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Abstract: The FT-IR and FT-Raman spectra of 4-[(4-acetylphenyl)amino]-2-
-methylidene-4-oxobutanoic acid were recorded. The vibrational wave numbers
were computed by DFT quantum chemical calculations and the vibrational
assignments were realized using the potential energy distribution. The theoret-
ically predicted geometrical parameters were in agreement with the XRD data.
Determination and visualization of molecule sites prone to electrophilic attacks
were performed by mapping the average local ionization energies (4L/E) to the
electron density surface. Furthermore, determination of possible reactive cen-
tres of title molecule was realized by calculation of the Fukui functions. Intra-
molecular non-covalent interactions were also determined and visualized. In
addition, prediction of molecule sites possibly prone to autoxidation was per-
formed by calculation of the bond dissociation energies (BDE), while the stab-
ility of the title molecule in water was assessed by calculation of radial distri-
bution functions (RDF) obtained after molecular dynamics (MD) simulations.
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The docked title ligand compound forms a stable complex with insulin receptor
kinase and gives a binding affinity of —10.2 kcal* mol!.

Keywords: DFT; ALIE; BDE; RDF; molecular docking.

INTRODUCTION

Copolymers containing both hydrophilic and hydrophobic segments are
drawing considerable attention because of their possible use in biological sys-
tems. N-Substituted itaconamic acids are strongly amphiphilic molecules.! Ita-
conic anhydride is an unsaturated organic dicarbonic anhydride with one carbo-
nyl group conjugated to the methylene group and can be regarded as a substituted
acrylic or methacrylic derivative and it can be obtained from renewable resources.?
Itaconic anhydride derivatives are useful for the synthesis of various biodynamic
derivatives such as imides, oxazepine and oxobutanoic acid.3-® Amide bonds,
which play major roles in the elaboration and composition of biological systems,
are the main bonds that link amino acid building blocks together to give proteins
and these types of bonds are not limited to biological systems and are indeed
present in a huge array of molecules including major marketed drugs. Amide
derivatives were reported to possess anti-inflammatory,”® antitubercular,!0:11
and anti-proliferativel2 activities.

Due to highly frequent use and improper disposal, pharmaceutical molecules
significantly accumulate in all types of waters and exhibit harmful effects towards
aquatic organisms.!3-14 Additionally, these molecules are synthesized to be very
stable and thus their removal is very difficult under natural conditions, while simul-
taneously, conventional procedures for their removal from water are not effici-
ent.15:16 For the removal of pharmaceutical molecules from water, scientists have
developed forced degradation procedures based on advanced oxidation pro-
cesses.14.15.17-21 These efforts are tedious and time consuming and there is cons-
tant need for rationalization and optimization of these procedures. In this regard,
DFT calculations and molecular dynamics (MD) simulations have been readily
employed,22-25 since they are valuable for the prediction of the reactive properties
of investigated molecules by relatively inexpensive computational experiments.
Information on local reactivity properties obtained by molecular modelling principles
is also valuable for the determination and validation of degradation mechanisms. !5
In this work, a complete vibrational spectroscopic analysis of 4-[(4-acetylphenyl)-
amino]-2-methylidene-4-oxobutanoic acid was performed by combining experimen-
tal and quantum chemical calculations, including molecular dynamics simulations.

EXPERIMENTAL

The title compound (C,3H;3NO,4) was prepared in 87 % yield via the reaction of 3-meth-
ylidenedihydrofuran-2,5-dione with 4’-aminoacetophenone at room temperature as previously
described.26

*1kcal=4184 ]
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The FT-IR spectrum of the title compound was recorded using KBr pellets on a DR/
/Jasco FT-IR spectrometer. The FT-Raman spectrum was obtained on a Bruker RFS 100/s
instrument.

Quantum chemical calculations

The quantum chemical calculations of the title compound were performed with the Gaus-
sian’09 program,?” using the B3LYP/6-311++G(d) (5D, 7F) basis set to predict the molecular
structure and frequencies. A scaling factor of 0.9613 had to be used to obtain a considerably
better agreement with the experimental data.2® The structural parameters with XRD data cor-
responding to the optimized geometry of the title compound (Fig. 1) are given in Table S-I of
the Supplementary material to this paper. The assignments of the calculated frequencies were
realized using Gaussview?® and GAR2PED? software.

Fig. 1. Optimized geometry of 4-[(4-acetylphenyl)amino]-2-methylidene-4-oxobutanoic acid.

The Jaguar 9.0 program?®! was used for the DFT calculations and the Desmond prog-
ram3234 was used for the MD simulations, both as implemented in the Schrédinger Materials
Science Suite 2015-4. The B3LYP exchange-correlation functional®> was used for the DFT
calculations by the Jaguar program, with 6-311++G(d,p), 6-31+G(d,p) and 6-311G(d,p) basis
sets for the calculations of the average local ionization energies (ALIE), Fukui functions and
bond dissociation energies (BDEs), respectively. The MD simulations were conducted by the
OPLS 2005 force field®® with the simulation time set to 10 ns and with the isothermal-isobaric
(NPT) ensemble class. The MD system was modelled by placing one title molecule into a cubic
box with =2500 water molecules. The temperature was 300 K, the pressure 1.0325 bar and the
cut-off radius was 12 A. Concerning the solvent, a simple point charge (SPC) model was
used.3” Non-covalent interactions were investigated by the method of Johnson et a/.383° When
the Schrddinger Materials Science Suite 2015-4 was used, Maestro GUI*0 was used for the
preparation of input files and analysis of the results. Charge transfer within the molecule was
investigated by the Multiwfn program for the analysis of wave function.*!-44

RESULTS AND DISCUSSION
Geometrical parameters

The values of the C—N bond lengths (DFT/XRD) C17-Ng = 1.4056/1.4202
A, Cg—Ng = 1.3756/1.3542 A indicated that the C—N bonds showed partial
double bond character in this fragment and were found to be much more shorter
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than the average value for a single C-N bond (1.47 A), but significantly longer
than a C=N double bond (1.22 A), suggesting some multiple bond character is
present.*> The C=0 bond lengths (DFT/XRD) in the present case were 1.2043/
/1.2492, 1.2164/1.2222, 1.2186/1.2162 A and C-O bond length (DFT/XRD) was
1.3720/1.2882 A, which are in agreement with the reported values.46:47 The C=C
bond length (DFT/XRD) was 1.3369/1.3282 A and the C—C bond lengths
(DFT/XRD) were in the range 1.4922-1.5388/1.4852-1.5232 A, which are in
agreement with the reported values.43-47 The C—C bond lengths (DFT/XRD) in
the phenyl ring lie between 1.3822-1.4068/1.3802-1.3972 A. For the title com-
pound, the benzene ring is a regular hexagon with bond lengths somewhere in
between the normal values for a single and double bond (1.54 A and 1.33 A).45.48
At the Cyy position, the bond angles (DFT/XRD) are Cy3—Cyy—Cpo= 118.1/
/118.1, Cx3—Cpr—Cp7 = 123.2/123.1° and Cpp—Cpp—Cp7 = 118.7/118.2°, with this
asymmetry showing interaction between Cp7—Os with the Hy; atom. Similarly, at
the Cj7 position, the bond angle Cig—C17—Cy5 is reduced by 0.8°,
C18—C17-Ng is reduced by 2.9° and Cy5—C;7—Ng is increased by 3.7° and at the
Ng position, the angle C17—Ng—Cyg is increased by 9.0°, C17—-Ng—H?7 is reduced by
4.4° and Cg—Ng—H7 is reduced by 4.7° from 120°, which shows the interaction
between the phenyl ring and the CONH group. The interaction of CH; at Cg and
Cg—0O7 were revealed from the bond angles Ng—Cg—01 = 124.7°, Ng—Cg—Cog =
114.1° and O1—Cg—Cg9 = 121.2°. The asymmetry of the bond angles at the Cj3
position (0>—C3—03 = 121.1°, 0p—C3-C2 = 126.5° and O3-C3-C1r = 112.3°)
shows the interaction between the CHy group at Cg and the carboxylic group.

IR and Raman spectra

The vibrational spectral analysis was performed based on the characteristic
vibrations of the amide (CONH), carboxyl (COOH), acetyl (COCHj3), C=C, C-C,
methylene (CHjy) and phenyl ring modes. The computed vibrational wave num-
bers, IR, Raman intensities, measured IR and Raman band positions and their
assignments are given in Table S-2 of the Supplementary material. The simulated
and observed FT-IR and Raman spectra are shown in Figs. S-1 and S-2 of the
Supplementary material, respectively.

Amide (CONH) vibrations. The C=0 stretching and deformation modes were
assigned at 1665 (IR), 1661 (Raman), 1672 (DFT) and 798, 613 (IR), 798, 615
(Raman), 801 and 613 cm™! (DFT), which are in agreement with the reported
literature 4951 The C=0 stretching mode is active in both the IR and Raman
spectra with high IR intensity and Raman activity with a PED (potential energy
distribution) of 78 %, which is a pure mode. The PED of the deformation modes
are 40 and 37 % and the Raman activities are low with moderate IR intensities.
Raju et al. reported the C=0 modes at 1654, 795, 580 (IR), 1659, 798 and 577
cm~! (DFT), for a related derivative.4> The N-H stretching mode is expected in
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the region 3500-3300 cm™! and the N-H deformation at around 1500 cm~! and
125 ¢cm1.50.52 For the title compound, these modes were assigned at 3297 (IR),
3434 (DFT) (stretching), 1240 (IR), 1483, 1238 cm! (DFT). In the present case,
the NH stretching mode is downshifted from the computed value by 137 cm™1,
which indicates hydrogen bonding in the system and has high IR intensity. The
PEDs of the NH deformation modes were around 48 % and the IR intensity of
the mode 1483 ¢m! is very low and no bands were seen in the IR spectrum
while the mode at 1238 cm™! has high IR intensity and a corresponding band is
observed in the IR spectrum at 1240 cm~!. The N-H modes were reported at
3281 (IR), 3405 (DFT) (stretching), 1541, 1256 (IR), 1551, 1255 (DFT),%> and
1587, 1250, 650 (IR), 1580, 1227 and 652 cm~! (DFT).53 In the present case, the
N-H out-of-plane mode was assigned at 670 cm™! in the IR, 664 cm™! in the
Raman spectrum and at 661 cm! theoretically.#° The reported values for similar
derivatives were 762 (IR), 757 (DFT),*! and 650 (IR), 652 cm™! (DFT).53 The
C-N stretching modes were assigned at 1225 (IR) and 1234, 1231 cm~! (DFT)
for the title compound, which are in agreement with the literature.*>

Carboxyl (COOH) modes. For the title compound, the COOH modes are
assigned at 3564 cm~! (IR), 3585 cm~! (DFT, OH stretching mode), 1695 cm™!
(IR), 1694 cm~! (DFT, C=0 stretching mode), 517 cm~! (IR), 685, 519 cm™!
(DFT, C=0 deformation modes), 1308 cm! (Raman), 1308, 965 cm! (DFT,
OH in-plane and out-of-plane deformation) and 1234 cm~! (DFT, C-O stretch-
ing) as expected in literature.#9-50 The carbonyl stretching mode at 1694 cm!
possesses a high IR intensity and has a PED of 72 % and the deformation modes
have PEDs around 40 %. The OH in-plane and C-O stretching modes have high
IR intensities. The reported values are 1680, 561 (IR), 1675, 735, 555 (DFT) for
the C=0 group, 1321 (IR), 1318, 920 (DFT) for the OH group and 1235 (IR),
1238 cm~! (DFT) for C-O, for a similar derivative.4>

Acetyl (COCH3) modes. Aromatic acetyl groups exhibit methyl stretching
modes in the region 3040-2900 cm1.4% The methyl stretching modes were
assigned at 3025, 2972 and 2928 in the IR spectrum, 2970 and 2930 in the
Raman spectrum, and at 3024, 2974 and 2920 cm™! theoretically. The methyl
deformation modes were assigned at 1433 and 1345 in the IR spectrum, 1438 and
1355 in the Raman spectrum, and at 1440, 1431 and 1346 cm! theoretically,
which are expected in the region 1480-1340 cm~1.4% The methyl rocking modes
are expected in the range 1080-900 cm 1,49 and in the present case, these modes
were assigned at 1050 and 1013 in IR, 1008 in Raman and at 1052 and 1011 cm™!
theoretically.

C=C, C—C and CH) modes. For the title compound, C=C and C—C stretch-
ing modes were assigned at 1610 cm~! (IR) and 1600 cm! (Raman), 1617 cm!
(DFT, C=C) and 1090, 927 and 739 cm! (IR), 1084, 921 and 739 cm!
(Raman), 1082, 940, 924 and 739 cm~! (DFT) as expected.#9-51 In the present
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case, the CH, modes were assigned at 3008 and 2954 cm™! (IR), 3009 and 2950
cm! (Raman), 3121, 3033, 3012 and 2956 cm™! (DFT, stretching modes), 1384,
1273, 1240 and 1112 cm™! (IR), 1438, 1381, 1272 and 1115 cm~! (Raman) and
in the range 1440-911 cm~! (DFT, deformation modes).49-51.54

Phenyl ring modes. The C—H stretching modes of the phenyl ring are exp-
ected above 3000 cm~!.49 In the present case, the bands observed at 3075 and
3064 in the IR spectrum, 3079, 3062 and 3030 in the Raman spectrum and 3122,
3078, 3066 and 3031 cm! theoretically were assigned as these modes. The
phenyl ring C—C stretching modes are observed at 1590, 1580, 1505 and 1302 in
the IR spectrum and 1506 cm~! in the Raman spectrum. The corresponding
theoretical values were 1586, 1574, 1508, 1389 and 1300 cm~! with PEDs in
between 41 to 60 %. The ring breathing mode was observed at 836 cm~! in the
IR spectrum, which finds support from the computational value at 835 cm~! as
expected with a PED of 43 %.49:55 The C-H deformation modes of the phenyl
ring are expected above 1000 cm~! (C—H in-plane bending) and below 1000 cm~!
(CH out-of-plane bending).4® For the title compound, these deformation bands
were assigned at 1285, 1157 and 988 cm! (IR), 1162 cm™! (Raman), 1288,
1159, 1105 and 990 cm~! (DFT, in-plane bending) and 945 and 810 cm™! (IR),
946 and 824 cm~! (Raman), and 943, 941, 826 and 807 cm~! (DFT, out-of-plane
bending).

Frontier molecular orbitals

The frontier molecular orbitals and their properties, such as energy, are very
useful for predicting the most reactive position in a w-electron system and several
types of reactions in conjugated systems.® The energy of the highest occupied
molecular orbital (HOMO) is directly related to the ionization potential and char-
acterizes the susceptibility of the molecule towards the attack of electrophiles and
the energy of the lowest unoccupied molecular orbital (LUMO) is related to the
electron affinity and characterizes the susceptibility of the molecule towards
attack by nucleophiles.>” The HOMO and LUMO energy values for the inves-
tigated compound are —6.656 and —2.324 eV and the energy gap is 4.332 eV,
which clearly indicates that charge transfer occur within the molecule, which
increases the molecular activity. The HOMO and LUMO molecular orbitals are
shown in Fig. 2. The various chemical descriptors are: hardness # = (I-4)/2 =
2.166 eV, chemical potential 1 = —(I+A4)/2 = —4.49 eV and global electrophilicity
index w = 1i2/25 = 4.654 eV, where I = —Epomo = 6.656 eV and 4 = —E| ymo = 2.324
eV are the first ionization potential and electron affinity, respectively.58

Understanding of the charge transfer within a molecule is of great import-
ance.>? In order to confirm the charge transfer within the molecule, an analysis of
the charge transfer for electron excitation based on the electron density difference
was also performed. The analysis of the charge transfer between the first singlet
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Fig. 2. HOMO-LUMO structures of 4-
-[(4-acetylphenyl)amino]-2-methylidene-4-

, 9
HOMO -oxobutanoic acid.

excited and ground states of the title compound was performed according to a
reported method,®0 as implemented in the Multiwfn program. It should be not-
iced that the described method®® provided for the case of charge transfer in one
dimension, while in the case of the implementation in the Multiwfn program, the
method was generalized in three dimensions. According to the previous study,®0
the charge transfer can be quantified by the charge transfer (CT) length. The CT
length is defined as a distance between barycentres of C; and C_ functions,
which are defined on the basis of the electron density variation between the
excited and ground states. In this work, the CT length was calculated employing
the Multiwfn program. The barycentres of the positive and negative parts of C
and C_ are visualized in Fig. 3, together with the calculated CT length. Accord-
ing to the results provided in Fig. 3, it could be concluded that the CT length has
value of 3.16 A. This high value of the CT length clearly indicates the charge
transfer nature of excitation, while the positions of the C; and C_ functions indi-
cate that charge transfer occurs from the part of molecule containing C8-O1 to
the phenyl group. The fact that the aforementioned charge transfer occurs is also
complemented by the calculation of Ar coefficient according to the literature.6!
The lower the Ar parameter is, the more likely is that the excitation is of a local
type (LE). However, in the present case, the Ar has a high value of 4.17 A, which
clearly confirms the CT nature of the excitation. The Mutliwtn program was also
employed for the calculation of Ar index.

Molecular electrostatic potential

The molecular electrostatic potential (MEP) is related to the electronic density
and is a very useful descriptor for determining the sites for electrophilic and
nucleophilic reactions.%2 The different values of the electrostatic potential are
represented by different colours and the potential increases in the order red <
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< orange < yellow < green < blue. In the MEP, the maximum negative region
represents the site for electrophilic attack, indicated by the red colour, while the
maximum positive region represents nucleophilic attack, indicated by the blue
colour. As seen from the MEP map of the investigated compound (Fig. 4), the
regions of negative potential are over the electronegative oxygen atoms of the
carbonyl groups and the regions having the positive potential are over the
hydrogen atoms.

Fig. 3. C, (green) and C_ (blue) functions and visualization of their barycentres.

Fig. 4. MEP plot of 4-[(4-acetylphe-
nyl)amino]-2-methylidene-4-oxobu-
tanoic acid.

ALIE surface, Fukui functions and non-covalent interactions

To obtain a clearer picture on the local reactivity properties of the title
molecule, reference will be made to the average local ionization energy (ALIE),
which is a quantity that provides information on the energy required for the
removal of electron from some point in space around the molecule. The lowest
values of this quantity practically indicate the molecule sites where electrons are
least tightly bonded to the molecule and, therefore, are the molecule sites that are
prone to electrophilic attacks. ALIE was introduced by Politzer et al.,63:64 and it
is defined as sum of orbital energies weighted by the orbital densities according
to the following equation:

(1)
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where p; () denotes the electronic density of the i-th molecular orbital at the
point 7, & denotes orbital energy, while p(? ) denotes the total electronic
density function.65:66 In this work, the ALIE values were mapped to the electron
density (Fig. 5).

Fig. 5. ALIE surface of 4-[(4-acetylphe-
208.57 ALIE [kcal/mol] 384.28 nyl)amino]-2-methylidene-4-oxobuta-
[ N noic acid.

The ALIE surface of the investigated molecule indicates that there are three
specific locations possibly prone to electrophilic attacks. These molecule sites are
the benzene ring, near vicinity of the oxygen atom OS5 and near vicinity of the
carbon atom C9. These locations are characterized by the lowest ALIE values
(red colour in Fig. 5) of =209 kcal mol-1. On the other hand, the highest ALIE
values were calculated to be in the near vicinity of hydrogen atom H4, charac-
terized by a value of 384 kcal mol~! (blue colour in Fig. 5). The distribution of
the ALIE values indicates relatively high reactivity of the molecule. The molecule
is also characterized by the formation of two intramolecular non-covalent bonds
located between the O3-H7 atoms and the O1-H26 atoms. Both of the
aforementioned non-covalent interactions have practically the same values of
strength, expressed in terms of electron/bohr3* (Fig. 6).

The local reactivity properties of molecular systems can also be assessed by
calculations of Fukui functions, quantum molecular descriptors that indicate how
the electron density changes with the addition or removal of a charge. In this
work, the Fukui functions were calculated by the Jaguar program within the
framework of the finite difference approach, according to the following equat-
ions:

fr= 2)

f= )

*1 bohr = 5.29x10"' m
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where N stands for the number of electrons in the reference state of the molecule,
while o stands for the fraction of an electron the default value of which is set to
be 0.01.

-0.017 &
% b
4
a / ‘ / - Fig. 6. Intramolecular non-covalent interactions

and their strengths (in electron/bohr3) of 4-[(4-
-acetylphenyl)amino]-2-methylidene-4-oxobuta-
noic acid.

Visualization of the Fukui functions was performed by mapping the /" and f~
values to the electron density surface as well (Fig. 7). The purple colour was used
as the positive colour in the case of visualization of Fukui f* (Fig. 7a) and it
emphasizes molecule sites with increased electron density after addition of
charge. The red colour was used as the positive colour in the case of the
visualization of the Fukui /~ function (Fig. 7b) and it emphasizes molecule sites
with decreased electron density after charge was removed. According to the
results presented in Fig. 7a, it could be concluded that after charge addition, the
electron density increases in the near vicinity of carbon atom C14, indicating that
this molecule site acts as an electrophile upon charge addition. On the other hand,
according to the results presented in Fig. 7b, it could be concluded that after
charge removal, the electron density decreases in the oxygen atom O3 and carbon
atom C9, designating these molecule sites as nucleophilic upon charge removal.

Nonlinear optical properties

A nonlinear optical (NLO) effect arises from the interactions of electromag-
netic fields in various media to produce new fields altered in phase, frequency,
amplitude or other propagation characteristics from the incident fields.68 NLO
properties such as the dipole moment, polarizability, first and second order hyp-
erpolarizabilites are calculated using B3LYP/6-311++G(d) (5D, 7F). The total
molecular dipole moment of the title compound is 3.408 D*, the polarizability is
2.714x10723 esu**, and the first and second order hyperpolarizabilities are
6.268x10730 and —15.928x10-37 esu. Here, the first hyperpolarizability of the
title compound is 48.22 times that of the standard NLO material urea,®® and
comparable with the reported values of similar derivatives.4>-70 The larger com-
ponent of the second order hyperpolarizability is associated with the larger ground
state polarization that leads to strong electronic coupling between the ground and
the low lying excited state. The NLO properties are also related to the energy gap

*1D=3.34x10""Cm
#% 1 a.u. = 8.6393x10™ esu
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between the HOMO and LUMO. The energy gap of the investigated compound
is 4.332 eV, which is lower than that of urea (6.7 eV).%9 Therefore, the investig-
ated molecule is considered a good candidate for nonlinear optical applications.

Fig. 7. Fukui functions: a) f* and b) /'~ of 4-[(4-acetylphenyl)amino]-2-methylidene-4-oxo-
butanoic acid.

Natural bond orbital analysis

The calculations of the natural bond orbitals (NBO) were performed using
the NBO 3.1 program’! as implemented in the Gaussian09 package at the DFT/
/B3LYP level in order to understand various second-order interactions as given
in Tables S-3 and S-4 of the Supplementary material. The orbital overlap
between n(O) and n(N) and 6*(C-0), n*(C-0), 6*(C-C) and 6*(C-N) bond orb-
itals give strong intermolecular hyperconjugative interactions with stabilization
energies of 26.63, 36.97, 40.87, 20.48 and 60.78 KJ mol~!, and the interactions
are: Ng—Cg from O of ny(01)—0c*(Ng—Cg), C13—0O3 from Oy of ny(0y)—
— 6*(C13—03), C13-0, from O3 of ny(O3)—n*(C13—-03), Cr7—Crg from O5 of
ny(05)—0c*(Cy7-Cpg), Cs—0O1 from Ng of nj(Ng)—n*(Cg—01) with electron den-
sities of 0.07744, 0.11051, 0.23906, 0.05316 and 0.26733 e, respectively. The
higher energy orbitals with p-character around 100 % are, ny(01), n2(O3), ny(03)
and n(Os) having energies of —0.25478, —0.27969, —0.36214, —0.24789 a.u, res-
pectively, and possess low occupation numbers of 1.85987, 1.83353, 1.83540 and
1.89069, respectively. The lower energy orbitals are: n1(Oy), n;(03), n1(O3) and
n1(Os) with energies of —0.68016, —0.70320, —0.64024 and —0.66999 a.u., and
these orbitals possess high occupation numbers of 1.97381, 1.97594, 1.96940 and
1.97772, respectively, with p-characters of 42.26, 42.20, 55.92 and 43.20 %, res-
pectively.

Reactive and degradation properties based on autoxidation and hydrolysis

Determination of degradation mechanism is very important for the develop-
ment of procedures for the removal of organic pollutants from aquatic media.
However, this is not an easy task, but it could be rationalized and optimized by
employment of DFT calculations and MD simulations. In particular, the pos-
sibility of an autoxidation mechanism, very important for the determination or
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confirmation of the degradation path of some organic pharmaceutical molecules
could be assessed by calculations of the BDE for hydrogen abstraction.62-75 A
molecule is considered suitable for an autoxidation mechanism when the BDE
values are in the appropriate range. If the BDE values fall in the range between
75 to 85 kcal mol~1,76,77 the molecule could be considered as very sensitive to an
autoxidation mechanism. Values between 70 to 75 kcal mol-! and between 85
and 90 kcal mol~! could also be taken into consideration.”8 On the other hand,
values lower than 70 kcal mol~! are not suitable for the autoxidation mech-
anism.22,76.78 At the same time, BDE values for the rest single acyclic bonds
might serve as indicators of molecule sites where degradation could commence.
All BDE values for the investigated molecule are shown in Fig. S-3 of the
Supplementary material.

From the aspect of autoxidation mechanism there is one site of investigated
molecule which could be interesting. The bond denoted number 3 has a BDE value
for hydrogen abstraction of =87 kcal mol~! is considered low enough for the start
of an autoxidation mechanism. Simultaneously, all other BDE values for hydrogen
abstraction are too high to be considered as interesting for an autoxidation
mechanism. The lowest BDE value for the other single acyclic bonds was cal-
culated for the bond denoted with number 10, with value of =69 kcal mol~!. The
aforementioned BDE values are similar, actually they are adjacent and hence, it can
be stated that degradation of title molecule could start precisely at these locations.

The atoms of the investigated molecule have very pronounced interactions
with water molecules according to the radial distribution functions (RDFs) shown
in Fig. 8. The RDF, g(r), indicates the probability of finding a particle at a
distance » from another particle.”? According to the obtained results shown in
Fig. S-3, both carbon (Fig. 8a) and non-carbon (Fig. 8b) atoms have significant
interactions with water molecules. The carbon atoms C8, C14 and C28 have very
similar values of the peak distance at around 3.5 A, with the carbon atom C28
having the highest maximal g(r) value of around 1.3. The highest maximal g(r)
value, around 1.5, was calculated for carbon atom C12 while its peak distance is
located at around 4.7 A. As expected, much more significant interactions with
water molecules were determined for oxygen atoms Oland O3 and for hydrogen
atoms H4 and H7.

Both oxygen atoms have practically the same value of the peak distance located
at around 2.6 A, with oxygen atom O1 having a much sharper g(r) profile, indicating
much more pronounced interactions with water molecules. Peak distance of O7 is
located at around 1.8 A, while its maximal g(r) value is between 0.8 and 0.9. The
strongest interactions with water molecules were determined for hydrogen atoms
H4 and H7. The strongest interaction with water molecules was certainly determined
for hydrogen atom H4, the peak distance of which is located at around 1.6 A, while
its maximal g(r) value, almost 1.8, is the highest of all the values calculated in this
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work. The very interesting RDF values in the case of the title molecule indicate
that the hydrolysis mechanism could play a significant role in the degradation.

a) 4l

g
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(1.6
(14

(h2 -

b) 1.8 -

g

(4 -

0.2 -

ﬂ. 0 T T T T T T T T T T T T T T 1
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Fig. 8. RDF values of: a) the C atoms and b) the O and H atoms of the 4-[(4-acetylphenyl)-
amino]-2-methylidene-4-oxobutanoic acid molecule with significant interactions with water
molecules.

Molecular docking studies

The insulin receptor kinase (IRK) is a oyf; heterotetrameric glycoprotein
possessing intrinsic protein tyrosine kinase (PTK) activity.80 Upon insulin bind-
ing to the a subunits, the insulin receptor undergoes a poorly characterized con-
formational change that results in autophosphorylation of specific tyrosine resi-
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dues in the cytoplasmic portion of the B subunits.8!-82 The high resolution crystal
structure of the protein target was downloaded from the protein data bank web-
site (PDB ID: 1144).83 All molecular docking calculations were performed on
AutoDock Vina software.84.85 The docking protocol predicted the same conform-
ation as was present in the crystal structure with an RMSD value well within the
reliable range of 2 A.86 Amongst the docked conformations, one which binds
well at the active site was analysed for detailed interactions in Discover Studio
Visualizer 4.0 software and the ligand binds at the active site of the substrate
(Fig. 9 and Fig. S-4 of the Supplementary material) by conventional hydrogen
bonds and pi—amide stacking interactions. The amino acids Ser1090 and
Leul1002 form H-bonds with the OH group and carbonyl oxygen. His1081 forms
a pi—amide stacking interaction with the benzene ring. The docked ligand title
compound forms a stable complex with CDK4 and gives a binding affinity (AG
in kcal mol-1) value of —10.2 (Table S-V of the Supplementary material).

Fig. 9. Detailed interaction of amino
acids of the receptor with the ligand.

Leul002

CONCLUSIONS

Using the B3LYP/6-311++G(d) (5D, 7F) basis set, the structure, vibrational
wave numbers, molecular electrostatic potential and nonlinear optical properties
of the title compound were determined, and natural bond orbital analysis was
realised. The most reactive sites for electrophilic and nucleophilic attacks were
identified using MEP analysis. The calculated first hyperpolarizability is 48.22
times that of the standard NLO material urea. Visualization of the AL/E values by
their mapping to the electron density surface indicate three molecule sites
possibly prone to electrophilic attacks — the benzene ring, the near vicinity of the
oxygen atom OS5 and the near vicinity of carbon atom C9. The highest ALIE
value was determined at hydrogen atom H4, which also has the most pronounced
interactions with water molecules according to the RDF values. According to the
Fukui functions, the carbon atoms C9, C14 and oxygen atom O3 were also
proved as possible important reactive centres. The BDE for hydrogen abstraction
indicated that the autoxidation mechanism could be possible at the location of the
hydrogen atom H10, as BDE value for hydrogen abstraction in this case is ~87
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kcal mol~!. The calculated RDF values indicated several atoms with pronounced
interactions with water molecules and that hydrolysis could have a significant
influence in the degradation of the title molecule. From the molecular docking
studies, the amino acids Ser1090 and Leul002 of CDK4 form H-bonds with OH
group and carbonyl oxygen and His1081 forms pi—amide stacking interaction
with the benzene ring.

SUPPLEMENTARY MATERIAL

Supplementary material pertaining to the title compound is available electronically from
http://www.shd.org.rs/JSCS/, or from the corresponding author on request.

Acknowledgement, The authors would like to extend their sincere appreciation to the
Deanship of Scientific Research at King Saud University for funding this work through the
Research Group Project No. RG-1435-062. The support received from Schrodinger Inc. is
greatly appreciated.

U3BOJ
4-[(4-AUETHUIPEHUI)AMUHO]-2-METUIIUIEH-4-OKCOBYTAHCKA KHUCEJTUHA,
HOBOCHHTETHCAHHU AMH]] CA XUOPOOPUITHUM U XUOIPOPOBFHUM EJIEMEHTHUMA:
CITEKTPOCKOIICKA KAPAKTEPU3ALHNJA U U3YHYABAILE PEAKTUBHUX OCOBMHA

SHEENA Y. MARY', EBTEHAL S. AL-ABDULLAH? HAYA 1. ALJOHAR?, BADIADKA NARAYANA?, PRAKASH S.
NAYAK®, BALADKA K. SAROJINI*, STEVAN ARMAKOVIC®, SANJA J. ARMAKOVIC®, CHRISTIAN VAN ALSENOY’
u ALl A. EL-EMAM’

'Department of Physics, Fatima Mata National College, Kollam, Kerala, India, “Department of Pharm-
aceutical Chemistry, College of Pharmacy, King Saud University, Riyadh 11451, Saudi Arabia, *Department
of Studies in Chemistry, Mangalore University, Mangalagangothri, Mangalore 574199, India, *Department

osf Studies in Industrial Chemistry, Mangalore University, Mangalagangothri, Mangalore 574199, India,
Yuusepsuinewi y Hosom Cagy, I[Tpupogno—matiemaiuuuku paxynitend, Ogcex 3a ¢usuxy, Tpi Jl. Odpa-
gosuha 4, 21000 Hosu Cag, 6YHueep3uWeu7 y Hosom Cagy, IIpupogno—maiiemaiiuuxu (?axyﬂu*wm,OgceK 3a
xemujy, buoxemujy u 3awmuiny oxonune, Tpi [. Odpagosuha 3, 21000 Hosu Cag u * Department of
Chemistry, University of Antwerp, Groenenborgerlaan 171, B-2020, Antwerp, Belgium
Cuumipenn cy FT-IR u FT-pamancku cnextpu 4-[(4-aneTtundeHus)aMHUHO]-2-MeTUII-
upeH-4-oxcodyTaHcke kucenuHe. Bubpanvonu tanacHu OpojeBu cy mspauyHatd DFT kBaHT-
HOXEMHjCKUM H3pauyyHaBawkHMa U MPUIHUCHBaWme BUOpanuja je ypaheHo xopucrehu pacmo-
Jely IoTeHlIMjanHe eHepryje. Teopujcky npegsuleHd reoMeTpHjCKU TapaMeTpH Cy y cariac-
HoctH ca XRD nogauuma. OppehrBame U BU3yenu3allja MecTa y MOJIEKy/y Koja Cy IOrogHa
3a esnieKTpodUIHU Hamaz je ypaheHo ManupawmeM NPOCEUHHX JIOKATHUX eHepryja joHu3aluuje
(ALIE) Ha IOBPLIKHY €lEeKTPOHCKE rycTuHe. Jame onpehusame Moryhux peakTHBHUX LieHTapa
MpOy4YaBaHOT MoJjeKkysna je ypaheHo uspauyHaBamem Fukui dynxumje. UHTpamonexyncke
HEKOBaJIEeHTHE MHTepaKkuuje cy Takohe Oune ogpehene u Busyenusosase. [Ipensuhame mecTta
Yy MOJIeKy/ly TIOTOIHHX 3a ayTOOKCHIAUuWjy je Takohe ypaheHo H3pauyHaBameM eHepruja
ouconujanuje sese (BDE), mok je cTaduIHOCT MPOy4YaBaHOT MOJIEKY/a Y BOAU NpollemheHa 13-
pauyHaBameM QyHKUHje panujanHe pacnogpene (RDF) modujeHe HakoH cHMyranuje More-
KyJICKOM AHHaMUKOM (MD). IIpoyuaBaHo jenvmemne HOKOBaHO Kao JIUraHn opmupa cradu-
nan kommiekc ca CDK4 u fnaje adpunurer sesupama of —10,2 kcal mol .

(ITpumsseno 3. janyapa 2017, pesunupaHo 17. mapra, mpuxsaheno 16. maja 2017)
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