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ABSTRACT: The effect of halogen substituents (X = Br, Cl, and F) on the ( N
crystal packing and intra- and intermolecular interactions in four LN P s
g b e R v N S RiO)=
a amanFane—t iourea nybri erivatives 1s mvestlgate. using . 1' erent H'N S RL(8) 41\ H N P H-N
theoretical tools. The bromo and chloro derivatives exhibit 3D \f ST N H \f

isostructurality as evident from lattice parameters, molecular conformation, Noy 7 y-N

and crystal packing. The density functional theory study suggests that the %i: = L.

molecular conformation of the parent (unsubstituted) and fluoro derivatives
exhibits a stable low energy anti—syn conformation. In contrast, bromo and ;
chloro derivatives adopt stable and relatively high energy minima on their Kw'( f
potential energy surfaces. Hirshfeld surface analysis reveals the effect of
halogen substituents on the intermolecular contacts. The halogen atoms
mainly reduce the contribution of H---H contacts toward crystal packing. PIXEL energy analysis indicates the strong dimer formed
by N—H---S hydrogen bonds in all four structures. It also revealed that a vast number of H---H contacts observed in different dimers
of these structures either presented along with other conventional interactions or solely stabilize the dimeric topology. The
topological parameters for intermolecular interactions in these structures suggest an intermediate bonding character between shared
and closed-shell interactions for N—H:--S hydrogen bonds in the parent and chloro derivatives. In contrast, the N—H:--S hydrogen
bond in other structures is of a closed-shell interaction. Among four derivatives, the fluoro derivative is weakly packed in the solid
state based on the PIXEL method’s lattice energy calculation.

B INTRODUCTION 2-yl)carbonyl]-N-methylhydrazinecarbothioamide, was found
to be known that the thiourea moiety adopts the anti—syn

Adamantane-based derivatives were recognized early as potent 3 . ) o ?
conformation when it complexes with a metal binding protein,

) . . 1 .
chemotherapeutic agents possessing antiviral, anti-

cancer,""'° antituberculosis,' "2 antifungal,13 and antiproto- $100-B.*° A similar anti—syn conformation was observed in a
zoal"*™!” activities. On the other hand, thiourea derivatives small inhibitor, (N-[[3-fluoro-4-ethoxy-pyrid-2-yl]ethyl]-N'-
were proved to possess diverse chemotherapeutic properties [S-nitrilomethyl-pyridyl]-thiourea), which contains the thiour-
including anticancer,'® " antiviral,”' ~** antituberculosis,”* ea unit drug molecule when bound at the active site of the
and antimalarial activities.”> In addition to diverse biological HIV-1 reverse transcriptase.’”” The amino group in the syn
activities, thiourea derivatives are utilized as precursors for orientation is involved in the hydrogen bonding interaction
biologically active derivatives.”°"2® In view of the above, we with the active-site residue of the HIV-1 reverse transcriptase.
prepared 1-(adamantan-1-yl)-3-arylthiourea derivatives, and Therefore, it is crucial to investigate the conformational
brief structural reports were described earlier.””™** The preference of molecules with medicinal values. The previous
reported structures revealed that the thiourea moiety adopted structural studies of the title 1-(adamantan-1-yl)-3-arylthiourea

two different conformations such as anti—anti and anti—syn
conformations. The bromo and chloro derivatives adopted the
anti—anti conformation, whereas the unsubstituted derivative
and the p-fluoro derivative exhibited the anti—syn conforma- ]
tion. The antitubercular drug isoxyl (N,N’-[4-(3- Received: November 28, 2020 L.
methylbutoxy)phenyl]thiourea] crystallized in two conforma- ACCQP ted:  February 2, 2021
tional polymorphic forms (csd refcode: QQQDVMO2 and Published: February 10, 2021
QQQDVMO3) in which the thiourea moiety adopted anti—

anti and anti—syn conformations.”* Another drug molecule

(drug bank ID: DB07004),** namely, 2-[ (5-hex-1-yn-1-ylfuran-

derivatives did not provide details on the halogen substituent
effect and conformational importance of anti—anti and anti—
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Scheme 1. Synthesis of Compounds 1—4 from Adamantan-1-yl Isothiocyanate A and Primary Aromatic Amines B
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syn conformations of the thiourea unit present in them. To
obtain a better understanding of the molecular conformation,
the role of non-covalent interactions to the crystal packing, and
the effect of different halogen substituents, we have performed
different theoretical analyses using the reported 3D structures
of 1-(adamantan-1-yl)-3-arylthiourea derivatives.”"~>> More-
over, a complete understating of weak non-covalent forces is
vital to generate a new application in different disciplines. The
molecular properties of crystalline solids primarily depend on
the molecular arrangement, and various non-covalent forces
control this arrangement. Different types of hydrogen bonding
interactions including N/O—H--O/N/S interactions and
other types of weak non-covalent interactions such as C—
H--O/N/S/X/z (where X is halogen), -7 stacking, halogen
bonds, chalcogen bonds, and so forth play essential roles in
governing the self-assembly of a given molecule.

In this work, we report the modified synthesis procedure for
four 1-(adamantan-1-yl)-3-arylthiourea derivatives, and three
of them contain halogens (Br, Cl, and F) in the para position
of the aryl ring (Scheme 1) with a better yield in comparison
with previously reported procedures. Besides, the effect of
different halogen substituents is qualitatively analyzed using
the Hirshfeld surface (HS) tool. Further, we employed
Gavezzotti’s PIXEL method for studying the strength of
different dimeric topologies formed in these structures. The
most strong dimer was formed by the N—H:-S hydrogen bond
in all four structures. In the unsubstituted and fluoro
derivatives of the title compounds, the N—H---S hydrogen
bond generates a R3(8) ring motif when thiourea adopts an
anti—syn conformation. Eccles et al. investigated the N—H---
S=C synthon in a series of primary aromatic thioamides and
co-crystals of the halogen bond donor moiety 1,4-diiodotetra-
fluorobenzene with aromatic thioamides.”>*” The amino group
in the syn orientation generates a R3(8) ring motif, while the
amino group in the anti orientation produces a C(4) chain,
and these two motifs combined to lead to a supramolecular
ladder motif*® In the above co-crystal complexes, either the
C(4) chain or R%(8) ring had formed.” The adamantane—
thiourea hybrid derivatives reported earlier showed anti—anti
and anti—syn conformations for the thiourea moiety. In these
structures, the NH group in the anti orientation has involved in
an intramolecular N—H---O=C hydrogen bond, which locks
the overall conformation of the molecule, and the NH group in
the syn orientation has participated in an intermolecular N—
H---S=C hydro§en bond.*~* Similarly, some substituted
benzoylthiourea* and thiocarbamide®” derivatives also showed
anti—anti and anti—syn conformations for the thiourea moiety
with an intramolecular N—H---O=C hydrogen bond.

A CSD search (CSD version 5.41, March 2020 update)46
was conducted [conditions used: (i) 3D coordinates
determined, (ii) only non-disordered, (iii) no errors, (iv) not
polymeric, (v) no ions, (vi) only single-crystal structures, and
(vii) only organics] to see the frequency of this motif. The
results suggested that there are 1722 hits possessing this motif.
The R,(6) motif observed in the bromo and chloro derivatives
of the title compounds which prefer to form an anti—anti
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conformation and the CSD search for this motif yielded 111
hits. The fragments used for the CSD search are depicted in
Figure 1. Furthermore, Bader’s quantum theory of the atoms-

@) (b) H-N
o _Ry(6)F=S
H,N\(S Rg(s)” s)\N’H H'N\fsi _____ H-N
Nopy " N
H "

Figure 1. Fragments used for the CSD search: anti—syn (a) and anti—
anti (b) conformers of thiourea.

in-molecules approach (QTAIM)*”** was used to characterize
the non-covalent interactions found in these structures. The
adamantane-containing structures display characteristic short
H-H contacts (H—H bonding), and these contacts orches-
trated in a non-electrostatic manner. The topological
parameters are used to delineate the strength of these close
contacts along with the conventional non-covalent interactions
in the present work.

B RESULTS AND DISCUSSION

In the present investigation, we describe the conformational
preference of molecules of four adamantane—arylthiourea
hybrid derivatives with para-substituents (H, Br, Cl, and F)
on the phenyl ring and explored the roles of weak non-covalent
interactions present in them using various theoretical
approaches including HS analysis, PIXEL energy analysis,
and topological analysis of the electron density for non-
covalent interactions.

Molecular Conformation. The molecular structures of
compounds 1—4 are represented in the ball-and-stick model, as
shown in Figure 2. From this figure, we can see that the
thiourea moiety adopts two different conformations, that is,
anti—anti and anti—syn conformations concerning the amine H
and S atoms of the thiourea moiety (rotation about the C—N
bond). The anti—anti conformation is observed in the parent
and the fluoro derivatives, while the anti—syn conformation is
preferred by the bromo and chloro derivatives. The same anti—
syn conformation was also observed in a related structure in
which chlorine is attached at the meta position of the phenyl
ring (CSD refcode: RAPNOO).”

In order to obtain the conformational landscape of title
molecules, we carried out a relaxed potential energy surface
(PES) scan around C—N bonds (dihedral angles T1 and T2)
of the thiourea unit. Figure 3 shows the energy change as a
function of the C—N bond rotation. For molecule 1, dihedral
angles T1 = —170° (anti; X-ray: —170.2°) and T2 = —10°
(syn; X-ray: 7.4°) produced the least energy conformers. The
second least energy conformer was obtained for T1 = —5°. The
energy difference between anti and syn orientations for T1 is
ca. 6.5 kcal mol™. In the case of T2, the syn orientation is 5
kcal mol™" more stable than the anti conformation. For
molecule 4, the minimum energy conformers have dihedral
angles T1 = +170° (anti; X-ray: 176.6°) and T2 = —10° (syn;
X-ray: —1.5°). There is a similar energy difference between the

https://dx.doi.org/10.1021/acsomega.0c05793
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Figure 2. Ball and stick representation of molecules of 1—4 and with the atom-labeling scheme as in the crystallographic information file. The
representative dihedral angles (T1: H-N1-C11-S1 and T2: H-N2-C11-S1) are indicated.
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Figure 3. Calculated potential energy for rotation around the C—N bonds (T1 and T2 as shown in Figure 2) in structures 1—4.
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anti and syn conformations for the T1 (6.1 kcal mol™") and T2
(4.6 keal mol™") dihedral angles as observed in 1.

In 2, the energy difference between syn and anti
conformations for the T1 dihedral angle is 1.0 kcal mol™
(minimum energy conformer at T1 = 5°; X-ray: 172.8°), and
the corresponding value is 4.2 kcal mol™ for the T2 dihedral
angle (minimum energy conformer at T2 = —10°% X-ray:
—168.6°). A similar rotational barrier trend is noticed for
molecule 4 (T1 = 0% X-ray: —172.8° and T2 = —10°; X-ray:
167.2°).

This analysis indicates that molecules 1 and 4 showed
similar rotational barriers, while molecules with CI (2) and Br
(3) substituents displayed similar energy profiles. The
minimum energy conformers identified from the PES scan
analysis agree with X-ray conformations of 1 and 4, whereas
molecules 2 and 3 crystallized with relatively high energy
minima (anti—anti conformation) as compared to low energy
minima (anti—syn conformation). Furthermore, the modeled
structures with anti—anti and anti—syn conformations were
subjected to structural optimization to identify the most stable
conformer at the M06-2X/cc-pVTZ level of theory. The results
suggest that the anti—syn conformer is the most stable over the
anti—anti conformer by 3.4—4.1 kcal mol™' in all four
structures. The torsion angles describe the anti—anti and
anti—syn conformations, which are listed in Table S1. Saeed et
al. explored the rotational barriers for anti—syn (S
conformation) and anti—anti (U conformation) in some of
the thiourea-containing derivatives.””*’ The authors have
reported that the S conformation was more stable by 11.8—
13 kcal mol™! than the U conformation, and these values are
relatively higher than those in the present work. This feature
suggests that the transition between anti—syn and anti—anti
conformers is much easier in the title derivatives.

Further, the adamantane moiety contains four fused six-
membered rings, and these rings adopt a chair conformation as
observed in related adamantane structures.”’ >’ The chair
conformation is confirmed by the Cremer and Pople puckering
parameters.54

Intramolecular Interactions in Anti—Syn and Anti—
Anti Conformers. We performed a topological analysis for
the crystal structure geometry (with normalized H positions)
to understand how these low- and high-energy conformers
stabilized. As shown in Figure 4, the molecular conformation
was stabilized by two intramolecular C—H--S interactions in
all four structures. In the most stable anti—syn conformers,
there is an additional N—H--C() interaction that is observed.
The N—H group in the anti conformation has participated in
the N—H--C(x) interaction and stabilizes the anti—syn

Figure 4. Molecular graphs showing intramolecular interactions in the
structures of 1 (a), 2 (b), 3 (c), and 4 (d).
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conformer. The topological parameters for intramolecular
interactions are summarized in Table S2. The dissociation
energies for C—H--S and N—H--C(#) interactions are
comparable, and the strength of the N—H--C(x) interaction
is relatively stronger than the C—H---S interaction.

Hirshfeld Surface Analysis. The HS analysis was
performed to qualitatively measure differences and similarities
of the various intermolecular interactions. This analysis also
helps to understand how these intercontacts varied due to
halogen substituents. The results suggest the H:--H contacts to
be the most significant interactions in all four structures
ranging from 74.1 to 56.1%. As expected, the maximum
contribution comes from H:--H contacts in the parent
compound. All three halogen substituents reduce the
contribution of H--H contacts ranging from 13.1 to 18%,
and H---X contacts compensate for this reduction. It should be
noted that halogens do not alter the contribution of H---S and
H:--C contacts. These contacts contribute around 10—11% in
all four structures. Similar features are also noted when the
chlorine substituent is attached at the meta position of the
phenyl ring (3-Cl, csd refcode: RAPNOO).” We can see from
Figure 5 the large and intense red areas shown for the N—H---S
interaction, suggesting its vital role in the stabilization.

2D fingerprint plots for various key intercontacts show some
similar and dissimilar features of contact distances. The
shortest H---H contacts are located around 2.1 A in 1, 2.2 A
in 2 and 3, and 2.4 A in 4 (Figure 6). Since bromo (2) and
chloro (3) derivatives are isotypic, the decomposed 2D
fingerprint plots for different intercontacts are very similar.
The closest H--S contacts appear at 2.4 A in 1—3, with the
corresponding distance located at 2.5 A in 4. Further, the H---
C contacts appear at a longer distance (~2.9 A) in 4 compared
to other structures. The distribution of H--F contacts is
different from H:--Br/Cl contacts.

Analysis of Molecular Electrostatic Potentials. As
shown in Figure 7, the molecular electrostatic potential
(MESP) map reveals invariant and variable features for these
structures. In all four structures, the MESP shows the presence
of the o-hole at the S atom with the positive electrostatic
potential (V,,,,) value ranging from —16.5 to —19.3 kcal
mol ™' and a characteristic negative (Vimin) belt around the S
atom. The positive and negative electrostatic potentials are
comparable between parent and fluoro derivatives and between
bromo and chloro derivatives. Similarly, the o-holes are also
seen at halogen atoms in structures 2—4. The V.. values
along the C—X bond is positive in the bromo (9.3 kcal mol™")
and chloro (2.9 kcal mol™') derivatives, whereas the
corresponding value is negative (—10.0 kcal mol™") in the
fluoro derivative. The negative belt around halogen atoms
corresponds to the lone pair electrons, and the V ;, values are
comparable in halogen derivatives. In parent and fluoro
derivatives, the N—H proton’s donating tendency in the syn
conformation is more than the N—H proton in an anti
conformation (26.2 kcal mol™ in 1 and 24.2 kcal mol™ in 4)
based on the V.. values. We note that a single positive
electrostatic potential is located between amino protons in 2
and 3. This feature suggests that the donating strength of the
amino protons has increased in the anti—anti conformation.

Molecular Dimers and Crystal Packing of 1—4. The
molecular dimers were extracted from the crystal structures of
1—4 based on the intermolecular interaction energies
calculated by the PIXEL method (Table 1). These dimers
are ranked according to the net intermolecular interaction

https://dx.doi.org/10.1021/acsomega.0c05793
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Figure 5. HS highlighting the short N—H:--S hydrogen bonds in structures of 1 (a), 2 (b), 3 (c), and 4 (d).

energies. The crystal packing and dimers observed in
molecules 1—4 are discussed in a separate section.

Molecular Dimers of 1. Molecules of compound 1 are
packed as layers of helical chains, and these layers run parallel
to the crystallographic c-axis as depicted in Figure 8. The
PIXEL energy analysis reveals six molecular dimers (I-VI;
Figure 8b—g) found to be energetically significant, and the
total intermolecular interaction energies for these dimers range
from —17.3 to —1.6 kcal mol™". The molecular dimers found in
this structure are illustrated in Figure 8. The strong dimer in
this structure stabilizes by an intermolecular N—H---S
interaction, and the electrostatic energy contributes about
76% toward the stabilization of this dimer. A R3(8) synthon is
formed by this N—H:--S interaction. Other dimers are found to
be relatively weaker than dimer I, and four of these dimers
(II-V) are primarily stabilized by intermolecular C—H---S and
C—H--C(n) interactions. We note that one of the amino
groups (N1—H) of the thiourea moiety is not involved in
intermolecular interactions.

Further, an extensive number of short H---H contacts (2.13
to 2.34 A) provide additional stability to the respective dimers.
It is important to note that the H---H contacts are of the type
Csp>~H:-H—Csp* and Csp*~H---H—Csp® interactions. Short
H---H contacts are one of the characteristic features observed
in the adamantane-containing crystal structures and play a key
role in stabilizing the crystal structure in a non-electrostatic
nature.”” >’

Furthermore, the adjacent adamantane cores interact via
Csp’~H--H—Csp®, and the adamantane core interlinks with
the phenyl ring via the Csp>—H:--H—Csp” interaction. Except
in dimer I, the dispersion energy component plays an essential
role in the stabilization of these dimers. The dispersion energy
ranges from 67 (dimer III) to 75% (dimer IV) toward the
stabilization of these dimers. Molecules of 1 form as a helical
chain in the solid state, and this spiral-like chain is formed by
dimers II, III, V, and VI. This feature suggests that short H---H
contacts help link the molecules of 1 in the solid state.

Molecular Dimers in the Bromo Derivative (2) and Its
Chloro Counterpart (3). The crystal structures of the bromo
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(2) and chloro (3) derivatives are isostructural, as evident from
the cell parameters and the space group [2: a = 17.0675 (7), b
= 8.3422 (3), ¢ = 22.5970 (8) A, Pbca and 3: a = 17.2134 (6),
b = 82251 (2), ¢ = 22.5220 (7) A, Pbca]. The number of
energetically significant dimers observed in the bromo and
chloro derivatives is slightly different. In the former structure,
there are eight dimers, and these dimers are held together by
various intermolecular interactions such as N—H---S, N—H---
C(n), C—H--S, and C—H:--Br interactions and H---H short
contacts. The intermolecular N—H---S, N—H:--C(x), C—H---S,
and C—H--Cl interactions and H--H short contacts in
addition to C:---C and C---Cl contacts observed in the seven
dimers of the latter structure. The crystal packing of 2 and its
dimers observed in the solid state are illustrated in Figures 9
and 10.

The molecules of the bromo and chloro derivatives form as
2D-columnar packing along the crystallographic ac-plane. As
highlighted in Figure 9a, the basic motif observed in these
structures is formed by three centered N—H:--S interactions
(dimer I in 2 and 3; Figure 9b). The molecular layers run
parallel to the c-axis, and the adjacent layers run in an anti-
parallel fashion.

Both the amino groups of the thiourea moiety act as donors,
and the S atom of the thiourea unit involves as an acceptor.
Further, intermolecular N—H---C(x) interactions provide
additional stability to this dimer in 2. In 3, the presence of
secondary interactions such as C---C and C---Cl-type contacts
is observed in dimer I along with three centered N—H---S and
one N—H--C(x) interaction. These secondary interactions
could increase this dimer’s stability in 3, as evident from the
intermolecular interaction energies compared to the structure
of 2.

The stability of other dimers is weaker than that of dimer I
in both 2 and 3, and the strength of these dimers is also
comparable in these isotypic structures. The second most
stable dimer (II, E,.,: —3.8 kcal mol™) is formed by a C—H---S
interaction, and a short Csp*~H--H—Csp® contact provides
additional stability to this dimer. These interactions link the
molecules into a chain that runs parallel to the b-axis. Further,
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Figure 6. 2D fingerprint plots for key intermolecular contacts observed in structures 1—4. Top right panel: the relative contributions of these

contacts.

the dispersion energy contributes about 65% toward the
stabilization of dimer II In 2 and 3, three dimers form purely
by short H--H contacts of the types Csp>~H---H—Csp® and
Csp’~H--H—Csp® interactions. As mentioned above, the
number of C—H---Br/Cl interactions is different. The dimers
formed by C—H:--Br interactions (VI—VIII; Figure 10a—c) are
weaker than dimers stabilized by short H---H contacts in 2,
whereas one of the dimers formed by the C—H--Cl (IV)
interaction is slightly stronger than H---H-mediated dimers in
3.

One of the C—H-+-Br interactions (dimer VIII) is found to
be a short interaction compared to the other two C—H---Br
interactions. In all three C—H---Br-mediated dimers, the
adamantyl core functions as a donor, and these interactions
individually link the molecules into a chain. The dimers formed
in 3 are depicted in Figure 11a—g, and the crystal packing of 3
is illustrated in Figure S1 (Supporting Information). In 3, one
of the C—H---Cl interactions (dimer VII) is a short interaction
compared to another C—H--Cl interaction (dimer IV). As
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observed in 2, these two interactions interconnect the
molecules into a chain.

Molecular Dimers in the Fluoro Derivative (4).
Molecules of compound 4 are arranged as linear chains that
run parallel to the b-axis and the layer arrangement in the
crystallographic bc-plane, as shown in Figure 12a. It possesses
entirely different crystal packing compared to the parent and
Br/Cl derivatives. The PIXEL energy analysis indicates seven
molecular dimers (I—VII) which are found to be energetically
significant, and the total intermolecular interaction energies for
these dimers range from —16.3 to —1.9 kcal mol™". The
molecular dimers observed in 4 are illustrated in Figure 12b—h.
The most strong dimer (I) forms by intermolecular N—H---S
and C—H---S interactions, and this dimer is predominantly
electrostatic in nature with the contribution of 75%. Further,
the stability of this dimer is relatively less compared to that of
other strong dimers formed by the N—H---S interaction due to
the slightly longer separation of H and S with the value of 2.56
A.
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Figure 7. MESP surface plots of 1 (a), 2 (b), 3 (c), and 4 (d). Color scales (in kcal mol™): red: more than 15; yellow: 0—15; green: —15 to 0;

blue: above —15.

The next potent dimer (II) stabilizes by the intermolecular
C—H---S interaction, and the energy for this dimer is
comparable to that of dimer II in 1. However, the dimer’s
stability is stronger than the dimers mediated by the C—H:--S
interaction in Br/Cl derivatives. In this structure, three dimers
(I1L, IV, and VI) stabilize by H--H contacts, and the former
dimers are established slightly longer than the sum of the van
der Waals (vdW) radii of H atoms as observed in different
organic molecular structures.”® In the latter dimers, the H---H
intercontacts are within the sum of the vdW radii of H atoms.
However, the stability of these H:-H-mediated dimers is
relatively stronger than those of dimers formed by H--H
contacts in other structures. In the H:--H-mediated dimers, the
adjacent adamantyl cores are interconnected by the Csp*—H--
H—Csp® type of interaction.

Among two intermolecular C—H--F interactions (V and
VII), one of the C—H---F interactions (V) generates a closed
molecular loop. Although this interaction is established with
the sum of the vdW radii of H and F + 0.19 A, the
intermolecular interaction energy for this dimer is found to be
stronger than those for dimers formed by C—H---Br/Cl
interactions. As the molecular chain was formed by C—H:-
Br/Cl interactions in 2 and 3, the second C—H--F interaction
also interlinks the molecules of 4 into a chain that runs parallel
to the crystallographic b-axis.

Analysis of Lattice Energies. The lattice energies for
compounds 1—4 and one of the closely related structures of
urea derivatives containing the Br substituent (csd refcode:
RAPNII) were calculated using the PIXEL method. The net
lattice energy and its components are summarized in Table 2.
The result indicates that the bromo and chloro derivatives with
the thiourea unit show comparable lattice energies as expected
due to isotypic nature. Moreover, these crystals display more
stability than the parent and fluoro derivatives. The electro-
static and dispersion energy components contribute about 46—
47 and 54—53% to the bromo and chloro derivatives,
respectively. A similar percentage of dispersion energy
contributed to the stabilization of thione derivatives."’

The parent compound is slightly more stable compared to
the fluoro derivative (4). The different energy components of
net lattice energy suggest that the parent crystal’s repulsion and
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dispersion energy are significantly higher. These features
indicate that the fluorine substituent plays a vital role in
reducing the stability of the crystal. The contribution of the
dispersion energy is 62% toward the stabilization of the fluoro
derivatives. The corresponding value is decreased slightly,
about 60% to the parent compound’s stabilization. It is
interesting to note that when the urea moiety replaces thiourea
in 2, then the resulting crystal (RAPNII) reduces the stability
by 7 kcal mol™'. However, the contributions of dispersion
(55%) and electrostatic (45%) energies are nearly the same in
urea (RAPNII) and thiourea (2) containing Br derivatives.
When the para Cl substituent is moved to the meta position
(RAPNOO), the stability of the 3-Cl crystal is reduced by 3.7
kcal mol™". The electrostatic contribution is also reduced by
6% toward the stabilization of RAPNOO compared to its para
isomer (3).

Topological Features of Intermolecular Interactions.
The topological parameters were calculated for all intermo-
lecular interactions summarized in various dimers of
compounds 1—4 (Table 1) within the framework of QTAIM
in order to quantify the strength of the individual
intermolecular interaction. The molecular graphs for all dimers
of 1—4 are illustrated in Figures S2—SS (Supporting
Information). In all four structures, the strong dimer is
primarily stabilized by either a single N—H---S interaction (in 1
and 4) or three centered N—H---S interactions (in 2 and 3).
The KP-4 rule differentiates vdW interactions from hydrogen
bonds, and different types of hydrogen bonds observed in 1—4
structures are summarized in Table 3 along with their
topological properties. The topological parameters for other
non-covalent interactions are presented in Tables S3—S6
(Supporting Information). The electron density values for
hydrogen bonds lie within the Koch and Popelier proposed
limit in the range of 0.013—0.236 e A~ for typical hydrogen
bonds.>” The Laplacian of the electron density values for N—
H--S hydrogen bonds is found within the suggested limit of
0.580—3.355 e A™5, and other hydrogen bonds are not within
this limit.

Further, the V2p(r) > 0, |=V(r)/G(r)| > 0, and H(r) < 0
conditions indicate that the N2—H21---S1 hydrogen bond in 1
and the N1-H20--S1 hydrogen bond in 3 show increasing

https://dx.doi.org/10.1021/acsomega.0c05793
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Table 1. Intermolecular Interaction Energies (in kcal mol™"') for Various Dimers Obtained by the PIXEL Method in the
Crystal Structures of 1—4

motif CD

1 8.285
11 5.641
III 8.451
v 6.764
A% 9.053
VI 11.741
I 4423
11 8.363
111 15.177
v 11.311
\' 8.688
A%! 11.963
VII 12.045
VIII 12.323
I 4.671
11 7.606
111 11.341
v 11.80S
\% 8.612
VI 13.490
VII 12.709
1 8.228
II 7.011
111 6.492
v 6.427
v 6.949
VI 9.369
VII 12.669

symmetry

—x, -y +2,—z+1
—x+1/2,y+1/2,z

x—1/2, =y + 3/2,
—z+1

X+ 1L,—y+2 -z+1
x+1/2,y, —z+1/2
x —y+3/2,z—-1/2

—x+3/2,y =05,z

—x+ 1,y = 0.5,
-z + 0.5

—x+1,-y+1 -z

x, =y +3/2,z—=05
x+ 05,y —z+0.5

—x+3/2, -y + 1,
z—0S5

x—05y—1,-z+05

—x+3/2, =y +2,
z—0.S5

—x+3/2,y—-1/2, 2

—x+ 1,y —1/2,
-z +3/2

X =y +3/2,z—-1/2

—x+3/2, -y +1,
z—1/2

x—1/2,y, —z + 3/2
—x+1,—y+1,-z+2

—x+3/2, =y +2,
z—1/2

—x, =y +2,—z+1

—x+1,—y+2, —z+1
—x, =y +1, -z

x—1,9z
—x+1,-y+1 -z

—x, -y +1,—z+1
x—1Ly—-12

important
interactions

N2-H21---S1
C5—H8-81
H2--H11
H2--H14
C11-S1--Cgl
C15-H18-S1

H7---H19
C9-HI12---C14
H9---H17
C3—HS--S1
H13--H1
HS---H18

N1-H20--S1
N1-H20--C12(x)
N2-H21--S1
N2—H21--C17(x)
CS5—H6---S1

Heé---H19
H14---H14
H14---HI11
H11---H18
H15---H17
C3—H3---Brl

C4—H4--Brl
C8—H11--Brl

N1-H20--S1
N1-H20--CS5(x)
N2-H21--S1
Cs--C3

Cs--Cll
C10-H7--S1

H7--H4
HI15--H3
C12—H10--Cll

H2---H14
H13--H13
C15—-H15--Cl1

N1-H20---S1
C2—H1--S1
C3—H2---S1
H4---H7
H4---H17
H6---H14
H7---HI1S
H9---H18
C16—H16--F1
H9---HI11
C11-HS8---F1

geometry H--A (A),

4D—H--A (deg) Ecou
Compound 1
243, 157 -16.9
3.10, 141 =37
2.34
2.13

3.993 (7), 76.89(4)

3.09, 134 -22
2.29
2.85, 143 —14
2.31

3.08, 174 -1.7
2.24
2.28 —0.8
Compound 2
2.43, 159 —-16.7
2.84, 120
243, 159
281, 118
294, 123 -2.0
222
2.28 -15
2.39
2.24 -1.0
2.39 —-0.4
3.08, 132 -11
3.15, 174 —04
293, 134 —0.7
Compound 3
239, 162 ~172
2.81, 115
2.4S, 158
3.378(1)
3.573(1)
291, 12§ -1.9
2.21
2.22 -1.0
3.03, 132 -0.9
2.37 -0.4
225 -1.6
291, 136 —04
Compound 4
2.56, 140 -15.1
3.05, 123
2.89, 142 =52
2.46 -1.8
2.46
2.37 -17
2.39
2.38
2.86, 145 -0.8
2.36 -1.0
261, 134 —0.6

E

pol

—-10.8
2.4

-1.6

-0.9

-1.1

-0.5

—-11.3

-1.7

—0.7

-0.4
—0.6
-0.3

—0.2
-0.3

—-12.0

-1.8

—04
-0.3

—0.6
-0.7
-0.3

-83

-2.8
-1.2

-1.6

-0.8

-0.7
-0.2

Eaip

-8.7
—13.0

-7.6

—6.8
—6.0
-3.1

—20.4

=52

=32
—4.1
=3.1

-2.6
-2.5

=20.5

—6.7

-3.3
-3.3

—4.0
=51
=22

—8.0

—-10.2
-8, 8

—8.6
=73

—4.7
2.2

rep

19.0
9.5

5.4

42

S.0

2.7

27.8

6.7

4.6

1.7
24
2.1

12
1.8

28.5

6.6

1.9
1.8

2.3
4.9
1.1

15.0

7.3
44

5.0

3.9

2.3
12

E tot

-17.3
-9.5

-6.0

—4.9

-3.9

-1.6

—20.6

-3.8

-2.8

-2.8
-2.7
-2.4

-2.0
-17

-21.2

-3.8

-2.8
-2.7

=27
-2.4
-17

-16.3

-10.9
-7.4

-6.9

=5.0

—4.1
-1.9

AE

Y

—14.0
-10.4

=S.1

-1.5

—19.0

-2.8

-2.1
=23
-2.5

-1.7
-1.2

—19.1

=21
—2.4

-2.1
-2.8
-1.1

—134

—9.6
—6.7

-7.3

—4.8

—4.3
-1.7

“Neutron values are given for all D—H---A interactions. CD: centroid-to-centroid distance of the molecular pair. Cgl: centroid of the phenyl ring.
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Figure 8. Crystal structure of compound 1 (a) viewed down the a-axis and H atoms have been omitted for clarity and different molecular dimers

(b—g) held together by various non-covalent interactions.

Figure 9. Crystal structure of 2 (a) viewed down the b-axis and H atoms have been omitted for clarity and different molecular dimers (b—f) held

together by various non-covalent interactions in 2.

covalency with an intermediate bonding character between
shared and closed-shell interactions.*” The distribution of total
electronic energy density H(r) for these two strong hydrogen
bonds is shown in Figure 13. The remaining intermolecular
interactions including a few N—H---S, C—H---X (X = Cl, Br,
and F), C—H--S, C—H:--C(x), and N—H:--C(x) interactions
are of closed-shell type of interactions according to the
conditions [V?p(r) > 0, |I=V(r)/G(r)| < 0, and H(r) > 0]. We
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note that the electron density and the Laplacian of electron
density values for N—H---S hydrogen bonds observed in the
present work are comparable with those of values observed for
the same type of hydrogen bonds reported from thiourea
derivatives.®"*>

It is important to note that there are seven C—H---X-type
interactions observed in derivatives with halogen substituents.
In each structure, only one C—H---Br/Cl/F type of

https://dx.doi.org/10.1021/acsomega.0c05793
ACS Omega 2021, 6, 4816—4830
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Figure 10. Intermolecular C—H---Br interactions formed in weak dimers (a—c) of structure 2.

Figure 11. Different molecular dimers (a—g) held together by various non-covalent interactions in 3.

interactions classified as hydrogen bonds and the remaining
four such interactions are vdW in nature.

The dissociation energy (D,) is used to measure the strength
of these interactions. As expected, all the N—H---S hydrogen
bonds are strong among other types of hydrogen bonds, and
the D, value ranges from 2.5 to 4.1 kcal mol™". Furthermore,
the electron density (R* = 0.99) and the Laplacian of electron
density (R* = 0.86) values for N—H--S hydrogen bonds show
an exponential decay trend with the increasing value of the
bond path (RU) Similarly, the dissociation energy also leads to
exponential (R* = 0.99) and linear (R* = 0.99) regression with
the bond path values. Apart from conventional interactions,
short H---H contacts play essential roles in stabilizing the
crystal structures, as evident from the dissociation energies for
these contacts. These contacts operated in a non-electrostatic
fashion and provide additional stability to various supra-
molecular topologies observed in these structures. We also
described the importance of similar H---H short contacts
observed in adamantane and other organic compounds
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previously, and these contacts were described as H—H bonding
: . 51,52,63—65
interactions.

Bl CONCLUSIONS

The reported crystal structures of four 1-(adamantan-1-yl)-3-
arylthiourea derivatives with a phenyl and three 4-halophenyl
substituents have been used in the present study to investigate
the effect of halogens on the non-covalent interactions. These
compounds crystallized in two different conformations, such as
anti—syn and anti—anti for the thiourea moiety. The density
functional theory (DFT) modeling suggests that the anti—syn
conformer was relatively more stable than the corresponding
anti—anti conformer. However, the unsubstituted and halogen-
substituted derivatives exhibited local energy minima on their
PESs for both anti—syn and anti—anti conformations. The Br
and Cl derivatives showed 3D isostructurality in the solid state.
The HS revealed the halogen effect, and these atoms reduce
the contribution of inter-H--H contacts significantly. The
reduced amount of contributions was compensated by inter-

https://dx.doi.org/10.1021/acsomega.0c05793
ACS Omega 2021, 6, 4816—4830
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S

Figure 12. Crystal structure of 4 (a) viewed down the a-axis and H atoms have been omitted for clarity and different molecular dimers (b—h) held

together by various non-covalent interactions in 4.

Table 2. Lattice Energies (in kcal mol™") for Compounds
1—4 and Two Closely Related Crystals

compound code Ecou Eyo Egigp E.p E,.:
1 —18.1 —-10.4 —43.3 36.4 —-35.4
2 —25.5 —16.1 —48.0 46.2 —43.4
3 -25.3 —-16.8 —47.8 46.0 —43.9
4 —-14.9 =79 -37.3 25.5 —-34.5
RAPNOO -18.5 —-11.0 —41.7 322 —40.3
RAPNII —-17.4 -9.8 —36.7 30.1 —-36.3

H--X contacts. The intermolecular interaction energies for
different dimers were calculated using the PIXEL method. The
results suggested that the strong dimer was stabilized by
intermolecular N—H---S interactions in all four structures. It
also indicated that an extensive number of H—H bondings as
attractive interactions were observed in these structures either
solely or cooperatively with other interactions. The lattice
energy calculation showed that the fluoro derivative was found
to be weakly packed in the crystalline state. The intermolecular
N-H---S, C—H--S, and N—H---C(7) and some of the C—H:--
X interactions were classified as hydrogen bonds based on the
KP-4 rule. Furthermore, the topological analysis suggested that
the N—H---S hydrogen bond in the unsubstituted and chloro
derivatives (one of the N—H:--S hydrogen bonds) has an
intermediate bonding character between shared and closed-
shell interactions. The topological analysis further suggested
that the H—H bonding interactions also played vital roles in
stabilizing the dimeric topology observed in these structures.
The MESP surface for these molecules revealed o-holes at S
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and halogen atoms. The Lewis acids can interact with lone
pairs of S and halogens, which is in good agreement with
dimeric motifs formed by these atoms.

B MATERIALS AND METHODS

Synthesis. The investigated 1-(adamantan-1-yl)-3-arylth-
iourea derivatives 1—4 were synthesized in almost quantitative
yields by condensation of adamantan-1-yl isothiocyanate A%
with the appropriate primary aromatic amine B via stirring in
dichloromethane at room temperature (Scheme 1). The
synthesis of compounds 1, 2, 3, and 4 was previously reported
via the reaction of adamantan-1-ylamine with the correspond-
ing aryl isothiocyanate in ethanol in 76, 88, 85, and 92% yields,
respectively.”* ™

The appropriate primary aromatic amine B (0.01 mol) was
added to a solution adamantan-1-yl isothiocyanate A (1.9 g,
0.01 mol) in dichloromethane (8 mL), and the mixture was
stirred at room temperature for 24 h. The solvent was then
distilled off in vacuo, and the obtained crude product was
crystallized from ethanol.

1-(Adamantan-1-yl)-3-phenylthiourea (1): yield 2.75 ¢
(96%); mp 171—173 °C; mol. formula (mol. wt):
C;H,,N,S (286.43).

1-(Adamantan-1-yl)-3-(4-bromophenyl)thiourea (2): yield
3.58 g (98%); mp 186—188 °C; mol. formula (mol. wt):
C,H,,BrN,S (365.33).

1-(Adamantan-1-yl)-3-(4-chlorophenyl)thiourea (3): yield
3.15 g (98%); mp 201-203 °C; mol. formula (mol. wt):
C,,H,,CIN,S (320.88).
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Table 3. Topological Parameters for Intermolecular Interactions in Dimers of 1—4“

dimer interaction R; p(r) V2p(r) V(r) G(r) H(r) =V (r)/G(r)! D,
Compound 1

I N2—-H21--S1 2.456 0.128 1.072 —29.7 29.5 -0.3 1.01 3.6

v C9—-HI12--Cl14 2.896 0.038 0.411 -6.7 9.0 2.3 0.75 0.8
Compound 2

I N1-H20---S1 2483 0.128 1.166 =315 31.6 0.1 1.00 3.8

N2-H21---S1 2452 0.129 1.150 =31.1 31.2 0.1 1.00 3.7

N2-H21--C17(x) 3.208 0.048 0.537 -95 12.0 2.6 0.79 11

11 CS—H6--S1 2981 0.053 0.544 —10.0 124 2.4 0.81 1.2

VIII C8—HI11-Brl 2.952 0.050 0.549 -9.8 124 2.6 0.79 12
Compound 3

I NI1-H20---S1 2418 0.138 1.194 —34.2 33.3 -0.8 1.02 4.1

N1-H20--C5(x) 3.403 0.049 0.557 —9.8 12.5 2.7 0.78 12

N2—-H21---81 2471 0.124 1.141 -30.2 30.7 0.4 0.99 3.6

I C10—H7---S1 2.945 0.056 0.571 —10.6 13.1 2.5 0.81 13

Vi1 C15-H15---Cl1 2.939 0.040 0.480 =7.7 10.4 2.7 0.74 0.9
Compound 4

I N1-H20---S1 2.589 0.100 0.960 -21.0 23.6 2.6 0.89 2.5

I C3—-H2---81 2916 0.055 0.536 -9.7 12.1 2.5 0.80 12

VII CI11-H8--F1 2.632 0.042 0.537 —10.1 12.3 2.3 0.81 12

“p(r): electron density (e/A?), V?p(r): Laplacian of electron density (e/A%); V(r): potential energy density, G(r): kinetic energy density; H(r):
total energy density; R;: bond path (A), D, = —0.5 X V(r) in kcal mol™, and the values of V(r), G(r), and H(r) are given in k] mol™" bohr™>.

Figure 13. Distribution of H(r) values showing the formation of strong N—H---S hydrogen bonds in structure 1 (a) and structure 3 (b). The
uninterrupted regions at the bond critical points for these hydrogen bonds confirm the increasing covalency between H and S atoms.

1-(Adamantan-1-yl)-3-(4-fluorophenyl)thiourea (4): yield
2.89 g (95%); mp 169—171 °C; mol. formula (mol. wt):
C,H,,FN,S (304.43).

Theoretical Calculations. The single-point energy calcu-
lation and structural optimization in the gas phase were
performed using the Gaussian 09 program.’” For both
calculations, the Minnesota functional M06-2X and the cc-
PVTZ basis set were used.”® Further, Grimme’s empirical
dispersion correction (D3) was incorporated in these
calculations.”” The frequency analysis at the same level of
theory was then performed to confirm that the optimized
structure corresponded to a stationary point with no negative
frequencies. To identify the rotational barrier for the anti—anti
and anti—syn conformers of the thiourea unit (H-N—C=S),
we performed a relaxed PES scan around the N—C bonds of
the thiourea fragment from —180 to +180 with an increment of
5° at the B3LYP/6-31G(d) level of approximation. The MESP
surface was calculated for structures on the 0.001 au electron
density contour with the WFA-SAS program.”’

The crystal lattice energies and intermolecular interaction
energies for dimers in these crystal structures were calculated
using the PIXEL program.”'~"* For these calculations, the
electron density of the monomers of 1—4 was obtained at the
MP2/6-31G** level of theory using the Gaussian 09 program.
According to the PIXEL energy formalism, the net
intermolecular interaction energy for dimers and the total
lattice energy for the crystal can be decomposed into
Coulombic, polarization, dispersion, and repulsion energy
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components. The HS analysis was performed using the
program CrystalExplorer-17.5.”° For both the PIXEL and HS
analyses, the structures with the normalized H atom involved
distances moved to their typical neutron diffraction values (C—
H = 1.083 A and N-H = 1.009 A).

The complexation energies for dimers were also calculated
using the M06-2X-D3/cc-pVTZ level of theory, and these
energies were further corrected from the basis set super-
position error by the counterpoise method described by Boys
and Bernardi.”® The energetically significant dimers identified
from the PIXEL energy analysis were further subjected to the
topological analysis using Bader’s QTAIM with the aid of the
AIMALL software.”” Using the calculated topological proper-
ties, the first four criteria of Koch and Popelier59 were
employed to characterize the non-covalent interactions found
in these structures. More details of these calculations are
described in our earlier work.>"%°
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