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Abstract: N-(3-nitrophenyl)cinnamamide 1 with formula C;15H1,N,O3 was synthesized, and its crystal
structure was determined by single-crystal X-ray diffraction analysis. Compound 1 crystallizes in the
monoclinic space group P21/n with unit cell dimensions: a = 6.7810 (5) A, b=23.0913 (15) A, c=8.2079
(5) A,V =1282.76 (15) A3,7 =4, determined at 150 K with MoK« radiation. The experimental structure
refined against atomic scattering factors is compared with the structure obtained using a Hirshfeld
Atom Refinement (HAR) approach and Density Functional Theory (DFT) geometry optimizations.

Keywords: cinnamamide; crystal structure; Hirshfeld Atom Refinement; density functional theory

1. Introduction

Life-threatening infections caused by multidrug-resistant Gram-positive and Gram-negative
bacteria are rising at an alarming level in many countries around the world [1,2]. Due to the occurrence
in plants and its low toxicity, cinnamic acid has been evaluated as an antioxidant and also, as an
active antimicrobial compound [3,4]. Some cinnamic acid derivatives are reported to demonstrate a
superior antimicrobial activity to that of cinnamic acid itself [5,6]. Pharmaceutical active ingredients
containing the nitro group in their structure constitute a vast family with diverse pharmacological
effects [7]. In aromatic compounds, a nitro group has a strong electron-withdrawing effect on the
aromatic 7r-system, resulting in deactivation of the ring towards electrophilic aromatic substitutions [8].
The presence of the nitro group has also been reported to be responsible for the toxicity of certain
drugs [9]. In a previous study, we have reported that the m-nitro substituent can endow cinnamamide
derivatives with a potent antibacterial activity as compared to the o-nitro and p-nitro substituents [10].

Herein, we report the synthesis and characterization of N-(3-nitrophenyl)cinnamamide by various
spectroscopic techniques. A combination of single-crystal X-ray diffraction and density functional
theory (DFT) simulations were used for structure elucidation and description of the electronic properties
of the compound.

2. Materials and Methods

2.1. Synthesis and Characterization

All chemicals and solvents required for synthesis and characterization were purchased from
commercial sources. The final product was characterized by 'H and >*C NMR on a Jeol FTI-NMR
spectrometer (400 MHz; JEOL, Japan). The chemical shifts (5) are reported in parts per million (ppm)
relative to TMS, and the coupling constants (J) are quoted in Hz. UV absorptions and fluorescence
emission spectra were measured on the Shimadzu UV-1800 spectrometer (Shimadzu, Japan) and
Agilent Cary Eclipse Fluorescence Spectrophotometer, respectively. Mass spectra were recorded on an

Crystals 2019, 9, 599; doi:10.3390/cryst9110599 www.mdpi.com/journal/crystals


http://www.mdpi.com/journal/crystals
http://www.mdpi.com
https://orcid.org/0000-0002-5137-0584
http://www.mdpi.com/2073-4352/9/11/599?type=check_update&version=1
http://dx.doi.org/10.3390/cryst9110599
http://www.mdpi.com/journal/crystals

Crystals 2019, 9, 599 2 0of 10

Agilent-5977E spectrometer (Agilent Technologies, USA). High-resolution mass spectra were obtained
on a J]MS-700 Mass Spectrometer (JEOL, Japan).

2.2. X-Ray Diffraction

The X-ray analysis was performed using a Bruker AXS D8 Quest CMOS diffractometer (Bruker,
USA). A suitable single crystal was carefully selected under an optical microscope and was mounted
with the help of a trace of Fomblin oil on a Mitegen micromesh mount. Then, it was transferred to the
goniometer head with a fixed chi angle, a molybdenum Ko wavelength fine focus sealed X-ray tube
(A = 0.71073), a single crystal curved graphite incident beam monochromator, a Photon100 CMOS area
detector, and an Oxford Cryosystems low-temperature device. X-ray diffraction data were collected at
150 K using w and ¢ scans to a maximum resolution of ® = 33.172° (0.65 A). Data reduction, scaling, and
absorption corrections were performed using SAINT (Bruker, V8.38A). The final completeness is 99.00%
out to 33.172° in ®. Multi-scan absorption correction was performed using SADABS 2016/2 [11,12].
The absorption coefficient p of this material is 0.099 mm! at this wavelength (A = 0.71073 A), and the
minimum and maximum transmissions were 0.674 and 0.747.

The space group was determined based on systematic absences using XPREP [13] as P2;/n (#
14). The structure was solved using direct methods with ShelXS-97 [14] and refined by full-matrix
least-squares on F? using ShelXL-2018/3 [15] and the graphical interface ShelXLE (Rev937) [16].
All non-hydrogen atoms were refined anisotropically. Hydrogen atom positions were calculated
geometrically and improved using a riding model. C-H bond distances were constrained to 0.95 A for
aromatic and alkene C—-H moieties. The N-H bond distance of the amide N-H group was constrained
to 0.88 A. Uijso(H) values were set to 1.2 times Ueq(C/N). Olex2 [17], Mercury [18] and Platon [19]
were used for molecular measurements. Mercury, Olex2, PyMol [20], and POVRay [21] were used for
molecular visualization.

2.3. Computational Studies

Hirshfeld Atom Refinement (HAR) with Olex2 [12] was performed using the “Restricted
Hartree-Fock” method with a def2-SVP basis set [22,23]. Density functional theory (DFT) calculations
were carried out using Gaussian 09 [24]. The molecular geometries of the singlet ground state of
Compound 1 were optimized in the gas phase at the DFT level using hybrid B3LYP functions with
a 6-31G++(d,p) basis set [25,26]. A frequency calculation was carried out to ensure the optimized
molecular structure corresponds to a local minimum [19]. Avogadro 1.2.0 [27] was used to obtain the
HOMO, LUMO results, and information for bond length and bond angles.

3. Results and Discussion

3.1. Synthesis and Characterization

Six reports of the synthesis of (N-(3-nitrophenyl)cinnamamide 1 have been published between
1963 and 2015 [10,28-32]. However, no crystallography data had been reported to date (Cambridge
Structural Database, October 2019). The synthesis employed here is a modification of that reported by
Wang et al. [33]. Cinnamoyl chloride (4.10 g, 25 mmol), pre-dissolved in 5 mL diethyl ether, was added
dropwise to a 30 mL stirred solution of 3-nitroaniline (4.15 g, 30 mmol) in diethyl ether at 0 °C.
The mixture was stirred at 0 °C for 30 min and then at RT for 3 hours. Upon completion of the reaction,
the solvent was evaporated, and then 100 mL of dichloromethane was added to the flask. The solution
was washed with 1N HCI (3x) and with 1IN NaHCO3 (2x). The organic layer was dried over Mg,SOy,
filtered, and then the solvent was evaporated completely to obtain the target material (4.95 g, 18.5 mmol,
74.0%) (Scheme 1). Yellow crystals suitable for X-ray diffraction of Compound 1 were obtained by
slow evaporation from ethyl acetate. The 'H NMR and '3C NMR were recorded (Supplementary
Materials Figure S1 and Figure S2). 'H NMR (dg-DMSO, 400 MHz, 298 K) (assignments labelled
as in Figure 1): 6 (ppm) 10.73 (br, 1H, -NH), 8.76 (1H, t, Ar-H, B2), 8.00 (d, 1H, ] = 8.14Hz, Ar-H,
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B4), 7.94 (d, 1H, ] = 8.22Hz, Ar-H, B6), 7.46-7.67 (m, 7H, Ar-H, CH=CH, B6 and A2-A6), 6.83 (d,
1H, ] = 15.79 Hz, CH=CH, 2-3). 3C NMR (d6-DMSO): § (ppm) 164.18 (C=0), 148.05 (NO,-Ar-C),
141.31 (Ar-CH=CH), 140.40, 134.46, 130.32, 130.14, 129.12, 127.94, 125.21, 117.91, 113.33 (Ar), 121.49
(CH=CH-C=0). JEOL JMS 700, EI* mode: m/z = 268.0847 [M]* (Supplementary Materials Figure S3).
Compound 1 (100 nM - 25 uM) demonstrated the absorption maximum (Amax) at 296nm in the DMSO
solution (Supplementary Materials Figure S4). However, measurable fluorescence emission was not
observed in the entire concentration range.

NO,

o NO, o /@
—_—l
©/\)kc. + HzN—@ ©/\)\E

Scheme 1. Synthesis of N-(3-nitrophenyl)cinnamamide (Compound 1).

NO,
BS
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Figure 1. Ring nomenclature (A and B rings).
3.2. X-Ray Diffraction

The single-crystal diffraction data are summarized in Table 1. An ORTEP diagram of Compound
1is presented in Figure 2. Bond distances and angles in Compound 1 are unusual and as expected.
The molecule consists of several planar segments that are close to co-planar with each other, leading to
a nearly planar molecule.

The angle between the planes of the A ring and nitro-substituted B ring of compound 1
is 6.66 (3)°. The torsion angles between the propene amide bridge and the A and B rings are
-1.32 (10)° (C2-C3-C4-C9), -2.1 (9)° (C1-C2-C3-C4), —9.82 (9)° (C1-N1-C10-C11), and —2.64 (8)°
(C2-C1-N1-C10) resulting in a close to planar molecule. The conformation of the double bond and the
amide unit is all trans, leading to an extended “linear” structure. This conformation is in part stabilized
by an internal C-H---O interaction, between H15 of the nitrophenyl ring and the amide oxygen atom
01, with an H--O of 2.27 A. The short C15---O1 distance of 2.8623 (10) A indicates this interaction to be
stabilizing, despite of the less than favorable C-H---O angle of 119.6°.

Figure 2. ORTEP view of Compound 1, showing 50% probability displacement ellipsoids and
atom labeling.
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Packing of molecules in the solid-state is governed by the close to planar and extended
conformation, leading to ribbons of parallel sheets of molecules that are stacked through 77
stacking interactions. Within each ribbon, molecules are connected through a series of N-H---O and
C-H:-O interactions of various strengths (Table 2).

Table 1. Summary of crystal data.

Formula C15H12N,O3
Formula mass (g/mol) 268.27
Crystal system Monoclinic
Space group P2y/n
a,b,c(A) 6.7810 (5), 23.0913 (15), 8.2079 (5)
B,y (%) 90, 93.538(3), 90
V (A%, Z 1282.76 (15); 4
Temperature (K) 150
Radiation type MoK (A = 0.71073)
w(Mo Ka), mm 0.10
Collected reflections 20955
20 range (°) 2.638,33.172
Unique reflections 4759
Rint 0.031
Rsigma 0.0224
Ry [I>20 ()] 0.0442
wR; 0.122
F(000) 560.0
Crystal size (mm) 0.55 x 0.45 x 0.19

Crystal description

Clear, yellow

Table 2. Selected hydrogen-bond parameters (A, °).

D—H---A D—H@A) H--AA) D-AA) D—H-A(C)
C2—H2---O2t 0.95 2.38 3.2534 (10) 152.1
C11—H11. -- 03! 0.95 2.42 3.3490 (11) 165.6
C15—H15---01 0.95 227 2.8623 (10) 119.6
N1—H1.-- 02! 0.88 2.33 3.1895 (9) 164.7
C2—H2--- 021 0.95 2.38 3.2534 (10) 152.1

Symmetry code(s): (i) X, y, z— 1.

The strongest of these interactions is an N-H---O hydrogen bond involving the amide as the
H-bond donor, and one of the oxygen’s of the nitro group, O2, as the H-bond acceptor. The short N---O
distance of 3.1895 (9) A indicates this interaction to be the strongest individual directional interaction
in the lattice of Compound 1. This interaction is augmented by two C-H:--O interactions that provide
synergy to the single N-H---O hydrogen bond. H11, trans to the nitro group on the B ring, interacts with
the second nitro oxygen atom, O3, and H2 of the alkene is interacting with the same nitro O atom as
the amide. The nitro group thus acts as an acceptor for three hydrogen bonds: one strong N-H---O and
two weaker C-H---O interactions. These interactions connect molecules into H-bonded ribbons that
stretch along the c-axis direction (Figure 3). The ribbons are stabilized by another C-H---O interaction
that involves the amide oxygen as the H-bond acceptor, and H6 of the phenyl ring as the donor.
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Figure 3. N-H---O and C-H--- O interactions in Compound 1, showing a segment of the ribbon
of molecules along the c-axis direction. Labels included only for atoms involved in N-H---O and
C-H--- O interactions (symmetry operator *: x, y, z — 1).

H-bonded ribbons are stacked atop of one another to form 7-stacked layers. Individual 7r-stacking
interactions are, however, ill-defined. The shortest centroid to centroid interaction is observed for
molecules arranged in head-to-tail parallel pairs, between nitrophenyl and phenyl rings. The centroid
distance is, however, as long as 3.9746(6) A, with slippage between rings of 2.29 A, indicating a less than
ideal mt-stacking interaction (Figure 4). Molecules are shifted against each other sideways, and neither
the centers of molecules nor the centers of aromatic rings come to rest atop of each other, but their
m-systems are in contact with those of several molecules of the parallel ribbon. The shortest individual
mi-stacking contact involves the amide and nitro units in parallel layers with a Cymige t0 Onitro distance
of only 3.1145(11) A. However, this interaction is not between the same molecule as in the head-to-tail
parallel dimers but to the next molecule over (Figure 4). It is thus rather the n-stacking of whole
ribbons than that of individual pairs of molecules that provide the driving force for the observed
packing arrangement.

Figure 4. Basic m-stacking interactions. Shown are the shortest centroid-to-centroid distances (centroids
are shown as red spheres) between phenyl and nitrophenyl rings, and the shortest atom to atom
mi-stacking interaction between C-amide and O-nitro atoms. Distances in A.

Ribbons are stacked in both directions, up and down, with slightly different interplanar distances.
Depending on the exact definition of planes—molecules in H-bonded ribbons are slightly shifted up or
down with respect to each other—interplanar spacing’s are between 2.876 and 3.315 A (other values lie
between these two extremes). A representative view of the extended m-stacking is shown in Figure 5.
Parallel ribbons are shifted along the planes—mostly along the long unit cell axis (the b-axis).
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Figure 5. Herringbone arrangement of m-stacked ribbons viewed along the c-axis. Parallel planes
defined by molecules shown in transparent beige. Interplanar distances are shown in green (A).

Neighboring stacks of ribbons along the b-axis direction are not coplanar but tilted against
each other (Figure 5), at an angle of about 48.11°. Viewed along the c-axis direction, this leads to a
herringbone arrangement. No individual directional interactions are found that connect neighboring
stacks of ribbons with each other, but phenyl rings slipped away from the stacks and protruding out do
interdigitate with their counterparts from the parallel stack, thus creating a zipper-like interaction and
preventing stacks from sliding past each other and giving additional stability to the structure overall
(Figure 5).

3.3. Computational Studies

A plot of the difference in the electron density of the refined structure (Figure 6) shows that most
residual electron density is located on bonds between atoms. These results indicate that the spherical
atom approach, or atoms in molecules (AIM) approach, for crystal structure refinement, is providing a
poor fit of the experimental electron density for Compound 1. Bonding electrons, or any distortion
of electron density from that of a spherical atom other than anisotropic libration, cannot be modeled
using a traditional crystal structure refinement against structure factors based on spherical atoms
alone. For structures where these deformation densities are making up a large part of the difference
in the electron density, a refinement that uses non-spherical structure factors provides an alternative.
One such approach is a Hirshfeld Atom Refinement (HAR).

When using HAR, as implemented in Olex2 [12], an improved R-value of 2.23% was observed,
as opposed to the Shelxl based AIM model R-value of 4.05%. Specifically, we used HAR with the
“Restricted Hartree—Fock” method with the def2-SVP basis set [21,22]. The experimental Shelxl and
HAR solid-state geometries for Compound 1 were also compared to DFT calculated gas-phase values.
Selected bond distances, bond angles, and torsion angles are given in Table 3. The conformational
disagreements amongst the experimental structure (X-ray structure) and optimized equivalents by
HAR and the B3LYP functional with 6-311++G(d,p) basis set were determined (Figure 7).

The root-mean-square error (RMSE) of 0.191 A was obtained on superimposing the optimized
(HAR) and X-ray structures of Compound 1. HAR optimization indicated that the angle of 6.60
(15)° between the planes of the A ring and nitro-substituted B ring of Compound 1, which is almost
similar to the X-ray structures of Compound 1 (6.66 (3)°). The RMSE of 0.204 A was obtained on
superimposing the optimized (B3LYP) and X-ray structures of Compound 1. The DFT calculations
assigned a planar structure to Compound 1 indicated by the angle of 0.153° between the planes of the A
ring and nitro-substituted B ring. The optimized structures are relatively planar, while the experimental
structure is slightly rotated. The torsion between O1 and H15 twist the molecule slightly, contributing
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to the angle of 6.66 (3)° between the planes of the A ring and nitro-substituted B ring. According to our
calculations, the significant differences between experimental and calculated bond lengths by HAR
and B3LYP were 0.002 A and 0.009 A (C2-C3). The significant difference between experimental and
calculated bond angles by HAR and B3LYP were 0.2° (C12-C8-N1) and 2.6° (C2-C3-N4), respectively.
The discrepancies between experimental and optimized DFT data are not surprising because the
B3LYP optimizations were based on the unpacked isolated molecule. Whereas, the packing effects
and intermolecular interactions prevail in the solid-state. Even though there are minor differences,
calculated geometric parameters represent a good approximation.

Figure 6. Fg,—F . difference electron density plot of the structure refined using the standard
anisotropic spherical atom approach (Shelx12018). The Fgps—F . map cutoff values are at 0.14
electrons per cubic Angstrom. Difference densities are located mainly on bond critical points
(“bonding electrons”).

Table 3. Selected bond lengths (A) and bond angles (°) for Compound 1.

Bond Lengths (A) Bond Angles (°)
A-B ShelXI HAR B3LYP A-B-A ShelXI HAR B3LYP

Cl-C2 1479 (11) 1480(6) 1483  OI1-C1-N1 1235(7) 123.8(4) 123.1
CI-N1 1375(10) 1373(5) 1389  O1-C1-C2  124.0(7) 1238(4) 1235
Cl-O1  1228(10) 1.225(5) 1226 NI-C1-C2 1125(7) 1125(3) 1134
C2-C3  1337(11) 1339(6) 1346  C3-C2-C1  121.8(8) 121.8(4) 1197
C3-C4 1466 (12) 1464(6) 1462  C2-C3-C4  1256(8) 1256(4) 1282
C10-N1 1.404(10) 1.401(5) 1403 CI-N1-C10 1283(7) 1280(3) 1288
C14-N2 1465(10) 1463(5) 1477 CI5-C10-N1 1234(7) 123.6(3) 123.1
N2-O2  1.231(10) 1.225(5) 1229 C11-C10-N1 117.1(6) 1169(4) 1176
N2-03  1226(11) 1.218(5) 1232  O3-N2-02 123.0(7) 1229(4) 1246
Cl1-C12 1384 (11) 1.388(6) 1391 O3-N2-C14 1184 (7) 1184(4) 1175

@ Experimental (X-ray)
® HAR
® B3LYP

Figure 7. Superimposition of the X-ray structure of Compound 1 (orange) and its HAR (purple),
B3LYP (green) optimized counterpart (red).
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The frontier orbitals were computed using the B3LYP functional and the 6-311++G(d,p) basis set
(Figure 8). The HOMO and LUMO of Compound 1 are distributed over the propene amide bridge,
phenyl and, nitrophenyl rings. The experimental structure of Compound 1 shows a slight correlation
with the reported p-nitrophenyl derivative [34]. The reported structure is more planar than Compound
1, as indicated by a smaller dihedral angle of 3.04 (8)° between the ring A and nitro-substituted ring B.

avh

L * HOMO L ¥ LUMO

Figure 8. Frontier orbitals computed using the B3LYP functional and the 6-311++G(d,p) basis set.

Based on the crystallographic data, the 7t— stacking interactions provide the largest fraction of the
packing interaction energy, leading to the ribbon-like packing arrangement in the crystals. 7—m stacking
interactions in Compound 1 exceed the hydrogen bonding interactions. This might be contrary to initial
perception, as the H-bonding interactions—as strong and directional interactions—are individually
having the highest interaction energy. This is, however, more than compensated by the number of
atoms involved in the pi-stacking interactions, which exceeds the number of individual H-bonding
interactions by order of magnitude. To compute the effect of m—m stacking interactions in the crystals
packing arrangement, the UNI forcefield calculations were used [35,36]. The CSD-materials suite in the
Mercury program was used to determine the UNI intermolecular potentials for the packing interactions
in the solid-state, and the obtained results are presented in Figure 9 (Supplementary Materials Table S1).
Compound 1 showed four largest intermolecular interactions that arise from pi-stacking interactions
(ranging from —58.5595 to —36.3843 kJ/mol), followed by a pair of (symmetry equivalent) interactions
involving the H-bonding interactions within the pi-stacked layers at —24.0213 kJ/mol. These results
further contribute to the idea that the -7 stacking interactions are the driving force for this compound
to arrange in the ribbons.

Figure 9. Intermolecular potential energies obtained by UNI forcefield calculations.
4. Conclusions

N-(3-nitrophenyl)cinnamamide was synthesized with the modified method and characterized
by NMR, UV-visible and fluorescence spectroscopy, mass spectrometry, and X-ray crystallography.
Also, density functional modeling studies, HAR, and the UNI forcefield calculations were reported in
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this study. The geometric parameters calculated by using the HAR with the “Restricted Hartree-Fock”
method with the def2-SVP basis set and density functional theory (DFT) with the 6-311++G(d,p)
basis set are in good agreement with the X-ray structure, despite the observed differences, in general.
However, the DFT method allowed us to calculate the bond angles and geometry of the investigated
compound with more convenience than HAR refinement. The calculated bond lengths and bond
angles showed minor disagreements with the experimental results. The investigated compound was
found to crystallize in the monoclinic space group P2;/n with a = 6.7810 (5) A, b = 23.0913 (15) A,
¢ =82079 (5) A, V =1282.76 (15) A3, Z = 4. The X-ray single crystallographic study, DFT calculations,
and UNI forcefield calculations revealed that packing of molecules in the solid-state is governed by
the close to planar and extended conformation of the investigated compound, leading to ribbons of
parallel sheets of molecules that are stacked through 7 —t stacking interactions. Within each ribbon,
molecules are connected through a series of N-H- - - O and C-H- - - O interactions of various strengths.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/9/11/599/s1,

Figure S1: 'H NMR spectra of compound 1, Figure S2: 3C NMR spectra of compound 1, Figure S3: Mass
spectra of compound 1, UV absorbance spectra of compound 1, Table S1: Calculated inter-molecular potentials
energies obtained by UNI forcfield calculations. The supplementary crystallographic data (CCDC 1965718)
for the compound 1 can be obtained free of charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk.
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