 1 and its closely related analogues 2—6 were
calculated and are summarized in Table 3. This table shows
that the contribution of electrostatic energy (Ecoy + Eyor) and
dispersion energy (Edisp) components toward the stabilization
of crystal structures is comparable. The contribution of
dispersion energy is S1 to 57%, while the contribution of
electrostatic energy is 43 to 49%. From the total stabilization
energy, we can see that the stabilization energy is slightly
higher (4.4 kcal mol™) due to Br substitution compared to
that of compound 2, in which the H atom replaces the Br
atom. Similarly, we noted the stabilization energy difference
(6.8 kcal mol™) between 3-pyridyl (compound 3) and 4-
pyridyl (compound 4) substituents and higher stabilization
energy (—76.6 kcal mol™') for compound 4. The total
stabilization energy (—75.9 kcal mol™") for phenyl (compound
5) is comparable with that of compound 4. Compared to the
other five compounds, the lower stabilization (—59.0 kcal
mol™!) is observed for the methyl derivative (compound 6).

2.7. Topological Analysis. The topological and energetic
properties of the noncovalent interactions at the bond critical
points (BCPs) in the observed dimers of the crystal structures
of 1-6 were analyzed by comparing selected topological
properties, including the electron density [p(r)], the Laplacian
of electron density [V?p(r)], the potential electronic energy
density [V(r)], the kinetic electronic energy density [G(r)],
the total electronic energy density [H(r) = V(r) + G(r)], the |
—V(r)/G(r)l value, and the dissociation energy value (D,)
proposed by Espinosa et al.*°

In 1, the intermolecular N—H--O and C—H--O/S/Br/x
interactions have been involved in the stabilization of observed
molecular dimers (Table S2 and Figure S8, Supporting
Information). According to Gatti’s assignment, all these
interactions are classified as closed-shell interactions using
the values of I-V(r)/G(r)l < 1, H(r) > 0, and the positive value
of Laplacian of electron density [V*p(r) > 0].>" Among the

observed intermolecular interactions, the N—H:--O interaction
is more vital as evident from the dissociation energy value (D,
= 6.7 kcal mol™"). The corresponding value is in the range of
2.7—-3.1 kcal mol™" for C—H---O interactions. The strength of
C—H-S and two of the C—H---Br interactions (M2 and M4)
is comparable, and the dissociation energy value is in the range
of 1.0—1.3 kcal mol™". In addition, the D, value is equal for one
of the C—H---Br interactions and C—H---7 interaction
observed in dimers M6 and MS, respectively. Furthermore,
we used the KP-4 rule to differentiate between hydrogen bond
and van der Waals interactions.”® This analysis suggests that all
the interactions mentioned above show hydrogen bonding
character, except C—H--7 interaction (dimer MS). The C—
H---7r interaction displays van der Waals character as the bond
path (R;) value is longer (3.483 A).

In 2, the N—H:--O interaction shows intermediate bonding
character between shared and closed-shell interaction accord-
ing to Gatti’s assignment [V?p(r) > 1 and H(r) < 0 and
|-V(r)/G(r)l > 1]. The dissociation energy value for this
hydrogen bond is 9.3 kcal mol™". The remaining interactions
observed in different dimers of 2 are closed-shell interactions
(Table S2 and Figure S9, Supporting Information). The
strength of the C—H--S hydrogen bond is the same in
structures 1 and 2. The dissociation energy for the C—H---N
interaction is 1.2 kcal mol™" and slightly weaker as compared
to that of structures 3 and 4.

In structures 3—S5, the strength of N—H---N interaction is
more than two times stronger than N—H---O interaction. The
D, value for the N—H---N interaction is in the range of 4.0—4.6
kcal mol™" (Table S3 and Figures S10—S12, Supporting
Information). In addition, the strength of C—H--O inter-
actions found in dimer M1 in these structures is comparable. It
should be noted that the C---N interaction is slightly stronger
than some of the C—H--O and C—H---7 interactions.
Structure 6 demonstrates contrasting strengths between N—
H---N and N—H---O interactions compared to structures 3—5
(Table S3 and Figure S13). In 6, the N—H:--O interaction is
stronger than N—H:--N interaction. It is worth noting that the
D, value for N—H:-O interaction is comparable to that of
structure 1. Similarly, the D, value for C—H:--O interactions is
comparable in all six structures described in this study.
Furthermore, all the noncovalent interactions found in these
structures are closed-shell-type interactions based on Gatti’s
assignment, except for N—H:---O hydrogen bonds in structure
2. Furthermore, it is noted that the N—H::-O interactions show
the trend of exponential decay (with R* > 0.99) in the
magnitudes of electron density [p(r)], Laplacian of electron
density [V?p(r)], and the dissociation energy with the
increasing length of the bond path (R,-j). A similar trend is
also noted for N—H:--N interactions observed in these six
structures. The C—H:--O/N interactions also follow the similar
exponential decay with the R* > 0.94 for the above pairs.
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Scheme 1. Synthetic Pathway for Compound 1
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2.8. In Vitro Antiproliferative Activity. The in vitro
antiproliferative activity of the title compound 1 was assessed
against five human tumor cell lines, namely, PC-3 (human
prostate cancer), HEPG-2 (hepatocellular carcinoma), HCT-
116 (colorectal carcinoma), MCF-7 (mammary gland breast
cancer), and HeLa (epithelioid carcinoma) using 3-[4,5-
dimethylthiazoyl-2-yl]-2,5-diphenyltetrazolium bromide
assay.””®" The results of in vitro antiproliferative activity of
compound 1 and the anticancer drug doxorubicin®' are shown
in Table 4.

The antiproliferative activity results showed that compound
1 displayed potent antiproliferative activity (ICs, < 10 uM)
against MCF-7 and HeLa cell lines with ICs, 9.32 and 7.18
UM, respectively, moderate activity (ICs, 16.38 uM) against
HEPG-2 cell lines, and lower activity against PC-3 and HCT-
116 cell lines with ICsy 41.75 and 29.55 uM, respectively.
Based on the antiproliferative activity of compound 1, it would
be considered as a promising anticancer drug candidate for
further investigations.

3. CONCLUSIONS

In conclusion, we present the synthesis of the N’-(adamantan-
2-ylidene)-S-bromothiophene-2-carbohydrazide compound ex-
hibiting antiproliferative activity. The structure and energetics
of molecular dimers in six closely related N’-(adamantan-2-
ylidene)hydrazide derivatives have been described. Two of the
compounds in this series possess an intramolecular C—S---N-
type chalcogen bond. The potential energy surface scan and
topological analysis revealed the importance of this c—hole
interaction in fixing the molecular conformation. HS analysis
has been used to study the effect of the R group on the
contribution of intermolecular interactions toward crystal
packing. PIXEL energy analysis revealed that the strong
dimer formed in all six structures stabilized primarily by strong
N—H--O and N—H-N interactions. Additional stabilization
comes from weak C—H--O/N/z interactions. Topological
analysis of intermolecular interactions at their BCPs revealed
that all of the interactions are closed-shell interactions, except
N—H---O hydrogen bonds in one of the structures discussed in
this study. This study is expected to be essential for
understanding the supramolecular self-assembly driven by
multiple hydrogen bonds and conformational preferences (syn
and anti) of amide units present in these derivatives, which
could help understand the antiproliferative activity.

4. MATERIALS AND METHODS

4.1. Synthesis and Crystallization. Compound 1 was
synthesized via condensation of 5-bromothiophene-2-carbohy-
drazide A with 2-adamantanone B (Scheme 1).

A mixture of S-bromothiophene-2-carbohydrazide (1.1 g, 5.0
mmol) and 2-adamantanone (0.75 g, 5.0 mmol) in ethanol (10
mL) was heated under reflux with stirring for 3 h. On cooling,
the precipitated crystalline solid was filtered, dried, and
recrystallized from ethanol to yield 1.62 g (92%) of the title
compound 1 (C;sH,,BrN,0S) as colorless block crystals. mp:

224—226 °C. 'H NMR (CDCI,, 500.13 MHz): 6 1.87—-2.11
(m, 14H, adamantane-H), 7.10 (d, 1H, thiophene-H, ] = 4.0
Hz), 7.88 (d, 1H, thiophene-H, | = 4.0 Hz), 10.05 (s, 1H,
NH). *C NMR (CDCl, 125.76 MHz): § 27.74, 31.03, 37.82,
39.24, 162.31 (adamantane-C), 123.62, 128.94, 133.80, 134.66
(thiophene-C), 164.47 (C=0).

4.2. Single-Crystal X-ray Diffraction. X-ray intensity data
for compound 1 were collected on a Bruker APEX-II CCD
diffractometer at room temperature (296 K) using Mo Ka
radiation. The absorptions were corrected by the SADABS
multi-scan method (SADABS, Bruker, 2014). The structure
was solved using the SIR-2011 program,” and the structural
refinement was performed with the SHELXL 2018/3
program.63 The position of the amide NH atom was located
from a difference Fourier map and refined freely. All the
remaining H atoms were placed in geometrically idealized
positions with C—H = 0.93—98 A and were constrained to ride
on their parent atoms with U (H) = 1.2Ueq(C). During the
final refinement, the reflections 0 1 1 and —6 0 6 were omitted
due to [error/esd] > 10. The final refined structure was
checked using PLATON.**® The crystal packing and
molecular dimers were drawn using the program MER-
CURY.”

4.3. Computational Details. The HS analysis and 2D-FP
plots for structures 1—6 were obtained with the CrystalExplor-
er-17.5 program.67

The lattice energies and intermolecular interaction energies
for dimers formed in crystal structures of 1—6 were calculated
using the PIXELC code implemented in the CLP program.ég’69
The electron density of the molecules was obtained at the
MP2/6-31G** level of theory for the PIXELC calculation. All
the density functional theory (DFT) calculations were
performed with the Gaussian 09 program.”’ For compound
1, the relaxed potential energy surface scan was performed for
the torsion angle N2—C11-C12—-S1 with the B3LYP/6-
31+G(d,p) level of theory with an increase of 10° starting from
—180 to 180°. The complexation energies for dimers observed
in the crystal structures were also calculated at the B97D3/
def2-TZVP level of theory,”"”” incorporating Grimme’s
empirical dispersion correction term (D3).”> The complex-
ation energies (AECP) were also corrected for basis set
superposition errors using the counterpoise method.”*

The theoretical charge density analysis was performed for
the dimers (in their X-ray geometries with normalized H
positions and at the M06-2X-D3/cc-pVTZ level of theory)
using the AIMALL package.” Selected topological parameters
such as electron density, p(r), Laplacian of the electron
density, V?p(r), potential electronic energy density V(r),
kinetic electronic energy density, G(r), and total electronic
energy density [H(r) = V(r) + G(r)] were used at their BCPs
to characterize the nature and strength of intermolecular
interactions. The dissociation energy (D,) for interaction was
calculated using the EML empirical scheme, that is, D, = —0.5
X V(r), to assess the strength of the interaction.’® The
noncovalent bonding nature and character (HB and vdW
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interactions) were characterized using first four criteria of
;58 1 . 22
Koch—Popelier™ as described in our earlier work.
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