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Abstract.

(2E)-1-(anthracen-9-yl)-3-(4-chlorophenyl)prop-2-en-1-ones and (2E)-1-(anthracen-9-yl)-3-(4-nitrophenyl)

prop-2-en-1-ones crystallize in the monoclinic crystal system with space group P2;/c. Single-crystal X-ray diffrac-
tion data for both the compounds were collected on an X' Calibur CCD area detector diffractometer (Oxford Diffrac-
tion) using MoKa radiation (A = 0.7107 A) at 293(2) K. The crystal structures were solved by direct methods and
refined by full-matrix least-square procedures to a final R value of 0.0468 [I] and 0.0486 [II]. The crystal structures
as elucidated by X-ray diffraction methods show the presence of a few intermolecular interactions, and the nature
and energetics associated with these interactions have been characterized using PIXEL software.
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1. Introduction

Chalcone is an aromatic ketone and an enone that forms a
central core for a variety of pharmacologically important het-
erocyclic compounds. Chalcones are an important class of
secondary metabolites that are precursors of many naturally
occurring plant pigments [1]. These small molecules are also
used as starting materials in the synthesis of UV absorption
filters in polymers, photorefractive polymers, photosensitiz-
ers in colour films, sweeteners in food technology and in
holographic recording technology. Chalcones, considered as
the precursors of flavonoids and isoflavones, are also known
to be effective antimicrobial agents [2].

Natural and synthetic chalcones have been attracting great
interest owing to their broad range of biological activities,
such as antileishmanial [3] anti-invasive [4], antitubercular
[5], antifungal [6], antimalarial [7], anticancer [8] and anti-
inflammatory activities [9]. They are biosynthetic precur-
sors of triaryl pyridines [10], pyrazoles [11] and indazoles
[12]. These «, B-unsaturated ketones were found to be effec-
tive photosensitive materials and exhibit potential nonlinear
optical properties [13].

Chalcones are also known to possess antioxidant character
to various extents. Activated macrophages play a key role in
inflammatory responses and release a variety of mediators,
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including nitric oxide (NO). NO is a potent vasodilator that-
facilitates leukocytic migration and formation of edema as
well as leukocytic activity and cytokine production [2].
The crystal structures of some chalcone derivatives viz.,
2,3-dibromo-1,3-bis(4-fluorophenyl)propan-1-one [14], 3-(3,
4-dimethoxyphenyl)-1-(4-fluorophenyl)prop-2-en-1-one, 2-
bromo-1-(4-methylphenyl)-3-[4-(methylsulphanyl) phenyl]
prop-2-en-1-one [15], (2E)-1-(4-chlorophenyl)-3-[4-(propan-
2-yl)phenyl]prop-2-en-1-one [16] and 2-bromo-1-chlorop-
henyl-3-(4-methoxyphenyl)prop-2-en-1-one [17] have been
reported. Keeping in view the wide range of activities of the
chalcones, we report the crystal structure and lattice energy
analysis of both the compounds.

2. Experimental

2.1 Synthesis and crystallization

To a mixture of 4-chlorobenzaldehyde (1.4 g, 0.01 mol) or
4-nitrobenzaldehyde (1.5 g, 0.01 mol) and 9-acetylanthracene
(2.2 g, 0.01 mol) in ethanol (50 ml), 15 ml of 10% sodium
hydroxide solution was added and stirred at 0-5°C for 3 h.
The process of synthesis is depicted in the reaction scheme.
The precipitate formed was collected by filtration and puri-
fied by recrystallization from ethanol. Single crystals of
I and II were grown from ethanol by slow evaporation
method (compound I: M.P. 429-431 K; compound II: M.P.
432-434 K).
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I

Reaction scheme for the title compounds.

2.2 Data collection and refinement details

Single-crystal X-ray diffraction data of both the compounds
were collected on an X’Calibur CCD area detector diffrac-
tometer (Oxford Diffraction) using MoKa radiation (A =
0.7107 A) at 293(2) K [18]. The crystal structures were
solved by direct methods using SHELXS97 [19] and full-
matrix least-square structure refinement against F> was
performed using SHELXL97 [19] software present in the
program suite WinGX [20]. All the non-hydrogen atoms
were refined anisotropically and all the hydrogen atoms were
geometrically fixed and allowed to ride on their parent C
atoms with C-H = 0.93 A for both the compounds [Uiso(H)
= 1.2U¢(C)]. Detailed crystallographic data for compounds
I and II have been deposited at the Cambridge Crystallo-
graphic Data Centre (CCDC No. 1045455 for I and CCDC
No. 1045454 for IT) and are available on request. Crystal
data collection parameters and structure refinement details
for compounds I and II are summarized in table 1. Details
of intermolecular hydrogen bonding for I and II are given in
table 2 and 77 interaction geometry in table 3.

2.3 Computations

Geometrical calculations were performed using PLATON
[21] and PARST [22] software. PIXEL calculations were
performed in order to estimate the nature and energies asso-
ciated with the intermolecular interactions, which will enable
us to explore the role of these interactions in the stabilization
of the crystal lattice. PIXELC calculations as incorporated
in the Couloumb—London—Pauli (CLP) program [23] were
performed to determine intermolecular interaction energies

and lattice energy. PIXEL calculations allow the analysis of
lattice and intermolecular interaction energies between pairs
of molecules in terms of coulombic, polarization, dispersion
and repulsion contributions. The total PIXEL energy, which
is the sum of these four energy contributions, gives an indi-
cation of the overall interaction energy for a particular dimer
and for crystal packing. However, it is the separation of these
energies into the four different terms that makes this method
a powerful tool for crystal structure analysis.

3. Theoretical calculations

To get a better understanding of the contribution of inter-
molecular interactions to the crystal packing, it is impor-
tant to get a quantitative evaluation of these interactions.
Calculation of the lattice energy not only offers a possible
way for polymorph prediction but may also help under-
stand the supramolecular chemistry and self-assembly dur-
ing the nucleation and crystal growth processes and helps
predict the melting and solubility behaviour of the com-
pounds. The lattice energy of the title compound was cal-
culated by PIXELC module in CLP computer program
package (version 13.2.2012) [23]. The total lattice energy
is partitioned into its coulombic, polarization, dispersion
and repulsion contributions. In CLP program, the coulom-
bic terms are handled by Coulomb’s law while the polariza-
tion terms are calculated in the linear dipole approximation,
with the incoming electric field acting on local polariza-
bilities and generating a dipole with its associated dipole
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Table 1. Experimental data for compounds I and IIL.

I I
Crystal data
CCDC no. 1045455 1045454
Crystal description White White
Crystal size 0.3 x 0.2 x 0.2 mm3 0.3 x 0.2 x 0.2 mm?
Empirical formula Cy3H;5Cl11 04 Cy3H 5N ;03
Formula weight 342.80 353.36

Radiation, wavelength

Unit cell dimensions

Crystal system

Space group

Unit cell volume

No. of molecules per unit cell, Z
Temperature

Absorption coefficient

F(000)

Data collection

Diffractometer

Absorption correction

Ttin» Tmax

Reflections collected/unique
Reflections observed (I > 20 (1))
Scan mode

6 Range for entire data collection
Range of indices

Reflections collected/unique
Reflections observed (I > 20 (1))
Rint

Rsigma

Refinement

Refinement

No. of parameters refined

No. of restraints

R[F? > 20 (F?)]

wR(F?)

Goodness-of-fit §

(A /0 )max

Final residual electron density
Software for refinement

MoK«, 0.71073 A
a=145952) A
b =11.0790(8) A
c=114352) A
B =112.98(2)°
Monoclinic
P2;/c

1702.3(4) A3

4

293(2) K

0.231 mm™!

712

X’calibur system

(Oxford Diffraction make, U.K.)
Multi-scan

(CrysAlis RED;

Oxford Diffraction, 2010)
0.89969, 1.00000
4653/2506

1678

 scan

3.55° < 0 < 26.00°
h=-17t07

k=-13t0 10

[ =-10to 14

4653/2506

1678

0.0232

0.0411

Full-matrix least squares on F2
226

0

0.0468

0.0913

1.045

0.001 (for z CS)

—0.234< Ap <0.123 e A3
SHELXL97 [Sheldrick, 2008]

MoKa, 0.71073 A
a =13.2972(13) A
b =12.6236(16) A
c=11.0415(11) A
B = 105.667(9)°
Monoclinic

P2;/c

1784.6(3) A3

4

293(2) K

0.088 mm™!

736

X’calibur system

(Oxford Diffraction make, U.K.)
Multi-scan

(CrysAlis RED;

Oxford Diffraction, 2010)
0.84990, 1.00000
7062/3497

1448

 scan

3.57° < 6 < 26.00°
h=-15t016
k=-15t09

[ =-12to 13

7062/3497

1448

0.0468

0.1061

Full-matrix least squares on F>
244

0

0.0486

0.0751

0.878

0.004 (for U C17)

—0.147< Ap < 0.136 e A3
SHELXLO97 [Sheldrick, 2008]

separation energy; dispersion terms are simulated in Lon-
don’s inverse sixth power approximation, involving ionization
potentials and polarizabilities; repulsion is presented as a
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modulated function of wavefunction overlap. All the stabiliz-
ing molecular pairs involved in crystal packing were selected
from the mlc output file, which is generated after PIXEL
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Table 2. Geometry of C-H...O and C-H. .. hydrogen bonds.

D-H...A D-H (A) D...A(A) H...AA) D-H...A ()
I

C5-Hs...011 0.93 2.55 3.392(3) 150
C7-H7...01! 0.97 243 3.305(4) 156
C8-H8...Cgll 0.93 3.28 3.964(4) 132
C15-H15. . .Cg2ii 0.93 3.09 3.983(4) 161
Symmetry code: (i) x,-y—-1/2,z-1/2, (ii) X,~y+1/2,z-1/2 and (iii) -x+1,y+1/2,—z+3/2

I

C2-H2...03 0.93 2.50 3.361(3) 153
C5-H5...011 0.93 2.57 3.400(3) 149
C7-H7...01t 0.93 2.40 3.273(3) 157
C13-H13.. .Cgllil 0.93 2.95 3.754(3) 145
C8-H8...Cg2V 0.93 3.12 3.949(3) 150

Symmetry code: (i) x,~y+3/2,z+1/2, (ii) X,~y+1/2,z41/2 and (iii) —X,~y+2,~z and (iv) x,—y+3/2,z+1/2

In I, Cgl and Cg2 represent the centre of gravity of phenyl rings C11-C16 and C18—-C23, respectively.
In II, Cgl and Cg2 represent the centre of gravity of nitrophenyl ring and phenyl ring C18-C23,

respectively.

Table 3. Geometry of 7— interactions. Cg/ ...CgJ represent the distance between
the ring centroids; Cg/ . . .P, the perpendicular distance of the centroid of one ring from
the plane of the other; « is the dihedral angle between the planes of rings / and J; g
is the angle between normal to the centroid of ring / and the line joining ring centroids;
A is the displacement of the centroid of ring J relative to the intersection point of the
normal to the centroid of ring / and the least-square plane of ring J.

Cgl...CgJ (A) Cgl..PA) «() B (©) A (A)
I
Cg3...Cg3" 3.955(2) 3.480 0.00 28.39 1.87
Cgd...Cg4¥ 3.891(2) 3.479 0.02 26.60 1.74
Cgl...Cg2" 3.857(2) 3.402 2.79 25.33 1.81
Symmetry code: (iv) —x,—y,—z+1 and (v) -x+1,—y+1,—z+1
I
Cgl...CglV 3.824(2) 3.444 0.00 25.76 1.66
Cg4...Cgd¥ 3.761(2) 3512 0.00 20.98 1.34
Cg3...Cg2" 3.782(2) 3.517 1.50 20.34 1.39

Symmetry code: (iv) —x,—y,—z+1 and (v)

—x+1,-y+1-z+1

In I, Cgl and Cg2 represent the centre of gravity of phenyl rings C11-C16 and C18-
C23, respectively, whereas Cg3 represents the centre of gravity of chlorophenyl ring and
Cg4 represents the centre of gravity of phenyl ring (C10/C11/C16/C17/C18/C23).

In II, Cgl represents the centre of gravity

of nitrophenyl ring; Cg2 represents the centre

of gravity of ring C18-C23; Cg3 represents the centre of gravity of C11-C16 ring and
Cg4 represents the centre of gravity of C10/C11/C16/C17/C18/C23 ring.

energy calculations, and were analysed with their interaction
energies. The symmetry operator and centroid—centroid dis-
tance along with coulombic, polarization, dispersion, repulsion
and total interaction energies between the molecular pairs

are presented in table 4. The values of lattice energy for
both the compounds are presented in table 5. The molecular
pairs are arranged in decreasing order of their stabilization
energies. The PIXEL method has been preferred for the
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Table 4.
intermolecular interactions in both the compounds.
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Significant interaction energies (kcal mol~!) between molecular pairs related by a symmetry operation and the associated

Centroid Important
Motif distance (A) Ecoul Epol Edisp Erep Eot Symmetry interactions
Compound I
1 9.477 -3.22 -1.60 -14.84 8.58 -11.06 —1-x,-1-y,1- -1
2 5.924 -3.82 -2.46 -11.64 7.43 -10.47 x,—1/2-y,~-1/24+z C5-H5...01
C7-H7...01
3 9.240 -2.22 -0.86 -11.26 6.14 -8.19 —x,—y,1-z Cl12...Cl1
C13...Cl1
4 7.445 -1.36 -0.84 -8.00 4.06 -6.14 —1-x,~y,1-z C20-H20...C1
C21-H21...C6
C21-H21...C7
5 8.919 -1.38 -0.84 -6.09 3.77 —4.54 —1-x,-1/24y,1/2—¢ C19-H19...Cg3
C15-H15...Cg2
6 9.542 -0.23 -0.47 -4.61 1.84 -3.51 —x,—1/2+y,3/2-z Cl12-H12...C2
C8-H8...Cll
7 11.079 -0.93 -0.50 -4.06 2.44 -3.08 x—14+y.z C13-H13...Cl1
Cl4-Hl14.. .Cl1
8 11.111 -0.86 -0.26 -2.34 0.91 -2.58 x,1/2-y,1/24z C2-H2...Cll
Compound IT
1 5.743 -4.85 -2.60 -12.71 8.03 -12.14 x,1/2-y,1/242 C5-H5...01
C7-H7...01
2 9.723 -2.74 -1.36 -14.43 7.00 -11.54 2—x,-y,1-z -7
3 8.983 -1.15 -0.98 -9.63 4.51 -7.24 1-x,1-y,1— -7
03...C6
03...C7
4 7.391 -0.79 -0.67 -7.38 3.66 -5.18 2—x,1-y,1-z Cl4-Hl14...C2
C13-H13...Cgl
5 9.450 -1.05 -0.76 -5.69 3.13 -4.37 2-x,1/24y,3/2—z C15-H15...Cgl
C19-H19...Cg3
6 10.112 -1.09 -0.57 -3.85 1.58 -3.94 1-x,-1/24+y,1/2— C8-H8...02

Table 5. PIXELC lattice energy calculation output (kcal mol~!).

Ecoul Epol Edisp Erep Etor
Compound I -11.02 -6.12  -47.75 25.81 -39.08
Compound IT -11.61 -5.62 -43.76 22.87 -38.12

quantification of intermolecular interactions, primarily be-
cause of the following reasons:

(1) itis computationally less demanding [23];

(2) it allows partitioning of total interaction energy into
corresponding coulombic, polarization, dispersion and
repulsion contribution, which facilitates a better under-
standing of the nature of intermolecular interactions
contributing towards the crystal packing [24];

(3) the energies obtained from PIXEL calculation are gen-
erally comparable with high-level quantum mechanical
calculations [25,26].

4. Results and discussion

ORTEP diagrams of the compounds were generated using
ORTEP32 [27] and packing diagram was generated using
PLATON [21] software. Both the compounds crystallize
in the monoclinic crystal system with space group P2;/c.
The bond distances of compounds I and II show normal
values [28] and are comparable with those observed in
related structures [14-17].

The molecular structure of I is shown in figure 1. In title
compound I, C3H5Cl; Oy, the prop-2-en-1-one unit is planar
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Figure 1. Molecular structure of I, showing the atomic labelling
scheme. Displacement ellipsoids are drawn at 30% probability
level.

Figure 2. Crystal packing of compound I, viewed along the a
axis, showing hydrogen bonding (dashed lines).

Vinutha V Salian et al

and it makes dihedral angles of 1.52(15)° and 80.52(17)°,
respectively, with the 4-chlorophenyl ring and the anthracene
ring system. In compound I, the anthracene ring system is pla-
nar and the molecule is twisted as indicated by the interplanar
angle between the 4-chlorophenyl ring and the anthracene
ring system, which is 79.32(6)°. The pro-2-en-1-one unit
(C7-C9/01) is planar as evidenced by the torsion angle
O1-C9-C8-C7 of 174.8(3)°. The length of the double bond
C9 = Ol is confirmed by the respective distance of 1.228(3) A.
Molecule I adopts a trans-(-)gauche-trans (tgt) conformation
[torsion angles (°): C6—C7-C8-C9, —178.4(2)°; C7-C8-C9-
C10, 4.8(4)°; C7-C8-C9-01, 174.8(3)°]. In this crystal,
adjacent molecules are interconnected through C-H...O
hydrogen bonds shown in figure 2. The crystal structure is
further stabilized by C-H...w hydrogen bonding and m—m
interactions.

Molecular pairs of the compound I extracted from crystal
structure along with their respective interaction energies are
shown in figure 3. The maximum stabilization to the crystal
structure comes from -7 interaction between anthracene
ring systems. The stabilization energy of this pair is —11.06
kcal mol~! obtained using PIXEL with major contribu-
tion from dispersion component. The next most stabilized
pair (Motif 2) shows the presence of bifurcated acceptor
atom O1 with H5 and H7 having interaction energy of
—10.47 kcal mol~!. The next most stabilized pair (Motif 3)
involves C12...Cl1 and C13...Cll interactions. Along with
these interactions it also involves in molecular stacking
(C—C stacking) and hence results in a total interaction energy
of —8.19 kcal mol~!'. The next molecular pair (Motif 4)
shows the presence of C-H...C interaction involving H20
interacting with C1 and bifurcated donor atom C21 inter-
acting with C6 and C7, generating dimers with stabiliza-
tion energy of —6.14 kcal mol~!. The maximum stabilization
to the next molecular pair (Motif 5) comes from C-H...xw
intermolecular interactions involving H19 with C4 and C5 of
Cgl [where Cgl is the centroid of benzene ring (C1-C6)] and
HI5 interacting with Cg4 [where Cg4 is the centroid of ben-
zene ring (C18—C23)]. The stabilization energy of this pair
is —4.54 kcal mol~! obtained using PIXEL. Molecular pair 6
shows the presence of C-H. . .C (involving H12 with C2) and
C-H. . .Cl interaction (involving H8 with Cl1), resulting in
a stabilization energy of —3.51 kcal mol~!. Another molecu-
lar pair (Motif 7) shows the presence of bifurcated acceptor
atom Cl1 interacting with H13 and HI4 having interac-
tion energy of —3.08 kcal mol~' with major contribution
from dispersion component. The next most stabilized molec-
ular pair (Motif 8) again involves in C-H...Cl hydro-
gen bonding involving H2 interacting with Cl1 with an
interaction energy of —2.58 kcal mol~! and the stabiliza-
tion mainly comes from dispersion component, providing
additional stabilization to the crystal packing. The com-
bined nature of all these interactions is mainly dispersive in
nature.

The molecular structure of II is shown in figure 4. In
title compound II, Cy3H;sN, O3, the prop-2-en-1-one unit is
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Figure 3. Molecular pairs (1-8) with their interaction energies for compound I.

also planar and it makes dihedral angles of 7.30(23)° and
86.96(17)°, respectively, with the 4-nitrophenyl ring and the
anthracene ring system. In this compound the anthracene ring
system is planar and the molecule is twisted as indicated by
the interplanar angle between the 4-nitrorophenyl ring and
the anthracene ring system, which is 88.87(6)°. The pro-
2-en-1-one unit (C7-C9/01) is planar as evidenced by the
torsion angle O1-C9-C8-C7 of 177.9(2)°. The O-N-O

angle in the NO, group is significantly greater than 120°
as a result of the lone pair of electrons on each of the O
atoms; this effect is predicted by the valence-shell electron-
pair repulsion theory [29,30]. The length of the double bond
C9=01 is confirmed by the respective distance of 1.223(2) A.
Molecule II adopts a trans-(-)gauche-trans (tgt) con-
formation [torsion angles (°): C6-C7-C8-C9, —178.7(2);
C7-C8-C9-C10, -2.6(4); C7-C8-C9-01, 177.9(2)]. Three
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Figure 4. Molecular structure of II, showing the atomic labelling
scheme. Displacement ellipsoids are drawn at 30% probability
level.

Figure 5. Crystal packing of compound II, viewed along the a
axis, showing hydrogen bonding (dashed lines).

C-H- - - O inter molecular hydrogen bond interactions are
observed. These intermolecular interactions are responsible

Vinutha V Salian et al

for maintaining the crystal packing. The crystal structure is
further stabilized by C-H...w and n...w interactions shown
in figure 5.

Molecular pairs of compound II extracted from its crystal
structure along with their respective interaction energies are
shown in figure 6. The maximum stabilization to the crystal
structure comes from C—H...O interaction involving bifur-
cated acceptor atom O1 with H5 and H7 having interaction
energy of —12.14 kcal mol~'. The molecular pair (Motif 1)
in this compound II is similar to the most stabilized motif
(Motif 2) in compound I. The next most stabilized pair (Motif 2)
in this compound II is also similar to the most stabilized
Motif 1 in compound I, resulting in a stabilization energy
of —11.54 kcal mol~!. The third most stabilized interacting
motif (Motif 3) shows the presence of C6...03 and C7...03
interactions. Along with these interactions it also involves
in -7 interactions, resulting in a total interaction energy of
—7.24 kcal mol~'. The next molecular pair (Motif 4) shows
the presence of C—H...w and C-H...C interaction involv-
ing H13 interacting with Cgl [where Cgl is the centroid of
benzene ring (C1-C6)] and H14 interacting with C2, gener-
ating dimers and resulting in a stabilization energy of —5.18
kcal mol~'. The maximum stabilization to the next molecular
pair (Motif 5) comes from C-H. .. intermolecular interac-
tions involving H19 with C13 and C14 of Cg3 [where Cg3 is
the centroid of benzene ring (C11-C16)] and H15 interacting
with Cgl [where Cgl is the centroid of benzene ring (C1-
C6)]. The stabilization energy of this pair is —4.37 kcal mol !
obtained using PIXEL. Molecular pair 6 shows the presence
of C-H...O (involving H8 with O2) interaction resulting in
a stabilization energy of —3.94 kcal mol~'. The combined
nature of all these interactions in compound II is mainly
dispersive in nature again.

5. Conclusions

The molecular and crystal structure of chalcone derivatives
has been elucidated by X-ray diffraction methods and the
results show the presence of different key structural motifs,
which aid stabilization of crystal packing in the unit cell.
The total interaction energy (lattice energy) appears to be
the same for both the compounds [-39.08 kcal mol~! for
compound I and —38.12 kcal mol~! for compound II]. The
present study can help us in designing different biologically
active derivatives of chalcone by changing the strength of
donor and/or acceptor atom, which can give rise to interac-
tions of different strength and nature, which in turn can help
in identifying binding capabilities of such molecules with
enzymes. In summary, the results demonstrated that the cal-
culation of lattice energies is a useful approach to assess
the stability of molecular crystals in which dispersion-type
interactions make up an essential part of the intermolecular
interactions.
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Figure 6. Molecular pairs (1-6) with their interaction energies for compound II.
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