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Abstract

The anilide compound named (Z)-4-(2-methoxy-4-nitrophenyl)amino)-4-oxobut-2-enoic acid (MAOA) has been
synthesized by the chemical reaction of 2-methoxy-4-nitroaniline and maleic anhydride in ethyl acetate. The synthesized
compound was characterized by elemental analysis, FT-IR and UV-Vis spectroscopy, and TGA/DSC technique. Further-
more, the crystal structure was analyzed by the single crystal X-ray diffraction (SC XRD) technique. The supramolecular
assembly of MAOA in terms of non-covalent interactions was explored by Hirshfeld surface analysis. Void analysis
inferred that MAOA is expected to have good mechanical properties. The crystal packing environment was further in-
vestigated by interaction energy between molecular pairs and energy frameworks. Moreover, the result of the gas-phase
DFT study showed that there is an intramolecular N-H---O and O-H---O hydrogen bond in MAOA due to the distance
between D and A being smaller than the sum of their van der Waals radii. The result of the QTAIM study showed that
there should also be an intramolecular CH---O hydrogen bond with a strength of 3.40 kcal/mol in MAOA.

Keywords: Anilide; Crystal structure; Supramolecular assembly; Non-covalent interactions; Gas-phase DFT

1. Introduction

Substituted anilines are very important chemical
species that could be used as a starting material for the
synthesis of valuable triazole-based medicines like flu-
conazole, itraconazole, voriconazole, and posaconazole.!
Another important method of aniline modification is the
N-alkylation followed by photochemical radical cycliza-
tion reaction for the synthesis of indoles,? as a precursor
for the synthesis of the acetaminophen (paracetamol) that

is widely used as a medication to treat the pain and fever,?
and for the photochemical cyclization to accomplish the
highly substituted indulines.* Aniline could also be used as
a precursor for the synthesis of quinoline which is an im-
portant heterocyclic aromatic compound with medicinal
and chemical significance.’ Acid anhydrides are also valu-
able chemical building blocks with the speciality of high
reactivity that can be used for the synthesis of new chemi-
cal architectures that might be used as intermediates or the
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final products for utilization in the field of chemical mod-
ification specially anilides.

Anilides, mostly produced by the reaction of substi-
tuted anilines and anhydrides are well-recognized chemi-
cal building blocks in the field of medicinal chemistry be-
cause of their broad bioactive spectrum. Anilides such as
MAOA having the nitro group and carboxylic acid func-
tionality could be exciting chemical compounds as the
hetero atoms might be responsible for non-covalent inter-
actions and could also be used as potential ligands in coor-
dination chemistry. Nitro group containing anilides have
shown several biological activities like antidepressants and
anticancer,%’ analgesic and antimicrobial,” caspases acti-
vators and apoptosis inducers,® and anti-HIV-I agents® as
shown in Figure 1.
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Figure 1. Anilide functionality embedded molecules with their bio-
logical potential.

Currently, the synthesis of crystalline organic com-
pounds and their single crystal analysis together with the
computational investigation are gaining enormous atten-
tion in order to predict various electronic features such as
non-linear optical properties,'®!* frontier molecular or-
bitals!* and non-covalent interactions etc.!>-17 Maleic an-
hydride could also be utilized for the N-alkylation of pri-
mary amines to produce functionalized anilides. Herein,
we are presenting our findings concerning the synthesis,
single crystal analysis-based structural investigation and
computational exploration of the MAOA.

2. Experimental

2. 1. Materials and methods

The 2-methoxy-4-nitroaniline, maleic anhydride,
and other reagents used in the current work were of ana-
lytical grade and purchased from Sigma-Aldrich, Merck,
Daejung, and Alfa Aesar. The combustion analysis for the

estimation of C, H, and N was carried out using a Vario EL
elemental analyzer. The melting point of the synthesized
compound was measured in an open capillary using the
Gallen Kamp electrochemical melting point device. Func-
tional groups present in the sample were analyzed by using
Fourier transform infrared spectroscopy from 400 to 4000
cm™! using IRSpirit-T equipped with diamond ATR (Shi-
madzu). The thermal data (TGA/DSC) was collected using
Discovery 650 SDT simultaneous thermal analyzer (TA
Instruments) with a temperature range from ambient to
400 °C. The heating rate was 10 °C/minute under a 99.999%
nitrogen atmosphere with a flow rate of 50 mL/min. The
absorption spectra were measured on a CE 7200 dou-
ble-beam UV-Visible spectrophotometer using DMSO as
a solvent. For the sake of thin-layer chromatography, the
pre-coated silica was employed to monitor the progress of
the chemical reaction and to ensure the purity of the prod-
uct formed.

2. 2. Synthesis of (Z)-4-(2-Methoxy-4-
nitroanilino)-4-oxobut-2-enoic acid
(MAOA)

Equimolar amounts of 2-methoxy-4-nitroaniline
(1.0 mmol, 0.168 g) and maleic anhydride (1.0 mmol,
0.098 g) were dissolved separatelyin 10 mL of ethyl acetate
in 50 mL of beakers. Both solutions were then mixed drop
by drop with continuous stirring. After complete addition,
the mixture was further stirred for 5 hours. The progress
and completion of the reaction and purity of the product
were continuously monitored with the help of thin-layer
chromatography. The yellow solid product was then ob-
tained by evaporation of solvent via a rotary evaporator.
Recrystallization of the obtained product was done in
methanol to get light yellow crystals (0.213 g) of good
quality (Scheme 1).

MAOA: Yield: 80 %; M.P: 171 °C; Color: Light Yel-
low; Anal. Calc. for C;;H,;(N,O¢: C, 49.63; H, 3.79; N,
10.52; Found: C, 49.52; H, 3.71; N, 10.55 %; FT-IR (cm™);
3328 (W-H), 3055 (VCH gomaticp 3001 (VC-H yenc)s
~2970 (VC-H jiphaic)> 1713 (vCOO), 1615 (vC=0), 1582
(vC=C), 1552 and 1349 (VNO,), 1017 (vC-N) [Figure S1];
UV-Vis (DMSO); A= 360 (n-m*) [Figure S2]; TGA/
DSC; 71% weight loss from 130 to 260 °C, Enthalpy (nor-
malized); 1361 J/g, Phase change at 171 °C with heat flow
-0.671 W/g, Residue 12.97% [Figure S3].

2. 3. X-ray Crystallography Details

Raw data of single crystal by X-ray was collected on
Bruker Kappa Apex-II CCD diffractometer with a target
made of molybdenum and \ = 0.71073 A. APEX-II soft-
ware was employed for data collection. The structure was
solved and refined on SHELXT2014!® and
SHELXL-2019/2," respectively. Refinement of all atoms
other than H-atoms was performed by employing aniso-
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tropic displacement parameters of atoms whereas refine-
ment of H-atoms was performed with relative isotropic
displacement parameters by using the riding model. OR-
TEP-3,20 PLATON?! and Mercury 4.0?? software were em-
ployed for the graphical representation of results.

Table 1. Crystal data and refinement parameter for MAOA.

Chemical formula Cy,HoN,O4
Molecular weight 266.21
Temperature 296(2) K
Crystal system Monoclinic
Space group P2,/c

a(A) 3.8664(6)
b(A) 23.282(4)
c(A) 11.2114(17)
a(®) 90

1G) 96.461(9)

y () 90

V(A3) 1132.0(3)
VA 4

p (mm™) 0.130
F(000) 552
Reflections collected 8207
Unique reflections 2168
Observed reflections [I > 20(I)] 1388
Data/restraints/parameters 2168/0/174
Ry 0.078

S 1.071

Ry, wR, [1 2 20(1)]
R;, wR, (all data)

0.0811, 0.1770
0.1191, 0.1988

2. 4. Procedure of Hirshfeld Surface Analysis
and Interaction Energy Between
Molecular Pairs

Hirshfeld surface analysis is a unique way for the ex-
ploration of strong as well as weak intermolecular interac-
tions in single crystals. The analysis is done on Crystal Ex-
plorer version 2152 Hirshfeld surfaces providing
information about the intermolecular interactions by color
coding.?* We further explored the crystal packing environ-
ment by finding the interaction energy between molecules.
Crystal Explorer version 21.5 is used for interaction ener-
gy calculations along with B3LYP/6-31G(d,p) electron
density model. The interaction energy is the sum of four

kinds of energies named as electrostatic (E_ele), polariza-
tion (E_pol), dispersion (E_dis) and exchange repulsion
(E_rep).® Electrostatic energy can be attractive or repul-
sive whereas polarization and dispersion energy are always
attractive.

2. 5. Computational Details

2.5. 1. DFT and NBO Studies

The DFT study is utilized to examine the title com-
pound’s gas-phase structures. The DFT calculations were
done using the hybrid B3LYP approach, which is a combi-
nation of the exact exchange (HF) and Becke functionals,
as well as the LYP correlation functional, and is based on
Becke’s notion.0-28 A B3LYP calculation was performed
with the basis set 6-311++G**.% After obtaining the con-
verged geometry, the vibrational harmonic frequencies are
calculated at the same theoretical level to ensure that the
imaginary frequency number is zero for the saddle point.
For the study of the intrinsic electronic properties of the
studied compound, the NBO analysis on the studied com-
pound is performed at the same theoretical level. All men-
tioned calculations are performed by Gaussian 16.3° More-
over, the molecular conformational is acquired by Austin
Model method and compared with the molecular confor-
mation by SC XRD. The details and findings of Austin
Model method are given in the supplementary informa-
tion file.

2.5.2. QTAIM Study

The quantum theory of atoms in molecules (QTAIM)
also called atoms in molecules (AIM) is a model of mole-
cules and condensed matters. In this model, the major ob-
jects of molecules and condensed matters, i.e., atoms and
bonds are naturally expressed by the distribution function
of the observable electronic density of a molecule. The
electron density distribution of a molecule is a probability
distribution and describes the average distribution of the
electronic charge in the field of attraction exerted by the
nuclei. According to QTAIM, the molecular structure is
revealed by the stationary points and the gradient paths of
electron density. The gradient paths of a molecul€’s elec-
tron density are originated and terminated from the sta-
tionary points. In this study, the QTAIM analysis is per-
formed using the multiwfn program.®!
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Scheme 1. Synthetic scheme for the (Z)-4-(2-methoxy-4-nitroanilino)-4-oxobut-2-enoic acid (MAOA).
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3. Results and Discussion
3. 1. Synthesis and Analysis

A new functionalized anilide (MAOA) was synthe-
sized by reacting 2-methoxy-4-nitroaniline with maleic
anhydride in ethyl acetate under stirring conditions. The
obtained yellow solid product was recrystallized in metha-
nol to get pure crystals suitable for X-ray diffraction anal-
ysis and spectroscopic characterizations (Scheme 1).

3. 2. Single Crystal X-ray Diffraction Analysis
of MAOA
The Cambridge structure database search confirmed

that the crystal structure of MAOA is novel. The search
provides a lot of crystal structures that have some similar-

Figure 2. ORTEP diagram of MAOA that is drawn at the probabil-
ity level of 50% with H-atoms are displayed by small circles of arbi-
trary radii.

ities with the crystal structure of MAOA. The crystal
structure of MAOA is compared with the closely related
crystal structures.

The molecular configuration of MAOA (Figure 2,
Table 2) is stabilized by intramolecular N-H--O and
O-H--O bonding. S(5) and S(7) H-bonded loops are
formed by the intramolecular N-H:-O and O-H--O
bonding, respectively.3? The (Z)-4-oxobut-2-enoic acid
group A (C1-C4/01-03) and 2-methoxyanilinic group B
(C5-C11/N1/0O4) are roughly planar with root mean
square (r.m.s.) deviations of 0.0694 and 0.0159 A, respec-
tively. The corresponding dihedral angle A/B is 6.73(14)°.
The nitro group C (N2/05/06) is twisted at the dihedral
angle of 10.3(4)° with respect to group B. The substitutions
on the phenyl ring make the molecule non-planar. The
molecules are connected in the form of dimers through
N-H--O and C-H--O bonding to form R!,(6) loop (Fig-
ure 3, Table 2). In both H-bonding, the acceptor O-atom is
from the carbonyl O-atom (O2) of the carboxylate group
(C1/01/02). In C-H---O bonding, the H-bond donor is
from group A. The phenyl ring, carbonyl O-atoms (O3/
0O4) and nitro group are not involved in any intermolecu-
lar H-bonding. Due to the intermolecular bonding, a
monoperiodic infinite chain of molecules is formed with a
base vector [2 0 1]. Moreover, solid-state packing is further
stabilized by m--mt stacking. The phenyl rings of the mole-
cule present in the asymmetric unit are involved in off-set
n--1 stacking interactions with the phenyl rings of the
symmetry-related molecules (1 - x, y, z and 1 + x, y, 2).
Inter-centroid separation of this interaction is 3.866 A and
the ring off-set range is from 1.527 to 3.866 A as displayed

Figure 3. Packing diagram of MAOA showing dimerization of molecules.
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in Figure 4. The other weak interactions such as C-H:-m,
N-O---m and C-O---mt are not found in the crystal packing
of MAOA. The Cambridge structure database search pro-
vides more than 50 crystal structures that have some simi-
larity with the crystal structure of MAOA. The close in-
spection of these structures inferred that 5 out of 50 have
close similarity with the crystal structure of MAOA. Two
structures with reference code JAYGEW?3? and MNP-
MALO13* have nitro-substituted phenyl rings whereas, the
other two structures with reference code LAQJEU?> and
SAGFIR* have disubstituted phenyl rings (nitro and
chloro). The molecular configuration of JAYGEW and
MNPMALQOL is stabilized by intramolecular O-H---O and
C-H---O bonding along with intermolecular N-H---O and
C-H--O bonding. O-H--O intramolecular H-bonding is
found in LAQJEU and SAGFIR along with N-H---Cl bond-

Figure 4. Graphical representation of chain along a-axis that is
formed by off-set m--7 stacking interactions. H-atoms are not shown
for clarity. Distances are measured in A.

(a)

Figure 5. Hirshfeld surface plotted over (a) dyo.p» (b) shape index.

ing which is present in SAGFIR. - stacking interaction
is found in these four selected literature crystal structures.

Table 2. Hydrogen-bond geometry (4, °) for MAOA.

D—H--A D—H H-A DA  <(D—H--A)°
N1-HIA-O4  0.86 222 2.621(3) 108
O1-H1--03 0.82 174 2.545(3) 167
N1-HIA-O%  0.86 239 3.198(4) 156
C3-H3.-0% 0.93 231 3.176(4) 154

Symmetry codes: (i) x — 1, =y + %,z — 1.

3. 3. Hirshfeld Surface Analysis

Hirshfeld surface (HS) mapped over d, g, is dis-
played in Figure 5a. The surface uses three colors, red,
white and blue to classify interatomic contacts by their
strength. Red and blue spots stand for short and long con-
tacts, respectively. The contacts for which the distance be-
tween the interacting atoms is equal to the sum of the van
der Waal radii are shown by white spots on the surface.
The most dominant interactions in the crystal packing are
indicated by red spots on the HS whereas nearly negligible
and intermediate intermolecular interactions are indicated
by blue and white color, respectively. The red spot around
the NH group, one of the CH of group A and the carbonyl
O-atom of the carboxylate group indicate that these atoms
are involved in short contacts or H-bonding. The H-bond-
ing is represented by the green dotted line in Figure 5a.
-1t stacking interactions can be visualized by plotting HS
over the shape index. The presence of consecutive red and

(b)
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Figure 6. Two-dimensional fingerprint plots in MAOA for (a) overall interactions and (b-i) individual interatomic contacts.

blue triangular-shaped regions around phenyl rings in Fig-
ure 5b indicates that stacking interactions are present in
MAOA.

The intermolecular interactions can be further ex-
plored with the utilization of two-dimensional finger-
print plots which is a key analysis to separately identify
and quantify the interatomic contacts.’’~*0 Figure 6a is
the 2D fingerprint plot for overall interactions on which
short interactions contacts are shown by large spikes. In
most crystal structures of organic compounds, H--H
contacts are the most significant contributors in the crys-
tal packing but in our case, the O--H contacts are the
most significant contributors in the crystal packing with

a percentage contribution of 39.8% (Figure 6b). The oth-
er significant interatomic contributors responsible for
the overall packing of molecules are H---H, C---H, O--O,
C---C and O---C with percentage contributions of 22.6%,
12.7%, 7.2%, 6.2%, and 5.9% (Figure 6¢c-g), respectively.
The enrichment ratio provides the tendency of the pair of
chemical species in the single crystal to form crys-
tal-packing interactions. Each pair of chemical species
has a unique ability to be involved in the crystal packing.
Some pairs have a higher tendency to be involved in the
crystal packing interactions than others. The enrichment
ratio for a pair (X, Y) is acquired by dividing the propor-
tion of the actual contact by the proportion of the ran-
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dom contact calculated theoretically.*! The results of this
study are summarized in Table S1. Although the O--H
contacts are the most significant contributors to the crys-
tal packing but the contact which has the highest tenden-
cy to form crystal packing is C---C with an enrichment
ratio of 2.58. The other higher tendency contacts are
O--N and O--H with enrichment ratios of 2.15 and 1.26,
respectively. The H---H contacts are not favorable as the
enrichment ratio for this contact is less than 1.

For the sake of further exploration of the crystal
packing in MAOA, the interaction of an atom of a mole-
cule with all other atoms present in its surrounding is
calculated.*? Figure 7a gives a quantitative description of
the interaction of an atom present inside the HS to the
atoms present in the surrounding HS. The H-atoms pres-
ent inside the HS interact strongly with atoms present in
the surrounding HS with a percentage contribution of
46.6%. The quantitative contribution of other such inter-
actions O-ALL, C-ALL and N-ALL is 33.2%, 17% and
3.2%, respectively. Figure 7b gives a quantitative descrip-
tion of the interaction of an atom present outside the HS
with all the atoms present inside the HS. The H-atoms
present outside the HS interact strongly with atoms pres-
ent inside the HS with a percentage contribution of 53%.
The quantitative contribution of other such interactions
ALL-O, ALL-C and ALL-N is 30.6%, 14.1%, and 2.3%,
respectively.

3. 4. Interaction Energy and Energy Frames
Analysis

The molecule present in the asymmetric unit is taken
as a reference molecule and molecules present in the vicini-
ty of the reference molecule (3.8 A) are taken in calcula-
tions. The results of interaction energy calculations are giv-
en in Table 3. The total energy is maximum for the molecular
pairs with the center-to-center separation of 11.07 A that are
related to each other by inversion symmetry and for this
pair, the hydrogen-bonded contacts are the major controller
of the interaction energy as compared to the m---m stacking
interaction. The net attractive energy is maximum for the
molecular pairs with the center-to-center separation of 9.91
A that is related to each other by symmetry (-x, -y + %, z +
14). The electrostatic energy is repulsive for two molecular
pairs with the center-to-center separation of 3.87 and 6.07
A. For the molecular pair with an intermolecular distance of
3.87 A, hydrogen-bonded contacts and w7 stacking
interaction both are the significant controller of the
interaction energy. For all other pairs, the hydrogen-bonded
contacts are the significant controller of the interaction en-
ergy. The strength of a particular type of interaction energy
can be visualized by energy frameworks that contained cyl-
inders whose width is directly proportional to the strength
of the interaction.*? Figure 8 represents energy frames of the
electrostatic and dispersion energy, respectively. Energy

(a) (b) 30.6%
B H-ALL B ALL-H
H O-ALL 17% B ALL-O
[ c-ALL [ ALL-C
B N-ALL B ALL-N

3.2%

46.6%

53%

Figure 7. Graphical summary of the (a) Interaction of an atom present inside the HS to atoms present in the surrounding of HS, (b) Interaction of

an atom present outside the HS to atoms present in the HS.

Table 3. Intermolecular interaction energies in k] mol™! calculated at B3LYP/6-31G(d,p) electron density model for MAOA.

%E_attract contribution

Colour Symmetry N R E ele E_pol E_dis E rep E_tot %E_attract %E_ele %E_pol %E_dis
codes
(i) 1 6.07 1.9 -1.6 -23.1 10 -12.8 -24.7 0 6.48 93.5
(ii) 2 3.87 15.8 -6 -62 28 -24.2 -68 0 8.82 91.2
(i) 1 11.07 -26.9 -5.1 -14.6 18.4 -28.2 -46.6 57.7 10.9 31.3
(ii) 2 11.44 -14.8 -2.8 -6.7 5 -19.3 -24.3 60.9 11.5 27.6
(iii) 2 991 -30.2 -9.1 -159 30.7 -24.5 -55.2 54.7 16.5 28.8
6] 1 10.57 =21 -39 -17.2 11.3 -30.8 -42.1 49.9 9.26 40.9
(iii) 2 9.39 -0.8 -5.6 -18.4 134 -114 -24.8 3.23 22.6 74.2
(i) 1 6.80 13.8 -2.5 -17.4 7.9 4.2 -199 0 12.6 87.4

Symmetry codes: (i) —x, -y, -z; (ii) x, ¥, z; (iii) -x, -y + Y2, 2 + %.
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Figure 8. Energy frames for (a) electrostatic energy, (b) dispersion energy.

frames show that the contribution of the dispersion energy
in defining the total interaction energy is greater than the
contribution of the electrostatic energy.

3. 5. Void Analysis

The percentage of void volume in the unit cell of a
compound is the demonstration of how strongly the mole-
cules are packed with each other. Figure S4 is a graphical
view of voids that is obtained by summation of electron den-
sities of spherically symmetric atoms at the pertinent nuclear
positions.**~%” The computations of the crystal void infer that
the void volume is of the order of 80.53 A, It is found that
the calculated void volume of the entitled compound is near-
ly equal to 7% indicating that the crystal has a high packing
factor without a large cavity in the crystal packing.

3. 6. DFT Exploration

A gas-phase DFT study was performed utilizing the
B3LYP functional to rationalize the relationship between

the intrinsic electronic properties, the chemical reactivity,
and the biological activities of the title compound. The
B3LYP-optimized geometry of the title compound is de-
picted in Figure 9. Moreover, the detailed comparison be-
tween the optimized geometry and the crystallographical
one could be seen in the Supporting information (Table
S2). Accordingly, the B3LYP/6-311+G** theoretical level
which was utilized in this study is proved to be a suitable
one to investigate anilide derivatives.

According to the frontier molecular orbital theory,
one can determine a molecule’s nucleophilicity or elec-
trophilicity by focusing on the highest occupied and
lowest unoccupied molecular orbitals (HOMO and LU-
MO).*8 Instead of considering the total electron density
as a nucleophile, evaluate the localization of the HOMO
orbital since electrons from this orbital have the best
probability of participating in the nucleophilic attack,
whereas a site with the lowest empty orbital is a suitable
electrophilic site. The title compound’s frontier molecu-
lar orbital is thus studied further in this work. As depict-
ed in Figure 10, in the studied chemical, the orbital

Figure 9. The B3LYP-optimized geometry of the title compound.
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Figure 10. The HOMOs and LUMOs of the studied compound (the isovalue = 0.02 a.u.).

transfer from HOMO to LUMO belongs to a m-n* transi-
tion.

Molecular electrostatic potentials (MEPs) are essen-
tial assessments of the strength of interactions between
neighboring charges, nuclei, and electrons at a specific
point, allowing us to examine charge distribution and
charge-related features of molecules. A graphic depiction
with different colors is utilized to make the electrostatic
potential data easier to understand. Electrophiles may be
attracted to reading since it reflects the lowest electrostatic
potential value. Blue, on the other hand, has the largest
electrical potential and may be attractive to nucleophiles.
The entire density of the title compound is calculated us-
ing the whole density matrix, and the resulting MEP is
mapped on its surface. As depicted in Figure 11, the oxy-
gen atoms are the most sensitive site for the attack by an
electrophile among the title compound.

3. 6. 1. NBO Analysis

The second-order perturbation theory is used to
analyze the relative strength of the intramolecular hydro-

Figure 11. The MEP of the studied compound (the isovalue = 0.0004 a.u).

gen bonds in the tested molecule in this study. When a hy-
drogen bond occurs, there should be an orbital interaction
between the nonbonding orbital of the hydrogen-bonded
acceptor (n,) and the antibonding orbital of the H-donor
bond (oy.p*). As a result of this orbital interaction, the
H-D bond’s bond strength and bond order should be re-
duced and decreased, respectively. Therefore, the interac-
tion between a lone pair and the X-H antibonding orbital
is summarized in Table 4. It is noteworthy that such orbital
interactions with interaction energies larger than 1 kcal/
mol in the whole studied chemical are only listed in Table
4. As expected, the oxygen atom has two lone pairs (LPs)
whereas the nitrogen atom has only one LP. The two LPs
on the oxygen atom are represented as LP, and LP;, respec-
tively. The LPs on the oxygen atom of the methoxy group
in the title chemical have three orbital interactions by in-
teraction energies larger than 1 kcal/mol with respect to
the antibonding orbitals of the C-H bond in the methyl
group. However, the LPs on the oxygen atom of the meth-
oxy group in the title chemical don’t form orbital interac-
tions by interaction energies larger than 1 kcal/mol (about
0.8 kcal/mol) with respect to the antibonding orbital of the
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Table 4. The NBO results of the title compound.

The orbital
interaction

The electron
configuration of n,

The type of ny

The bond order
of 6y.p¢

The interaction
energy (in kcal/mol)®

The occupancy
of oy.p*

LP(O4)* 5(56.05%)
p(43.92%)

d(0.02%)

LP(04)--0*(01-H2)

7.44 0.06057 0.5873

LP’(04)* $(3.32%)
p(96.62%)

d(0.06%)

LP’(04)--0*(01-H2)

25.67 0.06057 0.5873

LP(O5)* 5(36.50%)
p(63.47%)

d(0.03%)

LP(O5)--0*(C26-H27)?

1.06 0.01534 0.7942

LP(O5)* 5(36.50%)
p(63.47%)

d(0.03%)

LP(O5)--0*(C26-H28)?

3.23 0.00770 0.7942

LP’(O5) $(0.00%)
p(99.96%)

d(0.04%)

LP’(05)--0*(C26-H27)?

4.11 0.01534 0.7942

a) Please see the atomic designations in Figure 9.

b) The interaction energy was calculated based on the second-order perturbation theory.

c) The listed values were the atom-atom overlap-weighted NAO bond order.

neighboring N-H bond. Moreover, the lone pair on the
nitrogen atom in the title compound doesn’t show orbital
interactions by interaction energies larger than 1 kcal/mol
with respect to any antibonding orbitals.

3.7. QTAIM Study

The aforementioned results of the NBO analysis
which show that the LPs of the oxygen atom in the meth-
oxy group do not form orbital interactions by more than 1
kcal/mol with the antibonding orbital of the neighboring
N-H bond motivated us to investigate whether there is no

intramolecular N-H--O hydrogen bond in the studied
compound. The QTAIM study is thus performed using the
Multiwfn program. Under the condition that the Poin-
care-Hopf relationship is satisfied, the calculated critical
points (CPs) have a total of 65 (in Figure 13). There are 29,
32, 4, and 0 for the (3,-3), (3,-1), (3,+1) and (3,+3) CP,
respectively. As depicted in Figure S5, the (3,-1) CP desig-
nated as points 32, 34, 61 may indicate that there is an in-
tramolecular O1-H2.-O4, C24-H25.-O4, and NB8-
H9--05 hydrogen bond, respectively. The QTAIM study
has already been used as a powerful tool to investigate in-
tra- or intermolecular hydrogen bonding of several sys-

Figure 12. All the critical points of MAOA.
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tems.*~%% According to QTAIM, if D-H forms a hydrogen
bond with A, there should be a CP between H and A. In
addition, criteria about the electron density (p,) and the
Laplacian of electron density (V2py) at BCPs have been es-
tablished by Koch and Popelier to distinguish hydrogen
bonding from van der Waals interactions. Moreover, Liu
and coworkers have established a relationship between the
hydrogen bonding strength (BE) and the electron density
(p) at the CP corresponding to the hydrogen bond. The
relationship could be described as Eq. (1) shows

BE (in kcal/mol) = -223.08 x p + 0.7423 (1)

Accordingly, the strength of the aforementioned in-
tramolecular O1-H2.-04, C24-H25.-04, and N8-
H9--O5 hydrogen bonds is calculated as -11.43, -3.40,
and -3.99 kcal/mol, respectively.

4. Conclusion

The (Z)-4-(2-methoxy-4-nitrophenyl)amino)-4-ox-
obut-2-enoic acid is synthesized and characterized by sin-
gle crystal X-ray diffraction (SC XRD), UV-Vis, FT-IR,
TGA/DSC techniques. SC-XRD analysis inferred that the
strong intermolecular H-bonding of type O-H--O,
N-H--O and comparatively weak C-H:---O bonding and
m--m stacking interactions are responsible for crystal
packing. UV-Vis spectrum showed A, at 360 nm due to
n-m* transitions. FT-IR result confirms the formation of
the compound by showing characteristics carboxylic acid
peak at 1713 cm™!. TGA/DSC results represent the major
weight loss (71%) in a single step from 130 to 260 °C with
the loss of main fragments leaving behind residue com-
prised of carbon in the form of coke. It is evident from heat
flow that the sample changed its phase from solid to liquid
around 171 °C. Hirshfeld surface analysis shows that
O-H/H-O inter-atomic contact is the most significant
contributor to the overall strengthening of packing of mol-
ecules with a percentage contribution of 39.8%. The void
analysis predicted that MAOA will have good mechanical
properties. The interaction energy between molecular
pairs and energy framework analysis showed that for the
stabilization of the supramolecular assembly in MAOA,
the dispersion energy is the dominant energy as compared
to other types of energies. According to the results of the
DFT and QTAIM studies, MAOA could be stabilized by
the intramolecular O-H---O, N-H---O, and C-H--- hydro-
gen bonds in the gas phase.

Supplementary data

CCDC 2009600 contains the supplementary crystal-
lographic data for (MAOA). The data can be obtained free
of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.
html, or from the Cambridge Crystallographic Data Cen-

tre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44)
1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.
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Povzetek

(Z)-4-(2-metoksi-4-nitrofenil)amino)-4-oksobut-2-enojsko kislino (MAOA) smo sintetizirali z reakcijo 2-metok-
si-4-nitroanilina in maleinskega anhidrida v etil acetatu. Sintetizirano spojino smo okarakterizirali z elementarno anali-
zo, FT-IR in UV-Vis spektroskopijo in TGA/DSC analizo. Kristalno strukturo smo dolo¢ili z monokristalno rentgensko
difrakcijo (SC XRD). Supramolekularno strukturo MAOA glede na nekovalentne interakcije smo raziskali z analizo
Hirshfeldove povr$ine. Analiza praznin je pokazala, da naj bi imela MAOA dobre mehanske lastnosti. Okolje kristalnega
pakiranja smo nadalje raziskali z interakcijsko energijo med molekularnimi pari in energijskimi mrezami. Poleg tega je
rezultat DFT $tudije v plinski fazi pokazal, da v MAOA obstajata N-H--O in O-H--O intramolekularni vodikovi vezi,
ker je razdalja med D in A manj$a od vsote njunih van der Waalsovih radijev. Rezultat $tudije QTAIM je pokazal, da bi
morala v MAOA obstajati tudi intramolekularna vodikova vez CH---O z mo¢jo 3,40 kcal/mol.
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