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ABSTRACT: Crystal structures of two potential chemotherapeutic agents, namely 4-
nitrobenzyl N’-(adamantan-1-yl)piperidine-1-carbothioimidate 1 and 4-bromobenzyl N’-
(adamantan-1-yl)piperidine-1-carbothioimidate 2, have been analyzed in detail. X-ray analysis
reveals that the molecular conformations of these compounds are strikingly different. These
two structures are compared with two of their closely related structures. In the related
structures, morpholine replaces piperidine. Based on the Hirshfeld surface analysis and two-
dimensional (2D) fingerprint plots, we describe the effects of piperidine/morpholine and Br/
NO, groups on the intermolecular interactions. An analysis of the CLP-PIXEL energy provides
insight into the energetics of the dimers observed in the title compounds and their related
structures. Compound 1 stabilizes with bifurcated C—H--S, C—H---O, and O(lp)---C(x)
interactions, whereas compound 2 stabilizes with C—H-N, C—H:-Br, and C-H--C
interactions. The energy frameworks for the crystal structures of the title compounds reveal

differences. The atoms-in-molecules (AIM) analysis was performed to confirm the
intermolecular interactions found in the crystal structures of 1 and 2. Additionally, docking analysis suggests that the title
compounds bind at the active site of human sphingosine kinase 1, a well-known cancer target.

1. INTRODUCTION

The adamantane cage constitutes the essential building motif
in several drugs.'”* The chemotherapeutic potency of
adamantane-based derivatives was initially discovered after
discovery of amantadine”™® and rimantadine’ as effective
therapies against Influenza A viral infections. Tromantadine
was further developed as a potent antiviral drug to treat skin
infections caused by the herpes simplex virus.” Adamantane-
based derivatives are currently utilized as efficient therapies for
the treatment of various cancers. Adaphostin is a tyrosine
kinase inhibitor displaying antiproliferative activity in leukemia,
non-small-cell lung cancer, and prostate cancer.” CD437, an
adamantane-based synthetic retinoid, was discovered as a
promising anticancer drug that acts by inhibiting the DNA
polymerase.'’ Adarotene (ST1926) was also developed as a
potent anticancer drug that acts by inhibition of IxB kinase-f
for the treatment of leukemia, lymphoma, and prostate
cancer.'' Opaganib (ABC294640) is a recently approved
adamantane-based anticancer drug to treat patients suffering
from advanced solid tumors."> Opaganib induces its anticancer
activity via selective inhibition of sphingosine kinase-2 (SK2).
Interestingly, opaganib recently proved as a promising
candidate for the treatment of severe COVID-19 pneumonia.'

Numerous adamantane-based compounds were proved to
possess potent activity against pathogenic bacteria, mycobac-
teria, and fungi. The adamantyl diamine derivative SQ109 was
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developed as a new drug for the treatment of drug-resistant
tuberculosis.'* The related adamantane-linked dipiperidine
derivative SQ609 was further discovered as a lead compound
with potent action against Mycobacterium tuberculosis."

On the other hand, thiourea and isothiourea derivatives were
proved to possess diverse chemotherapeutic activities,
including anticancer, "7 1,'*'? antituberculosis,”® and
antimalarial®' activities. Following an interest in the chemo-
therapeutic,”*° structural, and energetic properties of the
weak noncovalent interactions”’ '

antiviral

of adamantane-based
derivatives, the title adamantane-isothiourea hybrid derivatives
1 and 2 were synthesized and proved to possess potent broad-
spectrum antibacterial and antiproliferative activities.”®

Saeed et al. described the vibrational and structural
properties of 1-(adamantane-1-carbonyl)-3-halophenyl thiour-
eas, and the molecular conformation of these compounds was
found to stabilize via an intramolecular N—H---O=C
hydrogen bond.”* The crystal structures of these compounds
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are stabilized by the intermolecular N—H---S and bifurcated
N—H---O=C hydrogen bonds. Recently, the crystal structure
of an adamantane—naphthyl thiourea conjugate has been
elucidated.” The molecular conformation of this compound
was locked by an intramolecular N—H:---O=C hydrogen bond
forming an S(6) motif. Further, a weak intermolecular C—H---
S interaction generates a centrosymmetric dimer with the
R3(14) ring. The structure and energetics of (Z)-3-
(adamantan-1-yl)-1-(phenyl or 3-chlorophenyl)-S-(4-
bromobenzyl)isothioureas have recently been described.”
Further, an intramolecular C—H---N interaction stabilizes the
molecular conformation of these compounds. Different kinds
of weak noncovalent interactions, such as C—H---O,>* C—H---
S, C—H--N,** C—H--C(x),””*® C—H--Br,”” and Ip---z*"*
interactions, play essential roles in the self-assembly of
molecules in the solid state. These weak interactions were
observed in the title compounds, and their roles are described
in the present study.

In the present study, we examine the molecular con-
formation and role of noncovalent interactions in the crystal
packing of two adamantane-isothiourea derivatives, namely 4-
nitrobenzyl N'-(adamantan-1-yl)piperidine-1-carbothioimidate
(1), C,3H;N;0,S, and 4-bromobenzyl N’-(adamantan-1-
yl)piperidine-1-carbothioimidate (2), C,3H;;BrN,S. These
two structures are compared with those of two closely related
structures, namely 4-nitrobenzyl (Z)-N’-(adamantan-1-yl)-
morpholine-4-carbothioimidate (CSD refcode: REMHID)**
and 4-bromobenzyl (Z)-N’-(adamantan-1-yl)morpholine-4-
carbothioimidate (CSD refcode: KUBDET),* reported in
the literature (Figure 1). In the reported structures, the
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REMHID KUBDET

Figure 1. Structures of the investigated compounds 1 and 2, and their
morpholine analogues REMHID and KUBDET.

morpholine ring occupies the place of the piperidine ring
moiety in 1 and 2. The intermolecular interactions found in
these crystal structures are characterized by Hirshfeld
surfaces”™ and their decomposed 2D-fingerprint plots.**
Additionally, different kinds of intermolecular interactions
responsible for the formation of dimeric sgecies are identified
through the CLP-PIXEL energy analysis.”*® Further, dimers

of structures 1 and 2 were subjected to the quantum theory of
atoms in molecules (QTAIM)*” topological analysis to study
the nature and strength of weak intermolecular interactions. In
addition, we describe a molecular docking analysis to show the
potential of the title compounds against human sphigosine
kinase 1 (SPHK1), a well-known target for cancer and
inflammatory diseases.*”

2. RESULTS AND DISCUSSION

2.1. Chemical Synthesis. The title compounds 1 and 2
were synthesized via condensation of adamantan-1-yl iso-
thiocyanate A with piperidine B in ethanol to yield the
corresponding N-(adamantan-1-yl)piperidine-1-carbothioa-
mide C.*” The carbothioamide C was then reacted with 4-
nitrobenzyl bromide or 4-bromobenzyl bromide in N,N-
dimethylformamide (DMF) in the presence of anhydrous
potassium carbonate at room temperature, which yielded
compounds 1 and 2, respectively, in good yields (Scheme 1).>°
The 'H and *C nuclear magnetic resonance (NMR) spectra of
compounds 1 and 2 and the 2D, DEPT spectra of compound 1
are given in the Supporting Information (Figures S1—S8).

2.2. Crystal Structures. The crystal structures of
compounds 1 and 2 were analyzed at 160 K to gain insights
into their impact on molecular conformation, crystal packing,
and intermolecular interactions. For comparison, two closely
related structures, REMHID and KUBDET, were also used.

The X-ray diffraction studies of single crystals revealed that
compound 1 crystallizes in the orthorhombic system with the
space group Pca2;, while compound 2 crystallizes in the
monoclinic system with the space group P2,/c. In both of these
crystals, the asymmetric unit contains a single molecule (Z' =
1). Crystal data and refinement parameters for compounds 1
and 2 are summarized in Table 1. The thermal ellipsoid
representation of compounds 1 and 2 is illustrated in Figure 2a
and Figure 2b, respectively.

The X-ray analysis shows that the molecular conformation of
compound 1 is somewhat bent, as evidenced by the torsion
angle C8—S1—C7—C4. This torsion angle is 74.28° and is
designated as a syn-clinal conformation in compound 1. Two
closely related structures, KUBDET (61.56°) and REMHID
(73.09°), also exhibit folded conformation as observed in
compound 1. The structural superimposition diagram reveals
that compound 2 adopts a different conformation than the
other three structures (Figure 2c). The C8-S1-C7-C4
torsion angle is —175.14°, and this conformation is designated
as anti-periplanar in compound 2. The adamantyl moiety in all
four compounds shows a chair conformation. The piperidine
ring in compounds 1 and 2 and the morpholine ring in
REMHID and KUBDET also adopt a chair conformation.
Table S1 shows that bonds connecting adamantane, piperidine,
and phenyl moieties are similar in length in 1 and 2 compared
to their closely related structures. In 1 and 2, the bridging S1—
C7 bond has a slightly shorter length than it does in their
closely related structures. However, another bridging C7—C4
bond in 2 is slightly longer compared to the other three
structures. There may be a correlation between this length-
ening and a different conformation exhibited by compound 2.
In addition, we noticed that the angle of S1-C7-C4
(108.25°) was shortened in 2 (108.25°) compared to the
other three structures (112.42—113.12°).

To understand the conformational flexibility of compounds
1, 2 and their closely related structures (REMHID and
KUBDET), we performed single-point energy calculations and
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Scheme 1. Synthetic Pathway for the Title Compounds 1 and 2
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compound 1
Cy3H3N;0,8
413.57
orthorhombic
Pca2,
160 (1)
30.7924 (6)
6.79420 (10)
10.3886 (2)
90
90
90
2173.40 (7)
4
1.264
1.506
888.0
0.24 X 0.07 X 0.02
CuKa, 1 = 1.54184 A
5.74—148.996
—38<h<36-8<k<8 -12<1<12
21322
4410 [R,, = 0.0367, R
4410/1/262
1.042
R, = 0.0293, wR, = 0.0719
R, = 0.0332, wR, = 0.0743
0.21/-0.18
—0.013 (8)
2094457

sigma = 0.0267]

Table 1. Crystal Data and Structure Refinement Parameters for Compounds 1 and 2

compound 2
C,3H;,BrN,S
447.47
monoclinic
P2,/c
160 (1)
9.55530 (10)
9.32040 (10)
24.2671 (3)
90
98.6060 (10)
90
2136.88 (4)
4
1.391
3.595
936.0
0.4 X 0.17 X 0.03
CuKa, 1 = 1.54184 A
7.368—148.98
—11<h<11,-9<k<11,-30<1<30
22 342
4367 [Riy = 0.0271, Rygm,
4367/0/244
1.061
R, = 0.0267, wR, = 0.0700
R, = 0.0291, wR, = 0.0722
0.50/—0.58

= 0.0160]

2094458

structural optimization in the gas phase as described in Section
4. The structural superimposition of the respective X-ray and
optimized structures is shown in Figures S9—S12. It clearly
shows that a slight structural deviation is observed around the
phenyl rings in all four structures, indicating a crystal packing
effect. Further, we modeled compounds 1 and 2 in two
different conformations (X-ray conformation of compounds 1
and 2; Figure S13) to obtain the energy difference between the
two conformers. The modeling studies suggest that the most
stable conformer for both compounds is folded conformation.
The nonfolded conformation (X-ray structure of compound 2)

is slightly less stable than the corresponding folded

27028

conformation modeled in this study. The energy difference
between the folded and nonfolded conformations of 1 is only
about 3.9 kcal mol™, whereas the corresponding value is 3.6
kcal mol™ for compound 2.

2.3. Hirshfeld Surface Analysis and 2D-Fingerprint
Plots. The Hirshfeld surface (HS) analysis has become an
invaluable tool for extrapolating additional information about
the interactions formed between the molecules in crystals. In
Figure 3, we show two different views of the HS over the d,
values for compounds 1 and 2 and the closely related
compounds. The intense red spots in this figure point to the
presence of an O(lp)-+C(7) intermolecular contact (Figure
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Figure 2. Thermal ellipsoid plots of compounds (a) 1 and (b) 2 are drawn at the 50% probability level, with H atoms omitted for clarity, and (c)
structural superimposition of structures 1 (gray) and 2 (green) with their closely related structures (REMHID (violet) and KUBDET (orange))

using the labeled atoms.

@

Figure 3. Two different orientations of the Hirshfeld surfaces showing red spots corresponding to the close inter-contacts observed in structures

(a) 1 and (b) REMHID, (c) 2 and (d) KUBDET.

3a). It is also possible to see two small red spots on the HS
coming from intermolecular C—H:-O and C—H--C inter-
actions. For the C—H---O interaction, the oxygen (Ol atom)
of the nitro group acts as a proton acceptor. There is a small
red spot associated with the short H---H contact. Also, a closely
related structure (REMHID) of 1 exhibits a similar feature
(Figure 3b).

On the HS of compound 2, there are small red spots that
indicate intermolecular C—H--C and short H--H contacts
(Figure 3c). However, a tiny and less intense red spot
corresponds to the C—H---N interaction in which the N2 atom
has served as an acceptor. Different close contacts are visible
on the HS of a closely related structure (KUBDET). In
KUBDET, the intermolecular C—H--S/O interactions are

27029

visible on the HS in addition to the C—H---C interaction. No
C—H--N interaction is found within the sum of the vdw radii
of H and N atoms (Figure 3d).

The 2D-fingerprint plots generated from the Hirshfeld
surface were used to determine the quantitative contributions
of the different inter-contacts in order to understand the effect
of morpholine/piperidine and nitro/Br substituents (see
Figures S14—S17). In Table 2, we summarize the relative
contributions of the various inter-contacts between 1, 2 and
their closely related structures. The intermolecular H--H
contacts occupy the majority of the HS area of compounds 1, 2
and their closely related structures, ranging from 65.5 to 71.7%
of the total HS area. In order to determine the impact of
piperidine/morpholine substitution, we examined two pairs of

https://doi.org/10.1021/acsomega.1c03559
ACS Omega 2021, 6, 27026—27037
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Table 2. Relative Contributions (in %) of Various
Intermolecular Contacts among Compounds 1, 2, and Their
Closely Related Structures

inter-contacts compound 1 REMHID compound 2  KUBDET

H--H 70.5 65.4 71.7 68.5
H--O 17 219 0 4.8
H--C 4.3 4 12 5.9
H---Br 0 0 13.1 14

H---S 3.5 3.4 1.9 4.1
C--C 0.5 0.8 0 1.4
N---C 0.9 1.1 0 0

H---N 1.5 1.6 1.2 0.5
C--O 1.6 1.6 0 0

structures, such as 1-REMHID and 2—KUBDET. For most
inter-contacts, 1 and REMHID contributed similar effects,
except for H---H and H---O contacts. As a result of morpholine
substitution, the contribution to the former contact is slightly
reduced (~5%), and there is a similar increase in the
contribution to the latter contact. This analysis also suggests
that morpholine oxygen contributed only 4.9% to crystal
packing. In KUBDET, the relative contribution of H--O
contacts is similar to REMHID, suggesting that nitro groups
contribute more to crystal packing than morpholine oxygen.
However, the contribution of H---C contacts is reduced by 6%
from the total HS area, which could primarily be attributed to
KUBDET’s morpholine moiety.

Furthermore, we investigated the influence of nitro/Br
substituents on morpholine/piperidine moieties. Despite the
presence of piperidine and morpholine, the contribution of
intermolecular H---Br interaction is nearly unchanged (13.1%
in 2 and 14% in KUBDET). In all four structures, other

contacts such as H---S, H---N, and C---O contribute less than
5%. It is important to note that z---x interaction (C--C)
contributes only 1.4% in KUBDET. The red and blue triangles
on the shape index plot indicate the presence of this
interaction, while the pattern of triangles does not appear in
the other three structures (Figure S18). The unconventional
inter-contact of the type O(lp)--+C(x) contributes only about
1.6% towards the crystal packing of 1 and REMHID. In these
two structures, only this contact appears, and in the other two
structures, the corresponding contact appears beyond the sum
of the vdW radii of C and O atoms.

2.4. Crystal Packing. 2.4.1. Crystal Packing of Com-
pound 1. The crystal packing of 1 is best described as a
columnar packing projected onto the ab plane (Figure 4a). In
each column, two molecules form an M-shaped arrangement
(or a W-shaped arrangement). We also note that the crystal
packing of the closely related structure REMHID is very
similar to that of compound 1 (Figure S19). Furthermore, the
crystal structure of 1 is composed of intermolecular C—H--S,
C—H--0, and O(lp)--C(7) interactions. The closely related
structure REMHID also depends on C—H---S, C—H---O, and
O(lp)--C(n) interactions for stabilization. Besides the nitro
group, morpholine oxygen also participates in the intermo-
lecular C—H:--O interaction in this structure. The CLP-PIXEL
calculation revealed four molecular pairs with intermolecular
interaction energies that ranged from —11.0 to —2.6 kcal mol™
in 1 (Table 3), and six molecular dimers with interaction
energies ranging from —10.1 to —1.8 kcal mol™" in REMHID
(see Table S1). The presence of morpholine oxygen in this
structure leads to two additional dimers. The molecular dimers
observed in REMHID are shown in Figure S20.

Figure 4. (a) Crystal packing of 1 and its basic structural motif D2 and (b—d) other dimers observed in this structure.
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Table 3. Intermolecular Interaction Energies (in kcal mol™") for Different Dimers Observed in the Crystal Structures of 1 and

2
PIXEL/MP2/6-31G** B97D3/def2-TZVP
geometry” H---A (A),
dimer CD symmetry important interactions £D—H:--A (deg) Ecou Epol Egigp B E, AE,,
Compound 1
D1 6.794 xy—1z C6—H6---S1 2.87, 129 —4.7 -2.7 —16.0 12.4 -11.0 —13.1
C12—HI2A---S1 2.90, 150
D2 8437  —x+1/2,3z+1/2 02(Ip)--CS(x) 3.061 (1) -22 -13 -7.6 54 -5.7 -7.1
D3 10.832 —x+1/2,y—-1,z—-1/2 C22—H22B--02 2.60, 152 -0.8 -0.5 -3.6 2.1 -29 =33
D4 10.832 —x + 1/2, y—Lz+ 1/2 C7—H7A--01 2.49, 161 -1.6 -0.5 -1.7 1.2 —-2.6 =32
Compound 2
D1 5.496 —x+1,y—1/2,—z +3/2 CS—HS-N2 2.60, 156 —5.6 -2.8 -20.3 14.4 —14.4 —17.6
D2 9.555 x—1,9z C11-HI11A--C5(x) 2.87, 157 -1.6 -0.6 -7.5 4.6 =52 =7.0
D3 12136 x, -y +1/2,z+1/2 C17—-H17A--C2(x) 2.72, 156 -13 -0.6 -5.6 3.8 -3.7 -5.1
C22—H22B--C6(x) 2.82, 165
D4 14279 x—1,-y+ 1/2,z—-1/2 C15—HIS5A:--Brl 3.00, 116 —0.6 -0.3 -2.3 1.6 —-1.5 -2.0

“Neutron values are given for all D—H:-A interactions. CD: distance between the geometrical centers of the molecules.

In compound 1, a bifurcated intermolecular C—H---S
interaction forms the most stable dimer (D1) (Figure 4b).
We estimate that this dimer is stabilized by 68% due to its
dispersion energy component. The unconventional O--C
(Ip---7 interaction) contact that led to the second most stable
dimer (D2) with a distance of 3.061 (1) A served as a basic
structural motif (Figure 4a). Dimer D2 experiences a 68%
contribution from dispersion energy, as seen in dimer D1. One
of the oxygens (O2) of the nitro moiety is involved as an
acceptor for the intermolecular C—H---O interaction in which
one of the protons of the adamantane moiety is involved as a
donor (H22B). This weak interaction creates the dimer D3
and connects the molecules of 1 into a chain that runs parallel
to the c axis (Figure 4c). An analysis of the PIXEL energy
shows that the dispersion energy contributes ~73% to the
stabilizing dimer D3. The dimer D4 is stabilized by an
intermolecular C—H:-O interaction in which the linker
methylene interacts with one of the oxygen atoms (O1) of
the nitro group (Figure 4d). As a result of this interaction, the
molecules form a chain. Compared to the D3 dimer, dimer
D4’s electrostatic energy component contributes 55% (45% of
the dispersion energy) to stabilization. It is important to note
that dimers D1, D2, D4, and DS in REMHID are similar to
those in 1. The D3 and D6 dimers of REMHID are primarily
generated through C—H---O interaction involving morpholine
oxygen as an acceptor. The former dimer formed a ring with an
R%(8) motif, while the latter dimer formed a chain that runs
parallel to the crystallographic ¢ axis.

In order to gain more insight into the observed
intermolecular interactions in 1, we calculated the molecular
electrostatic potential (MESP) map (Figure S21). The most
positive electrostatic potentials (V,,,,) were observed for the
protons of the bridge methylene group, phenyl, and piperidine
rings compared to the protons of the adamantane moiety. The
most negative electrostatic potentials (V, ,;,) were observed for
the oxygen atoms of the nitro group (O1: —34.7 kcal mol™
and 02: —34.5 kcal mol ™). These atoms were likely to interact
with the positive ESP regions of the protons (H7A: 25.5 keal
mol™" and H22B: 7.4 kcal mol™"). Similarly, the negative ESP
was observed near the S atom with the V,,;, value of —10.0
kcal mol™!, and this atom is involved in a bifurcated interaction
with the positive ESP regions of atoms H6 (19.8 kcal mol™")
and HI12A (20.7 kcal mol™). The observed 02--C5 (Ip--7

interaction) contact was further examined with the MESP. The
7-hole was observed near atom C$5 with a V. value of 0.8
kcal mol™! and interacts with the lone pair of atom O2.

An energy framework has been constructed that visualizes
the crystal packing of compound 1, which comprises the
intermolecular interaction energies between different molec-

ular pairs. Figure S illustrates the structure of the energy

Figure S. Energy frameworks for the crystal structure of (a) 1 and (b)
REMHID. The dispersion (green) and net interaction (blue) energies
are represented as cylindrical tubes with the size 80. The interaction
energies with magnitudes smaller than —15 kJ mol™" have been
omitted for clarity.

framework as ladder-like, with horizontal and diagonal tubes
connecting adjacent ladders. A similar topology has also been
observed in the crystal structure of (Z)-3-(adamantan-1-yl)-S-
(4-bromobenzyl)-1-(3-chlorophenyl )isothiourea®® and in the
closely related structure REMHID, as expected. In the ladder,
the large vertical tubes correspond to intermolecular C—H---S

27031 https://doi.org/10.1021/acsomega.1c03559
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(b)

Figure 6. (a) Crystal packing of compound 2 and its basic structural motif (D1) are highlighted; (b—d) different molecular pairs (D2—D4) held

together with different types of noncovalent interactions.

interactions, and the smaller horizontal cylindrical tubes to C—
H:--O interactions and O(lp)---C(x) contacts. The zigzag tube
connects the two adjacent ladders primarily through H---H
contacts between piperidine—adamantyl and piperidine—
piperidine moieties. In the crystal structure of compound 1,
the diameter of the cylindrical tubes for dispersion and the
total interaction energies are comparable, which suggests that
the dispersion energy component is predominant in the
interaction energies of the molecular pairs. As expected, the
energy framework for the crystal packing in REMHID is very
similar to that of compound 1. However, the ladder-like
arrangement in REMHID runs parallel to the crystallographic a
axis rather than the b axis.

2.4.2. Crystal Packing of Compound 2. The crystal packing
of compound 2 can also be projected onto the ac plane in a
columnar fashion (Figure 6a). The basic structural motif is
stabilized by an intermolecular C—H:--N interaction (involving
HS and N2 atoms), and this interaction may also stabilize the
anti-periplanar conformation of the molecule 2. The PIXEL
calculation revealed that the basic structural motif forms the
most stable dimer (D1), with the intermolecular interaction
energy of —14.4 kcal mol™". As this dimer and the other three
dimers formed in this structure are dispersive, the dispersion
energy contributes more than 70% to stabilize them. The
intermolecular interaction between the piperidine ring proton
(H11A) and the phenyl ring atom CS leads to a further potent
dimer (D2) (Figure 6b) with an intermolecular interaction
energy value of —5.2 kcal mol™". This weak interaction links
the neighboring molecules and creates a chain parallel to the
crystallographic a axis. Dimer D3 demonstrates two C—H--C
interactions between adamantane and the carbon atoms of the
phenyl ring (Figure 6c).

These weak interactions link the neighboring molecules into
a chain that runs parallel to the crystallographic ¢ axis. Among
the dimers, the least stable dimer (D4) is formed by an
intermolecular C—H---Br interaction that interconnects the
adjacent molecules into a chain (Figure 6d).

In the MESP map for compound 2 (Figure S21), the most
positive electrostatic potentials (V) are observed in the
order (benzene > piperidine > adamantane) for hydrogens
associated with these moieties. The observed C—H:-N
interaction can be explained with the MESP map. The positive
and negative ESP were observed near atoms HS (17.8 kcal
mol™') and N2 (—30.7 kcal mol™). These two atoms were
likely to participate in noncovalent bonding. The MESP map
also reveals the o-hole at the tip of the C—Br bond with the
V, max value of 10.6 kcal mol™" and a characteristic negative belt
around the Br atom (V,;,: —12.2 to —11.5 keal mol™).

Although KUBDET is very similar to compound 2,
KUBDET uses different types of intermolecular interactions
for stabilization compared to 2. The molecules of KUBDET
were packed in a columnar fashion (Figure S22) and five
potential dimers were formed in the solid state (Table S2 and
Figure S23). The intermolecular interaction energies for these
dimers range from —10.6 to —1.9 kcal mol ™. These five dimers
are stabilized by intermolecular C—H---S, C—H:--O, C—H-Br,
and 7---7 interactions. The dimer D1 (E,: —10.6 kcal mol™!)
is formed by a bifurcated C—H:---S interaction, which is very
similar to the dimer D1 in compound 1 and REMHID. These
structures have similar intermolecular interaction energies for
this dimer. In KUBDET, the second most stable dimer, D2, is
formed by a m-stacking interaction between the molecules
related to the center of inversion. The other three structures do
not form this stacking interaction. In this structure, a pair of
intermolecular C—H:--Br interactions form a centrosymmetric
dimer D3, whereas the corresponding interaction generates a
chain in 2. The former dimer is relatively strong as it forms a
centrosymmetric dimeric motif, whereas the latter dimer is
relatively weak as it generates a chain motif. The dimers D4
and DS are formed by intermolecular C—H---O interactions in
which morpholine oxygen is involved as an acceptor. Dimer
D4 is a centrosymmetric dimer that is similar to dimer D3 in
REMHID, and their interaction energies are similar. We also
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(b)

Figure 7. Energy frameworks for the crystal structure of (a) 2 and (b) KUBDET. The dispersion (green) and net interaction (blue) energies are
represented as cylindrical tubes with the size 80. The interaction energies with magnitudes smaller than —15 kJ mol™' have been omitted for clarity.

note that dimer DS of KUBDET and dimer D6 of REMHID
are similar and their interaction energies are comparable.

Further, we visualized the crystal packing through pairwise
interaction energies. An energy framework is shown for the
crystal structure of compound 2 along the crystallographic a
axis (Figure 7a). We observe that structures 1 and 2 have
different topologies for their energy frameworks. In this
structure, the intermolecular C—H-N interaction is repre-
sented by the vertical, zigzag cylindrical tubes. This interaction
helps to form the basic structural motif. The larger zigzag
cylindrical tubes also represent the columnar packing. It is
interesting to note that the adjacent zigzag tubes have been
interconnected with smaller horizontal and diagonal tubes.
These two smaller tubes correspond to intermolecular C—H--
C interactions. The diameters of the cylindrical tubes for
dispersion and total interaction energies are comparable,
indicating that the dispersion energy component is predom-
inant in the interaction energies of the molecular pairs in
compound 2. The energy frameworks for the crystal structure
of KUBDET are somewhat similar to those of 1 and REMHID
and different from those of compound 2 (Figure 7b). The 3D-
topology of the KUBDET is primarily constructed by
intermolecular C—H:---S, C—H:--O, and C—H---Br interactions.
As observed in the other three structures, the energy
frameworks are predominantly dispersive in nature, as evident
from the diameter of the cylindrical tubes.

2.5. Molecular Docking Analysis. The in vitro
antiproliferative activity of compounds 1 and 2 was evaluated
against HL-60 (human promyelocytic leukemia cell line), HT-
29 (human colorectal cancer cell line), and MCF7 (human
breast cancer cell line) by MTT assay (Table $4).2° As
compared with the potent anticancer drug Doxorubicin,
compounds 1 and 2 showed optimal activity with IC;, < 10
UM against these cell lines. Molecular docking analysis was
used to determine the possible binding modes of compounds 1

and 2 at the active site of the human sphingosine kinase 1
(SPHK1) protein, using the Glide XP docking scoring scheme
implemented in the Schrodinger suite. Both compounds (1:
—9.384 kcal mol™! and 2: —9.047 kcal mol™") showed similar
glide XP scores, which are in good agreement with the
observations of antiproliferative in vitro activity. The bound
conformation of compounds 1 and 2 adopts a nonfolded
conformation that is similar to the X-ray conformation of 2. As
shown in Figure 8, these two compounds occupy the position
of the known SPHKI inhibitor [(2R)-1-[[(4-[[3-methyl-S-
[ (phenylsulfonyl)methyl]phenoxy]methyl]phenyl]methyl]-2-
pyrrolidinemethanol] (PF-543),°° which is bound at the lipid-
binding site closer to the ATP site. The piperidine and
adamantyl moieties of compounds 1 and 2 are positioned near

Figure 8. Compounds 1 (green dots) and 2 (red dots) bound at the
lipid-binding site of the SPHK1 protein. The known inhibitor PF-543
is shown in dots (yellow) representation.
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hydrophobic residues in the lipid-binding pocket. The 2D
ligand—protein interaction diagrams are shown in Figures S26
and S27. We can see from the figures that the nitro group of
compound 1 has participated in the cation—x interaction with
the Phe 278 residue in addition to hydrophobic interactions.
Compound 2 makes only hydrophobic interactions with the
residues at the active site. Overall, the docking analysis
indicates that compounds 1 and 2 have the ability to bind to
the lipid-binding site of the SPHKI, and the hydrophobic
interactions help to form a molecular complex.

3. CONCLUSIONS

Two new adamantyl derivatives with 4-nitrophenyl and 4-
bromophenyl functionalities have been synthesized and
characterized through single-crystal X-ray diffraction techni-
ques. The crystal structures of these compounds were
compared with the structures of their closely related morpho-
line analogs REMHID and KUBDET. A comparative analysis
of the structures revealed that compound 2 shows anti-
periplanar conformation and the other three structures show
syn-clinal conformation. Hirshfeld surface analysis showed that
the morpholine substitution reduces the H---H interaction and
slightly increases the H---O interaction in compounds with the
nitro group. Moreover, the morpholine oxygen contributes less
compared to the nitro oxygen as an acceptor toward crystal
packing. On the other hand, the morpholine substitution
reduces the contribution of H---H interaction and reduces the
H--C/O interactions in compounds containing the Br
substituent. The contribution of the H:--Br contact is nearly
the same in both piperidine- and morpholine-containing
derivatives. The CLP-PIXEL energy analysis revealed various
molecular pairs held by different intermolecular interactions in
all four structures. Compound 1 is stabilized by bifurcated C—
H---S, C—H:--O, and unconventional O-:-C contacts, and the
basic structural unit was found to be stabilized by the O---C
contact. In contrast, compound 2 is stabilized by C—H---N, C—
H--C, and C—H---Br interactions, of which the C—H:--N
interaction generates the basic structural unit. We observed
that the crystal structures of 1 and its closely related structure
REMHID share similar molecular dimers and similar energy
frameworks. Compound 2 and its closely related structure
KUBDET display columnar packing, but the interactions that
stabilize the molecular dimers are different. The latter structure
has a bifurcated C—H---S and z-stacking interaction, which are
not present in 2. The in silico molecular docking analysis
supported the binding potential of the title compounds against
the SPHK1 enzyme.

4. MATERIALS AND METHODS

4.1. Synthesis and crystallization. Compounds 1 and 2
were synthesized following the reaction sequences outlined in
Scheme 1.°**’ Pure single crystals for X-ray diffraction were
obtained by slow evaporation of a solution of the compounds
in EtOH/CHCl, (1:1, v/v) at room temperature.

4.1.1. 4-Nitrobenzyl N’-(adamantan-1-yl)piperidine-1-
carbothioimidate (1). Colorless plate crystals; M.P. 116—
118 °C; mol. formula (mol. wt.): C,;H;;N;0,S (413.58).

4.1.2. 4-Bromobenzyl N'-(adamantan-1-yl)piperidine-1-
carbothioimidate (2). Colorless plate crystals; M.P. 96—98
°C; mol. formula (mol. wt.): Cy3H;,BrN,S (447.47).

4.2. Single-Crystal X-ray Diffraction Determination.
Single-crystal X-ray diffraction data were collected for crystals

1 and 2 at 160 (1) K on a Rigaku OD SuperNova/Atlas area-
detector diffractometer using Cu Ka radiation (4 = 1.54184 A)
from a microfocus X-ray source and an Oxford Instruments
Cryojet XL cooler. The selected suitable single crystal was
mounted using polybutene oil on a flexible loop fixed on a
goniometer head and immediately transferred to the
diffractometer. Pre-experiment, data collection, data reduction,
and analytical absorption correction’' were performed with the
program suite CrysAlisPro, version 1.171.40.68a (Rigaku
Oxford Diffraction, England, 2019). Using Olex2,>” the
structure was solved with the SHELXT>’ small-molecule
structure solution program and refined with the
SHELXL2018/3 program package® by full-matrix least-
squares minimization on F*. All of the H atoms were placed
in calculated positions (C—H = 0.95—1.00 A) and were
constrained to ride on their parent atoms, with Uy,(H) =
1.2Ueq(C). The PLATON program was used to check the
result of the X-ray analysis.”> The crystal packing and
molecular dimers were drawn using the program MER-
CURY.*

4.3. Theoretical Calculations. For all calculations, we
used the crystal structure geometry with the normalized H
positions (C—H = 1.083 A). Energy framework analysis®”*®
was performed using the CrystalExplorer-17.5 program” with
the B3LYP/6-31G(d,p) level of approximation. The Hirshfeld
surface” and 2D-fingerprint plots™* were obtained from the
CrystalExplorer-17.5 program. We calculated the intermolec-
ular interaction energies (E,,) between molecular pairs using
the CLP-PIXEL program.%’60 For this computation, the
electron density was obtained with the Gaussian 09 program®’
using the MP2/6-31G** levels of theory. Furthermore, the
accurate complexation energies of molecular pairs identified
from the CLP-PIXEL energy calculation were calculated using
the B97D3/def2-TZVP level of theory, and then, these
complexation energies were corrected (AECP) for the basis
set superposition error using the counterpoise method.”” The
topological analysis of selected dimers was performed within
the framework of Bader’s quantum theory of atoms-in-
molecules approach (QTAIM) using the AIMALL program.®®
The wave functions were computed at the M062X-D3/cc-
pVTZ level of theory for topological analysis. Using the
Gaussian program with the MO062X-D3/cc-pVIZ level of
theory, single-point energy calculations and structural opti-
mization in the gas phase were carried out on compounds 1
and 2 and their closely related structures REMHID and
KUBDET. Vibrational frequency calculation confirmed the
absence of negative frequency for optimized structures.

Molecular docking analysis was performed with Schrodinger
suite 2019-4 (Schrodinger, LLC, New York, NY, 2019). The
3D structure of human sphingosine kinase 1 (SPHK1) was
used as a target protein (PDB ID: 4V24) and prepared for
docking as described earlier.®® The location of the inhibitor
PF-543 (PDB ligand ID: GYR) molecule was used to generate
the receptor grid box. The compounds (1 and 2) were
prepared for molecular docking using the LIGPREP module
with an OPLS3e force field. The glide extra precision (XP)
scoring scheme was used to predict the binding modes of the
ligand molecules at the active site of the target protein
molecule.
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