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Abstract.

The crystallographic study of 2,2’-((4-bromophenyl)methylene)bis(3-hydroxy-5,5-dimethylcyclohex-2-en-1-
one) reveals that the compound crystallizes in the centrosymmetric space group P2 /c. In the solid state, the
structure of the title compound exhibits two strong intramolecular O—H - - - O hydrogen bonding interactions.
Further, molecules of the title compound are self-assembled by weak intermolecular C—H--- O, 7 --- 7 and
H.-- Hand C—H - - - Br contacts. Various intermolecular interaction that exist in the crystal structure and their
energetics are quantified using PIXEL, DFT and QTAIM analyses. Six different motifs are identified from the
PIXEL calculation. Lattice energy calculation suggests that the dispersion energy has the highest contribution
for the crystal formation. The relative contributions of various intermolecular contacts in the title compound
and its closely related analogs are evaluated using Hirshfeld surface analysis and the decomposed fingerprint
plots. The common packing features exist between the title compound and its related analogs are identified.
The quantitative molecular electrostatic potential surface diagram depicts the potential binding sites which are
in good agreement with the crystal structure of the title compound. The structures of title compound in gas
and solvent phases are compared with the experimental structure and reveals that they are superimposed very
well. The vibrational modes of the monomer and four most stabilized dimers are characterized using both the
experimental and DFT calculations. The UV-Vis spectrum is calculated using time dependent-DFT (TD-DFT)
method and compared with experimental spectrum. The results indicate that the calculated energy of absorbance
and oscillator strength correlate well with the experimental data.
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1. Introduction

Derivatives of 2,2’-arylmethylene bis(3-hydroxy-5,5-
dimethyl-2-cyclohexene-1-ones) were used as precur-
sors for the synthesis of heterocyclic compounds, espe-
cially xanthenes and acridinediones, and some of these
derivatives were used as laser dyes. !> They also showed
interesting biological activities such as antioxidant,?
tyrosinase inhibition,* anti-viral’> and anti-bacterial
activities.® In view of this, these compounds were syn-
thesized from aromatic aldehydes with dimedone (5,5-
dimethyl-1,3-cyclohexanedione) under different condi-
tions, using different catalysts.”'> However, the title
compound and its closely related analogs were prepared
by an inexpensive zinc chloride as catalyst in environ-
mentally benign water medium.® Moreover, the product
was isolated from the reaction medium by simple filtra-
tion. Thus, a green protocol was used for the synthesis of
the title compound. It is of interest to note that several
arylmethylene bis(3-hydroxy-5,5-dimethylcyclohex-2-
en-1-one) derivatives have been crystallographically
analyzed.*? It is known that the crystal packing
is predominantly controlled by strong intermolecu-
lar hydrogen bonds such as O/N—H--- O/N due to
the presence of strong donor and acceptor atoms.>"*
Moreover, the weak intermolecular interactions such
as C—H--- O/N,?* C—H--- halogens,”? C—H

--w?¥ and 7 --- 72 interactions can also interplay
a crucial role in controlling the crystal packing in the
absence of strong donors and acceptors. In the case
of title compound and its closely related analogs, the
available donor (O—H) and acceptor (C=0) are fully
participated in two intramolecular O—H - - - O hydro-
gen bonding interactions. In this situation, a study to
understand how other weak interactions help to stabi-
lize the crystal packing of the title compound and its
analogs gains importance.

In this work, we report the crystal and molecular
structure of 4-bromo derivative, I, namely 2,2’-((4-
bromophenyl)methylene)bis(3-hydroxy-5,5-dimethyl-
cyclohex-2-en-1-one) to understand the nature of inter-
molecular interactions present in the molecule. We also
present a detailed quantitative analysis of energetics
of various molecular pairs identified from the crystal
structure of compound I using the PIXEL method. Fur-
ther, molecular conformation and lattice energies of
the compound I are compared with the structures of
unsubstituted and several para- substituted derivatives
to understand the influence of substituents on the molec-
ular conformation and crystal packing features.

Moreover, the relative contributions of various inter-
molecular interactions present in the compound I and
its analogs were quantified using the Hirshfeld surface
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(HS) and fingerprint plots (FP). The structure of the
compound I was optimized in the gas phase as well
as in the ethanol solvent using the dispersion corrected
MO05-2X functional with 6-31+G(d) basis set. The topo-
logical properties of various interactions observed in
the crystal structure of the compound I was carried
out using the quantum theory of atoms-in-molecule
(QTAIM) approach.?*3° Furthermore, to elucidate the
optical properties of the compound I, we have measured
UV-Vis spectrum and the experimental spectrum is com-
pared with the simulated spectrum computed using the
time-dependent DFT (TD-DFT) calculation.

2. Experimental
2.1 Synthesis and crystallization

To a stirred homogeneous solution of dimedone (140 mg, 1
mmol) in water (3 mL), 4-bromobenzaldehyde (93 mg, 0.5
mmol) and ZnCl, (17 mg, 0.125 mmol) were successively
added and stirred at room temperature. The reaction was mon-
itored by TLC. After completion of the reaction, the solid
product was isolated by simple filtration, washed with water
(2 x 10 mL) and dried. The crude product was washed with
hexane (2 x 5 mL) and dried under vacuum. Single crystals
of title compound I was produced from ethanol by the slow
evaporation method.

2.2 Spectral characterization

The solid-state FT-IR spectrum of the compound I was mea-
sured in the frequency region of 4000400 cm™' on a Perkin
Elmer FT-IR spectrophotometer using the KBr pellet tech-
nique. The solid-state Raman spectrum was recorded using
the iRaman plus Raman spectrometer (B & W Tek, USA) and
the 532 nm laser line was used for excitation. The UV-Vis
absorption spectrum was measured on an Eppendorf Biospec-
trophotometer in ethanol solvent.

2.3 Single crystal X-ray diffraction

The X-ray intensity data was collected for the compound I on a
Rigaku AFC12 Saturn724+ diffractometer. The crystal struc-
ture of the compound I was solved by the SIR92 program>!
and all the non-hydrogen atoms were refined anisotropically
using the SHELXL2014 program.3> The hydrogen atoms
were placed in idealized geometrical positions (C—H =
0.93—0.97A and O—H = 0.82 A) and constrained to ride on
their parent atoms. The methyl hydrogen atoms were allowed
to rotate freely about the C—C bonds. The ORTEP and pack-
ing figures were produced using the program MERCURY. >3
The crystal data and refinement parameters for the compound
I are summarized in Table 1.
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Table1. Crystal dataand refinement parameters
for the compound I.

Formula Cy3H27BrOy4
Formula weight 447.35

Size (mm?) 0.25 x 0.25 x 0.20
Crystal system Monoclinic
Space group, Z P2/c,4
a(A) 16.394(3)

b (A) 10.8984(18)
c(A) 12.0467(19)
a(®) 90

B(°) 99.139(7)
Y(®) 90
Temperature (K) 296(2)
Volume 2125.0(6)
Wavelength (A) 0.71075
Density (Mgm ™) 1.398

No. of reflections collected 14172
No. of unique reflections 3715

2 eIl’lﬁ.X (0) 50

No. of parameters 260
R1,wR2 (I > 20(])) 0.0571, 0.117
Goodness of fit 1.025

2.4 Hirshfeld surface analysis, PIXEL energy
calculation and crystal packing features

To investigate the similarities and differences in the crys-
tal packing amongst closely related analogs, the Hirshfeld
surface (HS) and the decomposed 2D fingerprint plots were
produced for the compound I using the program CrystalEx-
plorer 3.1.3* A comparative analysis of Hirshfeld surfaces
mapped with different properties such as d;, de, dporm, shape
index and curvedness of the compound I and its 4-substituted
analogs was performed. To quantify the energies associated
with various intermolecular interactions present in the crys-
tal structure of I, PIXEL calculation 3537 was carried out as
reported earlier. 3! Briefly, the distances involving hydro-
gen atoms are moved to their neutron values (C—H = 1.089 A
and O—H = 0.993 A) and the resultant geometry used for the
calculation. The electron density of the molecule has been
obtained at the MP2/6-31G** level of theory using Gaussian
09.4? The total energy calculated by the PIXEL method is
partitioned into the corresponding Coulombic, polarization,
dispersion and repulsion energies. Six motifs (I to VI) were
identified from the crystal structure based on their interaction
energy calculated by PIXEL method. To identify the common
packing features exist between the compound I and its closely
related analogs, XPAC2.0 program was used. *>*> This pro-
gram provides the dissimilarity index ‘X’ which is a measure
of how far the two crystal structures deviate from perfect geo-
metrical similarity.
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2.5 Computational details

The initial geometry for optimization was obtained from the
crystal structure. The monomer I was optimized in gas and
solvent phases using the Gaussian 09 program package.*?
The solvent (ethanol) effect was introduced in the calcula-
tion using the conductor-like polarizable continuum model
(CPCM) method. The optimized structures were found to have
no imaginary frequencies, implying that the structures are
global minima in their potential energy surface. For optimiza-
tion, M05-2X functional*® was used along with 6-31+G(d)
basis set. The choice of M05-2X functional was selected
based on the previous reports which were able to predict
correct binding energies between molecules with weak inter-
actions. *>*147 The interaction energy Ej, was computed
for all six motifs at their crystal structure geometry using
the supramolecular approach. The Ej, was corrected for
basis set superposition error (BSSE) using the counterpoise
method. *8 The time dependent-DFT (TD-DFT) calculation in
the ethanol solvent was carried out using the time-dependent
Kohn-Sham formalism.*’ The topological parameters were
calculated using the AIMALL package>? on selected molec-
ular pairs. For this purpose, the DFT calculation (with density
= current keyword) for these molecular pairs at their crys-
tal geometry (with bond lengths involving H atoms adjusted
to typical neutron diffraction values), was performed at the
MO05-2X/6-31+G(d) level of theory.

3. Results and Discussion
3.1 Molecular geometries

The compound I crystallizes in the centrosymmetric
monoclinic space group P2,/c with one molecule in
the asymmetric unit. The ORTEP diagram of the com-
pound I with the atom-numbering scheme is shown in
Figure 1(a). The molecule comprises three ring systems
of which two of them are cyclohexene rings (B and
C). Each cyclohexene ring has one keto and an enol
group. These keto and enol groups form two strong
intramolecular O—H - - - O hydrogen bonding interac-
tions. In the compound I, the H--- O distances are
1.596 (H30--- 02) and 1.691 A (H1O - - - 04) and the
hydrogen bonding angles are 159 (/O1—-H10--- O4)
and 164°(/0O3—H30--- 02). Rings B and C have
an envelope conformation as evidenced by the Cre-
mer and Pople’! puckering parameters [ring B: Q =
0.460(5)A, g = 0.422(5) A, g5 = —0.184(5)A, 0 =
113.6(6)° and ¢, = 356.0(7)° for the atom sequence
C2-C3-C4—-C5—-C8—C9 and ring C: Q = 0.457(5)
A g = 04124 A, g5 = —0.1995) A, 6 =
115.8(6)° and ¢, = 358.8(6)° for the atom sequence
C10—C11-C12—-C13—-C16—C17]. The dihedral angle
between ring A and the rings B/C are 65.2(1) and
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Figure 1.

ORTEP diagram, atom-labelling scheme and ring labelling for title compound I. Thermal ellipsoids are drawn at

50% probability level. Intramolecular O—H - - - O= C hydrogen bonds which lock the molecular conformation are depicted (b)
Structural superimposition of I and its related analogs [colour codes: 4-Br (blue), 4-Cl (green), 4-F (yellow), 4-OH (orange),

4-Me (maroon), 4-OMe (pink) and 4-NMe; (purple)].

59.3(1)°, respectively. Rings B and C are oriented at
an angle of 40.2(1)°. The geometric parameters of the
02=C9-C2=C3-01 and 04=C17-C10=C11-03
moieties indicate the m-conjugation. One of the char-
acteristic features in this class of compounds is the
orientation of the carbon atom bearing dimethyl group.
In most of the cases, this carbon atom is directed towards
the phenylring (A) as observed in the compound I. In the
case of 4-F compound (refcode: QIKBOB) and unsub-
stituted compound (refcode: TAHDAV), there are two
molecules in the asymmetric unit in each case. In one
of the molecules, the carbon atom bonded to dimethyl
group is bent away from the phenyl ring.

A CSD search was conducted using the unsubstituted
compound (4-H) as a template. The search revealed that
there are 18 hits found in the database of which one of the
structures (3-OH derivative) contains a water molecule
(refcode: GURFOO). These hits are reduced to 10 if
considered only 4-substituted derivatives and some of
these derivatives have multiple entries in the database.
The molecular conformation is described by three dif-
ferent torsion angles (7, T,, and t3) (Scheme 1). These
three angles in the compound I are compared to other
4-substituted and unsubstituted structures (Table S1,
Supporting Information). The structural superimposi-
tion is carried out to identify the orientation of the phenyl
ring upon different substitutions. It is found that all
three torsion angles are nearly the same in the structures
of 4-NMe,, 4-OH, 4-Me, 4-OMe and in the com-
pound I (4-Br). The conjugated 02=C9—-C2=C3—-01
and 04=C17—-C10=C11-03 moieties are used for

CHO
o]
ZnCl,
coN
H,0, RT
© Br
Scheme 1. Synthetic route for title compound I. Three

important torsion angles (T, T2 and t3) are indicated.

structural superimposition (Figure 1(b)). The maximum
root mean squared deviation (rmsd: 0.19 A) is observed
for the compound I and 4-Cl (refcode: PUFTEPO1) pair.
Since, the sign of all three torsion angles are opposite in
the case of 4-F (molecule A), 4-OET, 4-NO, and unsub-
stituted compound when compared to the compound I,
the structural superimposition has not been carried out
for these molecules.

3.2 Hirshfeld surface (HS) analysis

Various intermolecular interactions observed in the
crystal structures of I and its related analogs were quan-
tified using Hirshfeld surface analysis. The HS of the
compound I is mapped with d,,, and the 2D finger-
print plots are shown in Figure 2. The analysis suggests
that the intermolecular H - - - H contacts are contribut-
ing more (53.1%) to the crystal packing when compared
to the other contacts present in the crystal structure of I.
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Figure 2. Hirshfeld surface (HS) analysis and two-dimensional fingerprints for the compound I (a) two different views of
HS mapped with dporm distances (b) two-dimensional fingerprints plot showing different intermolecular contacts.
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Figure 3. The relative contributions of various intermolec-
ular interactions in the compound I and its related analogs.

The relative contributions of other intermolecular con-
tacts suchas O--- H/H--- O,H--- Br/H--- Br and
C--- H/H--- Care19.7,13.1 and 10.7%, respectively,
to the total HS area of the molecule. Figure 3 displays
the percentage contribution of various intermolecular
contacts observed in the compound I and its related
analogs. It is clearly showing that the intermolecular
H--- H contacts are predominant in all 4-substituted
structures. Notably, the intermolecular H - - - H contacts
are contributing more (greater than 60%) to the crystal
packing in the unsubstituted (4-H), 4-Me, 4-N(Me),,
4-OH, 4-OMe, 4-OET and one of the molecules of 4-
F structures. In the case of I (4-Br), 4-Cl and one of
the molecules of 4-F structures, these contacts are less
than 60%. Overall, there are slight variations observed
for intermolecular C--- Hand O --- H contacts due to
different substituents at the para position. Two different
orientations of Hirshfeld surfaces mapped with different
properties such as d, d., d,om, shape index and curved-
ness of the compound I and its related analogs are given
in Figure S1.

3.3 Molecular pairs in the crystal structure

To quantify all possible intermolecular interactions
present in the compound I, the important molecular
pairs (Figure 4) were retrieved from the crystal pack-
ing and their interaction strengths were quantified using
the PIXEL method. Table 2 shows all possible inter-
molecular interactions (motif I to VI) along with their
interactions energies. The interaction energies for these
motifs are compared with the energies derived from DFT
method.

In the crystal structure of I, one of the methylene
(via H12B) groups (atom C12) of ring C is participat-
ing in an intermolecular C—H--- O interaction with
the carbonyl oxygen atom (O2) of ring B (motif I).
This interaction links the molecules into a chain which
runs parallel to the crystallographic ¢ axis. The stabi-
lization energy for this motif I was found to be -9.1
kcal mol~! as evaluated from the PIXEL calculation. As
shown in Figure 5, it is clearly seen that the major con-
tributor for the stabilization of motif I is the dispersion
interactions (66.7%). Motif 1l is stabilized byarw -- -7
stacking interaction between 4-bromophenyl rings. The
dispersion interactions contribute nearly 75% towards
the stabilization of motif II. The interaction energy for
this motif was calculated to be —8.9 kcal mol~'. Motif
III is formed by an intermolecular H12B - - - HOA inter-
action and dispersion component contributes about 83%
towards the stabilization. The interaction energy for this
dimer was —7.2 kcal mol™'. Motif IV is generated by
an intermolecular C16—H16A - - - O1 interaction. This
intermolecular interaction interconnects the molecules
into a chain that runs parallel to the ¢ axis. The dimer
form by motif IV score an interaction energy of —6.0 kcal
mol~! and this dimer is stabilized by the contribution
of the dispersion (66%) and the electrostatic interac-
tions (34%). Furthermore, motifs I and IV are combined
to form a tetrameric supramolecular motif as shown
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(a)

Figure 4.
(d) Motif-V and (e) Motif-VI (see Table 1 for motif details).

in Figure 4(a) and these two interactions are clearly
visible on the HS (Figure 2(a—b)). Motif V is formed
by the presence of two intermolecular H - - - H interac-
tions (H4A --- H6C and H4A --- H8B). It should be
noted that the former contact is longer by 0.05 A, while
the latter is longer by 0.08 A when compared to the
sum of the van der Waals radii of respective interact-
ing atoms. The stabilization energy for this molecular
pair was calculated to be —3.0 kcal mol~'. One of the
methyl groups (via H14A) is involved in an intermolec-
ular C-H - - - Brinteraction (motif VI) with the Br atom
of the neighbouring molecule. It is of interest to note
that this interaction is slightly longer (0.08 A) than the
sum of the van der Waals radii of H and Br atoms. The
interaction energy for this dimer was calculated to be
—2.7kcalmol~" and this pair is primarily stabilized by
the dispersion (~ 70%) interactions in nature.

3.4 Lattice energies and common packing features

Lattice energies for the compound I and its closely
related analogs were computed using the PIXEL
method. The lattice energies and their components for
these molecules are listed in Table 3. It is found that
the overall lattice energies for these compounds are in
the range of —30.7 to —37.1 kcal mol™'. It is worth
mentioning that the overall lattice energy is stronger
for the 4-OH and weaker for 4-F and 4-Me structures.

J. Chem. Sci. (2018) 130:20

Selected molecular pairs extracted from the crystal structure of 1. (a) Motifs I and IV (b) Motif- II (c) Motif-III

It should be noted that the contribution of disper-
sion energy is predominant (61-75%) in all structures
towards the stabilization. In the case of 4-OH, the con-
tribution of dispersion energy is reduced (61%) and the
electrostatic interaction is increased to 39% due to the
O - -- H contacts as evident from the HS analysis. Fur-
thermore, a substantial amount of contribution comes
from C--- H/H--- C contacts to the overall stabiliza-
tion in the title compound I and its closely related
analogs (Figure 3). To understand the role of C--- H
and H--- halogen contacts in the stabilization of the
crystals, we thoroughly examined the crystal packing
of the title compound and its closely related analogs
using the PIXEL method. Various molecular pairs for
these molecules were extracted based on their inter-
molecular interaction energies. The selected molecular
pairs stabilized by C--- H and H- - - halogen contacts
in 8 closely related analogs are given in Figure S2. This
analysis suggests that the C--- H contacts are mostly
playing a supportive role in the stabilization along with
intermolecular C—H - - - O/N interactions. In contrast,
the molecular pair is formed by intermolecular H- - -
halogen interaction without any significant additional
non-bonded contacts. It is to be noted that these molec-
ular pairs usually form with low interaction energy.
Further, the common packing features exist between
the compound I and its closely related analogs were
analyzed as mentioned in the experimental section. As
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Interaction energy (in kcal mol~!) for various molecular pair along with centroid-centroid distance in (I). Cgl is the centroid of the phenyl ring.

Table 2.

Geometry (A, ° )a

BSSE corrected Possible Interactions
energy (Eint)

E rep E tot

Edisp

E pol

Ecoul

ymmetry code

Motifs

Centroid-centroid S

distance (A)

2.447,121
4.088(3)

-02

C12—HI12B - -

-7.3

-9.1
—-8.9

5.6
—-7.2

-9.8

—1.3
—1.1

—1.2

-3.6

-3.1
—1.0
3

X, —y+1/2,z+1/2
-X,—y+1,-z+1

7.452

I

2.356, 150
2.466, 135
2.441, 143
2.476, 135

-H6A—C6

C16—HI6A ---O1
C4—HA4A - --

H6C—-C6
H8B—-C8

-Cgl

C12—HI2B- -
C4—H4A - --

4.4
—138

72
4.4

—6.0
-3.0

8.1
6.5
3.1
1.5

—12.8
—11.5

—-0.8 —6.0
-07 —-04 =33

Xs_y+3/2, Z_1/2
—x+1,y—1/2,—z+3/2

—x+1,—-y+1,-z+1

7.060

9.491
8.870
11.891

11
I
v
v

3.128, 161

Br1-C21

CI4—HI4A - --

—1.6

-28 12 =27

-0.3

0.9

—-X, y+1/2,—z+1/2

9.842

VI

A interactions

4Neutron values are given for all D—H - - -
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Figure 5. Therelative contributions of various energy com-
ponents in the different motifs of the crystal structure of 1.

shown in Figure 6, we found that the motifs II and III
in the compound I are also observed in 4-OEt and 4-Cl
structures, respectively. The former motif is stronger by
0.7 kcal mol ! in the 4-Cl structure, while the latter motif
is stronger by 0.8 kcal mol™' in the compound I. This
dimer match can be described as 0D similarity. Apart
from this, there is no common mode of crystal pack-
ing existing between compound I and its other closely
related analogs. However, the intermolecular C--- H
contacts help to stabilize most of the strongest dimers
in this class of compound.

3.5 DFT analysis

To check the conformational flexibilities of I, the
monomeric structure was optimized in the gas phase
as well as in the ethanol solvent using the DFT method.
The optimized structures were compared with the crys-
tal structure. The superimposed image of the DFT
optimized (gas and ethanol solvent) geometry and the
experimental structure indicates the bond parameters are
well reproduced in the DFT calculation. The structural
superimposition diagram is given in the Supplementary
Information (Figure S3). The RMSD (root mean squared
deviation) between X-ray and the optimized structure in
the gas phase involving non-hydrogen atoms is 0.23 A.
The corresponding value is 0.19 A for the X-ray and the
optimized structure in ethanol solvent. A close exami-
nation of the three torsion angles (t; 7, and t3) indicates
that these angles are deviating by 4-20° from the crystal
structure geometry (Table S1). These deviations may be
due to the absence of crystal packing effect in the gas
and solvent phases.

3.6 Quantitative molecular electrostatic potential

To understand the nature of interaction that exists in the
crystal packing, we analyzed the quantitative molecu-
lar electrostatic potentials (MESP) for the monomer at
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Table 3. Lattice energies (in kcal mol~!) of the compound
I and its closely related analogs (para substituted).

Compound Ecoul
4-H —11.0
4-Br (present study) —9.6
4-Cl —11.8
4-F —11.1
4-OH —19.6
4-Me —-10.5
4-OMe —11.8
4-OEt —11.2
4-N(Me)> —11.6

Epol EDisp ERep Eor

—49 —-40.1 244 -316
—4.0 —-40.1 214 =323
—47 —41.0 238 =337
—43 =363 210 =307
-89 —443 357 -37.1
=53 —403 255 =307
-59 —-439 278 =337
—49 —418 233 =346
—56 —46.0 275 358

Figure 6. Common packing features observed in the compound I and its closely related analogs.

the 0.001 electrons/Bohr? isodensity surface using the
WFA-SAS program.? The MESP isosurface along with
various positive and negative potentials designated as
VS, max (shown in black dots) and Vs, ,;, (shown in blue
dots) are shown in Figure 7. The most positive Vs, .«
value of 20.83 kcal mol~! is observed on the methy-
lene (C16) hydrogen atoms neighbour to the carbonyl
group and on the methylene (C4) groups neighbour
to the hydroxy group. Similar values on the methy-
lene groups (C8 and C12) attached to the carbonyl and
hydroxy group show that there exists a strong bonding
between them. The other positive regions are found in
the dimethyl groups. The protons on the 4-bromo ben-
zene is found to have a near positive potential of 16.69
kcal mol~! and the least value is found on the hydro-
gen atom attached to the tertiary carbon which links
rings A, B and C. The most negative potential Vs, ., is
observed on the carbonyl oxygen with a value of —31.55

kcal mol™', while the hydroxy group has —24.85 kcal
mol . In addition, the negative potentials are found on
the bromine atom and on the benzene ring with values
—16.39 kcal mol ™" and -13.95 kcal mol ™', respectively.
During crystal formation, the most positive regions can
interact with the most negative regions of the neighbor-
ing molecule thereby leading to the directional structure
formation. Thus, methylene hydrogens have a tendency
to form intermolecular interactions with either carbonyl
group, a hydroxyl group or with bromine atom which is
evident from the PIXEL energy calculation.

3.7 QTAIM analysis

We performed QTAIM analysis for molecular pairs
(motif I-VI; see Table 1) to confirm the existence of var-
ious intermolecular interactions and to calculate their
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Figure 7. Molecular electrostatic potentials of the title compound displayed in two different orientations.
The most positive and negative potentials are indicated.

interaction energies as proposed earlier.**>* The molec-
ular graphs for molecular pairs I-VI are displayed and
given in the supporting information (Figure S4). The
topological parameters such as the electron density
(Ppcp). the Laplacian of electron density (V?p), local
potential energy density (V(r)) and kinetic energy den-
sity (G(r)) for various intermolecular interactions at the
bond critical points (BCPs) are presented in Table 4.
The interaction values are computed from the local
potential energy density using Eyg = —0.5 V(r). The
Pgcp for the intramolecular O—H - - - O hydrogen bond-
ing interactions in the optimized monomer and dimers
at their crystal structure geometry lies in the range
of 0.045-0.059 a.u. The Eyg was found to be in the
range of 12.40—17.04 kcal mol ™" for these interactions.
It is of interest to note that one of the intramolecu-
lar O—H--- O hydrogen bond is stronger by 4 kcal
mol~' when compared to another intramolecular hydro-
gen bond.

In the molecular pair I, there are four intermolecular
BCP’s. The pgcp for these interactions lie in the range
of 0.004-0.010 a.u. The intermolecular HI2B --- O2
interaction has the maximum Pgcp and the Eyg for this
interaction was 2.34 kcal mol~'. The intermolecular
C..- H and H--- Br contacts with Eyg values lie in
the range of 0.62—-0.75 kcal mol™" which indicates their
supportive role in the stabilization.

There are four symmetrical intermolecular BCPs
observed in the molecular pair II. The intermolecular
C21 - - - C22 contact indicates the existence of 7 --- 7
stacking. Further, the existenceof H- - - BrandBr--- O
contacts provide additional stability to this molecular
pair. It is of interest to note that the strength of these

contacts is slightly higher than the C..- C contact.
The molecular pair III is formed by three symmetrical
intermolecular H--- H and C--- H types of con-
tacts. The intermolecular H--- H contact is slightly
stronger when compared to C--- H contacts. In the
molecular pair IV, there are four intermolecular BCPs
observed. This pair is primarily stabilized by inter-
molecular C—H - - - O interactions with Eyp values in
the range of 2.26 — 0.59 kcal mol™'. Both hydroxy
and carbonyl oxygens act as acceptors in this molecular
pair. Molecular pair V is stabilized by intermolecular
H--- H type of contact and the molecular pair VI is
formed by intermolecular H - - - Br type of interaction.
The Eyg values for these interactions were found to be in
the range of 0.61-0.53 kcal mol~". Overall, the QTAIM
analysis suggests that the intermolecular H--- C and
H--- Br contacts play an important role towards the
stabilization of the various molecular pairs in the crys-
tal structure of the title compound.

3.8 Spectral analysis

The IR and Raman spectra recorded for the compound
I to understand the nature of interactions exist in the
solid state. We also computed the IR and Raman spec-
tra for the monomer and the four most stable dimers
(I-IV). A comparative IR and Raman spectra derived
from experimental and the DFT method for monomer
and four dimers are given in Figures S5-S6. It is clearly
concluded that the computed spectra resemble the exper-
imental spectra. In the experimental IR spectrum, we
observed three intense absorption bands at 1373, 1592
and 2959 (broad) cm~!. These peaks could be assigned
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V(r) G() Eup

v2p

Interacting atoms

Dimer-3
c6- - -

Eug

V(r) G(r)

v2p

Table 4. Topological parameters for selected molecular pairs (I to IV) for the title compound [p: Electron density (a.u.), v2p: Laplacian of electron density (a.u.); V(r):

Potential energy density (a.u.), G(r): Lagrangian kinetic energy (a.u.)] and Egg = —0.5 x V(r) in kcal mol1].

Interacting atoms

Dimer-1

2.26
0.80
0.79
0.59

0.59

0.002713
0.008035
0.003446
0.003399
0.002667

—0.00189
—0.00720
—0.00256
—0.00252
—0.00188

0.014148
0.035464
0.01732
0.017097
0.013812

0.004166
0.010048
0.004318
0.004406
0.003384

HI16A
Dimer-4
HI16A- .. Ol
Ol--- H7B

2.34
0.75
0.67
0.62

0.008554
0.003278
0.002926
0.002722

—0.00745
—0.00240
—0.00214
—0.00197

0.038636
0.016638
0.014840
0.013884

0.010428
0.005197
0.004748
0.004302

HI2A
HI5B
HI15B

Dimer-2
Brl---

HI12B

Brl- .-

02...

H7A

o4...

04

H14A - --

0.91
0.70
0.64
0.62

0.003658
0.003036
0.002684
0.002407

—0.00290
—0.00222
—0.00203
—0.00199

0.017675
0.015405
0.013358
0.011296

0.005399
0.005280
0.004382
0.004382

04

0.54
0.52
0.61
0.53

0.002748
0.002705
0.002810
0.002345

—0.00174
—0.00166
—0.00195
—0.00168

0.015042

0.014988

0.014689
0.01205

0.004218
0.004104
0.004708
0.004202

H4A
H4A

H6C - - -
Dimer-6

HI14A. . Brl
H51C. - - Brl

Dimer-5
HSB---

0.80
0.73

0.003854
0.002984

—0.00256
—0.00234

0.020602
0.014520

0.005626
0.005398

HI5A
HI12B
C10

H1
C22

Brl---
Brl---
c21---
Dimer-3
H6A - - -
H6B - - -
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for wagging of hydroxy group, phenyl C-C stretch-
ing and methylene C-H and methyl C-H stretching
vibrations, respectively. It is noted that the broadness
of the latter peak due to the overlap of methylene and
methyl C—H vibrations. In the crystal structure, dimer-
I is stabilized by an intermolecular C12—HI12B - - - O2
interaction. The C12-H12B stretching vibration is cal-
culated at 3067 cm~' which is comparable with the
experimental IR peak at 2962 cm™". This blue shift is the
consequence of the formation of intermolecular interac-
tion. In dimer-II, the phenyl C—C stretching (red shift)
is calculated at 1563 and 1566 cm™' which is responsi-
ble for a weak x - - - 7 interaction. Similarly, dimer-III
is formed by an intermolecular C12—HI12B - - - H6A
interaction (between methylene hydrogen and methyl
hydrogen). The stretching vibration for this interaction
is calculated at 3069 cm~!. The C=O stretching vibra-
tion is calculated in the range of 1700-1728 cm™! in
the monomer and in four dimers. In dimer-IV, due to a
slight conformational change on ring C, intermolecular
interactions C12—HI12B - - - O1 is formed which is not
observed in the crystal structure. The stretching vibra-
tion of C12-H12B bond is calculated at 3071 cm™!. In
the experimental Raman spectrum, absorption peaks at
3278, 3154, 3090, 1696 and 1652 cm™' observed. The
peaks could be assigned for phenyl C-H stretching,
methylene C-H, methyl C-H, phenyl C-C stretching
and wagging of O-H vibrations, respectively.

As mentioned earlier, the UV-visible spectrum for the
compound I was computed in ethanol solvent using the
TD-DFT method with polarizable conductor calcula-
tion model (CPCM) with Klamt sphere radii. Figure 8
shows the overlap diagram of the experimental and the
simulated spectra and in Table 5 we present the excita-
tion energies, oscillator strengths (f) and the electron
configurations. The experimental spectrum shows an
intensive absorption peak at 260 nm and the corre-
sponding peak was observed at 239 nm in the TD-DFT
calculation. The frontier molecular orbitals involved in
the transition are shown in Figure 8. The peak calculated
at 263 nm with an oscillatory strength of 0.055 is pri-
marily constituted by the HOMO—LUMO transition.
The excitation at 239 nm with an oscillatory strength
of 0.538 corresponds to HOMO — LUMO + 1 transi-
tion which contribute about 85%. These two excitations
indicate that the charge transfer HOMO — LUMO and
HOMO — LUMO+1 orbitals. The band gap energy for
the former transitionis 7.32 eV, while the latter transition
is found to be 7.58 eV. It is of interest to note that the
HOMO orbitals are localized over the bromobenzene
ring and m-conjugated moieties as mentioned earlier,
while the LUMO orbital is located on the conjugated
moieties of the cyclohexene rings.
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Figure 8.

The observed and calculated UV-Vis spectra (left) and HOMO-LUMO orbitals (right).

Table 5. Excitation wavelengths (in nm), oscillator strengths, configura-
tions, and experimental data for the compound I in ethanol solvent.

Excitation Energy  f Main configuration Expt.

263 0.0550 HOMO — LUMO (84%) 260
HOMO — 2 — LUMO + 1 (7%)

239 0.5380 HOMO — LUMO+I (85%)

HOMO -2 — LUMO (9%)

4. Conclusions

The compound I was synthesized and characterized
by various experimental and theoretical methods. The
overall conformation of the compound I was compared
with its closely related analogs. The crystal structure of
the compound I revealed that the compound exhibited
two strong intramolecular O—H - - - O hydrogen bond-
ing interactions. Intermolecular C-H---O, 7 - - - 7 and
H-.- H contacts were responsible for the molecular
self-assembly. Further, the energetics of the various
intermolecular interactions was estimated using PIXEL,
DFT and QTAIM analysis. The relative contributions
of various non-bonded contacts present in the com-
pound I and its closely related analogs were quantified
using Hirshfeld surface analysis. We found that motifs
II and III of the compound I were also existed in its
closely related analogs, 4-OEt and 4-Cl. Apart from
this, there is no common mode of crystal packing exist-
ing between compound I and its other closely related
analogs. The PIXEL, HS and QTAIM calculations

collectively suggest that H--- C and H--- halogen
contacts play an important role towards the overall sta-
bilization in this class of compounds. Further, FT-IR and
FT-Raman spectra were derived from experimental and
simulated by the DFT method. The results support the
existence of various intermolecular interactions in the
crystal structure. The analysis of the frontier molecular
orbitals provides evidences for a charge transfer process
is taking place within the molecule.

Supplementary Information (SI)

The supplementary information includes the following: Table
S1 contains the selected torsion angles for the title compound
and its related analogs, Figure S1 shows various proper-
ties mapped with Hirshfeld surfaces, Figure S2 displays the
selected molecular pairs of 8 closely related analogs of the
title compound, Figure S3 shows structural superimposi-
tion, Figure S5 depicts the molecular graphs obtained from
QTAIM analysis and Figures S5-S6 provide the experimen-
tal and theoretical FT-IR and FT-Raman spectra. CCDC-
1543019, contains the supplementary crystallographic data
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for the title compound I. These data can be obtained
freely via http://www.ccdc.cam.ac.uk/data_request/cif or by
e-mailing to data_request@ccdc.cam.ac.uk or by contact-
ing directly the Cambridge Crystallographic Data Centre
(12 Union Road, Cambridge CB2 1EZ, UK. Fax: +44 1223
336033). Supplementary Information is available at www.ias.
ac.in/chemsci.
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