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Abstract. Various derivatives of coumarin have previously shown awide range of
biological activities. In this contribution, 3-(1-o-toluidinoethylidene)-chromane-
2,4-dione (1)was analyzed by various theoretical techniques in order to understand
the potential binding to anti-tumor target agents. The experimental IR spectrum
was assigned and compared to theoretical in order to verify the applicability of
applied DFT level of theory (B3LYP-D3BJH/6-311+G(d,p)). The Hirshfeld sur-
face analysis (HSA) performed on the crystal structure of title compound allowed
the analysis of inter-atomic interactions that lead to the crystal formation. TheNat-
ural Bond Orbital (NBO) and Quantum Theory of Atoms in Molecules (QTAIM)
gave in-depth insight of the interactions governing the structure of molecule.
Molecular docking towards UQCRB protein was used to investigate the possi-
ble interactions with proteins. The stability of molecules and various reactive
positions make it a potential anti-tumor agent and further experimental studies are
needed.

1 Introduction

Coumarin derivatives are compounds that basically contain a simple 2H-1-benzopyran-
2-one structure. It was first isolated byVogel in 1820 fromTonkawood in SouthAmerica
[1]. It should be noted that coumarin-based compounddaphninwas isolated in 1812, from
the plant Daphne alpina (Thimelaeaceae). However, the structure of that compound,
namely (8-hydroxy-7-O-β-D-glucosylcoumarin), was solved in 1830. So today it can
be safely said that daphnin was the first isolated coumarin [2–4]. Coumarin derivatives
usually occur as secondary metabolites present in different parts of the plants: root,
bark, tree, fruit and leaves [5–7]. More than 300 derivatives of coumarin have been
identified from different natural sources such as plant families: Rutaceae, Apiaceae,
Asteraceae, Moraceae, Leguminosae, etc. [8–10]. In addition to the plant world, some
of the derivatives are isolated from microorganisms and animals [2–4].
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Simple coumarin does not have pronounced biological activity, but its derivatives
with numerous substituents at various positions such as hydroxyl, alkyl, benzoyl, furanyl,
and pyranosyl groups, have a wide range of the biological and pharmacological activi-
ties: antibacterial, antifungal, antioxidant, anticoagulant, and cytotoxic [11–14]. In recent
years coumarin derivatives have played a significant role in research in biochemistry,
medicinal chemistry and bioorganic chemistry, because of their multi-biological activi-
ties. For example, it has been found that dicumarol from sweet clover, is a major cause
of hemorrhagic disease, deadly to livestock. This compound in the plants is formed by
the condensation of two molecules of 4-hydroxycoumarin via formaldehyde. Thanks to
intensive research, it has been found that dicumarol has good anticoagulant properties
[15]. In addition, numerous hydroxycoumarin derivatives are potential drugs today, they
can be used in medicine as anticoagulants, cytostatics, antibiotics, etc. [13, 16–19].

Themolecular docking studies have proved as very important tools for the analysis of
interactions between coumarin derivatives and biologically important proteins [20, 21].
Ubiquinol-Cytochrome C Reductase Binding Protein (UQCRB) was chosen in this con-
tribution because of its biological importance. This protein is involved in the transfer of
electrons across the mitochondrial inner membrane and plays an important role in com-
plex III stability [22]. In recent research, itwas presented that down-regulation of this pro-
tein inhibits angiogenesis and suggested that UQCRB could be a novel therapeutic target
for angiogenesis regulation [23]. The process of angiogenesis is responsible for embry-
onic development and tissue or organ regeneration. This process is important for the pro-
gression of tumors and hepatic fibrosis in pathological conditions, [24]. Application of
small bioactive molecules that bind to the UQCRB suppresses hypoxia-induced tumor
angiogenesis. This data demonstrates that UQCRB could be applied as a target agent in
new approaches for human cancer and mitochondria-related disease investigation [25].

Fig. 1. Structure of 3-(1-o-toluidinoethylidene)-chromane-2,4-dione (1).

In our previous publications, syntheses of the new derivatives of 4-hydroxycoumarin
and their cytotoxic and antimicrobial activity is described [26–31]. Some of these com-
pounds showed excellent cytotoxicity on some cell lines as well as antimicrobial activity
on some strains ofmicroorganisms [26–29]. In this paper, due to the significant biological
results of similar compounds, the reactivity of 3-(1-(o-toluidino)ethylidene)-chroman-
2,4-dione (1) (Fig. 1) [28] will be tested against the UQCRB protein and analyzed by
the Natural Bond Orbital (NBO), Quantum Theory of Atoms in Molecules (QTAIM),
and Molecular Docking. Also, a detailed vibration analysis will be described from the
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results obtained by comparing the experimental and simulated IR spectra to verify the
applicability of the selected level of theory.

2 Materials and Methods

Starting compound 3-(1-o-toluidinoethylidene)-chromane-2,4-dione was obtained as
previously explained. The IR spectrum was recorded on the Perkin-Elmer Spectrum
One FT-IR spectrometer (KBr pellet technique, 4000–400 cm−1).

Hirshfeld surface analysis was performed using CrystalExplorer17 [32] based on
the experimental crystallographic structure of the compound 1 [28]. The geometry units
were extracted from crystallographic information files (CIF) obtained from the Cam-
bridge Crystallographic DatabaseCentre (CCDC No. 1817645). The Gaussian 09 pro-
gram package [33] was used for the optimization of the structure of compound 1 and
to create the wavefunction files containing the data needed for the Quantum Theory of
Atoms inMolecules (QTAIM) analysis, based on the work of Bader [34, 35]. TheMulti-
wfn program [16] was employed to process the wavefunction files for topology analysis
of 1. In addition, the Natural Bond Orbital analysis (NBO) was done using NBO 5.0
[36]. All density functional theory calculations were performed using the B3LYP-D3BJ
functional in combination with a 6-311+G(d,p) basis set.

The AutoDock 4.0 software was used for the molecular docking simulation [37]
according to the procedures described elsewhere [38–40]. The three-dimensional crys-
tal structure of UQCRB was obtained from the Protein Data Bank (PDB IDs: 1BCC)
[23, 27]. The preparation of protein for docking by removing the co-crystallized ligand,
water molecules and co-factors was performed in the Discovery Studio 4.0 [41]. The
AutoDockTools (ADT) graphical user interface was used to calculate Kollman charges
and to add polar hydrogen. The investigated molecule (1) was prepared for docking
by minimizing its energy at B3LYP-D3BJ/6-311+G(d,p) level of theory. The molecule
was analyzed as a flexible ligand, while the protein remained as a rigid structure in the
ADT. All bonds of 1 were set to be rotatable. The Geistenger method for calculation of
partial charges was employed. The Lamarckian Genetic Algorithm (LGA) method was
employed for protein-ligand flexible docking. Formolecular docking simulation, the grid
boxes with dimensions 20 Å × 20 Å × 20 Å of UQCRB protein were used in order to
cover the protein binding site and accommodate ligand to move freely.

3 Results and Discussion

Vibrational Analysis
The geometry of the examined compound was optimized in the gas phase, using the
B3LYP-D3BJ/6–311+G(d,p) theoretical model. It has been previously shown that this
level of theory predicts well the vibrational spectra of similar compounds [27, 29].
The IR frequencies were calculated using the same level of theory. The experimental
and simulated wavenumbers, together with the assignment, are shown in Table 1. The
values of all calculated wavenumbers were higher than the experimental. The reason
lies in experimental conditions (KBr pellet) and the fact that theoretical spectra were
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simulated for molecules in the gas phase, therefore no intermolecular interactions were
considered. The correlation between experimental and theoretical wavenumbers was
performed to determine the correction factor. The calculated wavenumbers are scaled
using factor 0.9670. The quality of this comparison is evaluated by obtained values of
correlation coefficient (R= 0.999) mean absolute error (AAE= 4.26) and mean relative
error (ARE = 0.60) which confirm that the theoretical model used describes well the
vibrational motion and structure of the molecules (Table 1, Fig. 2).

Fig. 2. The experimental and theoretical spectra of the investigated compound (calculated at
B3LYP-D3BJ/6-311G+(d,p).

The comparison of theoretical and experimental IR spectra of 1 is shown in Fig. 2.
There are three distinct regions in the presented spectra: between 4000 and 2000 cm−1,
between 2000 and 1000 cm−1, and below 1000 cm−1. Themost pronounced bands in the
IR spectrum in the high-frequency region (4000–2000 cm−1) are assigned to different
vibrationalmodes of theC–HandN–Hgroups.Considering the structure of the examined
compound, the band positioned at 3405 cm−1 (Table 1) can be assigned to the absorp-
tion of hydrogen-bonded N–H group. The moiety O3–C4–C3–C1′–N1–H is observed in
structurally similar molecules [26, 27, 29], and it is always described as important for
stabilization. This is a so-called hydrogen bond formed by resonance [42]. In the theo-
retical spectrum the band belonging to N–H vibration is observed at lower wavenumbers
due to the fact that molecule was analyzed in the gas phase, therefore no intermolecular
interactions were possible. Low-intensity bands that are characteristic of C–H stretching
vibrations (aromatic rings I and II, and methyl group) (3107, 3048, 2854, 2350 cm−1)
also occur in the high-frequency region (Table 1). The vibration contributions for normal
stretching modes (PED values in Table 1), in the range 3405–2350 cm− 1, were awarded
almost exclusively to N–H and C–H stretching modes (85–99%).

The most intense bands in the IR spectrum can be found in the range 2000–
1000 cm−1. These bands are positioned at 1710 cm−1 (C=O stretching), 1558 cm−1

(C=N stretching), and 1610 cm−1 (C–C stretching). Medium and strong bands belong
to the bending modes H–C–C (1421 cm−1) and H–C–H (1373 cm−1). Weak bands at
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1215, 1179, and 1136 cm−1 are assigned to the mixed modes that include C–C stretch-
ing, C–N–H and H–C–C bending vibrations. The values of experimental wavenumbers
are well-reproduced in the theoretical spectrum with a difference of several cm−1.

Bands that appear below 1000 cm−1 can be described as medium and weak.Medium
bands are positioned at 904,795, 762, 721 and 669 cm−1 and they are due to the mixed
vibrational modes including stretching (C–C (acyclic moieties)) and bending (C–C–C,
H–C–C, H–C–H, C–N–C, and O–C–O) modes of the first and second benzene ring,
aliphatic chain and pyrone ring, as well as combinations of different in-plane and out-
of-plane (H–C–C–C, H–C–C–H, O–C–C–C) torsion vibrations. Weak bands are more
numerous (Table 1, Fig. 2) and they include some of the previouslymentioned vibrational
modes.

Table 1. Comparison of the experimental and calculated vibrational wavenumbers and proposed
assignments of 1 (scaling factor is 0.9670).

Mode Experimental
wavenumbers

Theoretical wavenumbers (cm−1)
B3LYP-D3BJ/6-311+G(d,p)

Vibrational
assignments with
PED (%)IR (cm−1) Unscaled Scaled

3405 w νNH (a)(99)

105 3107 vw 3207 3101 νCH (b-I, b-II)(99)

97 3048 w 3158 3054 νCH (−CH3 (a))(90)

95 2854 w 3115 3013 νCH (b-I, b-II)(90)

93 2350 w 3064 2963 νCH (−CH3 (a))(85)

92 1982 w 3050 2949 νCH (a)(95)

90 1710 vs 1771 1713 νC=O (p)(90)

89 1610 vs 1662 1607 δCN (a)(50)

84 1558 vs 1606 1553 νCC (b-I)(50)

76 1421 m 1470 1421 δHCH (−CH3 (a))(59)

72 1341 s 1373 1328 δHCC (b-I)(29)

65 1215 w 1262 1220 δCNH (a)(30)

64 1179 w 1225 1184 νCC (p)(48)

61 1136 w 1181 1142 δHCC (b-I)(32)

48 951 w 982 949 τHCCH (b-I)(30)

45 904 m 917 887 δCCC (p)(20)

44 875 w 894 864 δCNH (a)(40)

43 866 w 882 853 τHCCC (b-I, b-II)(25)

41 832 w 851 823 νCC (-CH3 (a))(20)

40 795 m 810 784 δHCC (b-II)(10) (b)

39 762 m 801 774 τHCCH (b-I)(40)

36 721 m 748 723 τHCCH (b-II)(30)

(continued)
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Table 1. (continued)

Mode Experimental
wavenumbers

Theoretical wavenumbers (cm−1)
B3LYP-D3BJ/6-311+G(d,p)

Vibrational
assignments with
PED (%)IR (cm−1) Unscaled Scaled

34 689 w 710 687 τCCCO (p)(40)

33 680 w 700 677 τHCCH (b-I)(40)

32 669 m 694 671 δOCO (p)(25)

30 620 w 637 616 δCCC (b-I, b-II)(20)

29 574 w 584 565 δHCH (−CH3 (a))(30)

21 456 w 452 437 δHCC (b-II)(30)

R 0.999

AAE 4.26

ARE 0.60

a, b-I, b-II, p denote for alkyl side chain, benzene ring (I-first ring attached to pyrone ring and II-
second ring attached to N atom) and pyrone moiety,−CH3 stand for methyl moiety, ν – stretching
modes; δ – bendingmodes; τ – torsionalmodes; vw– veryweak;w–weak;m–medium; s – strong;
vs – very strong)

Hirshfeld Surface Analysis
Hirshfeld surface analysis (HSA) was first proposed by Spackman and Byrom [43]
and comprehensively reviewed in [44]. This method focuses on analyzing the so-called
Hirshfeld surface (HS) to reveal weak interactions between monomers in molecular
crystal. HSA, in fact, is a kind of inter-fragment (or inter-monomer) surface, which is
defined based on the concept of Hirshfeld weight. Probably HS is the most reasonable
way to define an inter-fragment surface. Hirshfeld weighting function of an atom can be
expressed as:

wHirsh
A (r) =

ρ0
A(r)

∑

B
ρ0
B(r)

(1)

where ρ0
A denotes the density of atom A in free-state. Summing up the weight of all

atoms in a fragment yields Hirshfeld weight of this fragment:

wHirsh
P (r) =

∑

A∈P

wHirsh
A (r) (2)

HS of fragment P is just the isosurface of wHirsh
P = 0.5. HSs are built in a crystal

structure based on the electron distribution calculated as the sum of spherical electron
densities of an atom. Each point on the HSA represents two distances: (1) the distance
from the nearest nuclei to the external surface (de) and (2) the distance from the nearest
nuclei to the internal surface (di). The HSA is mapped with the normalized contact
distance (dnorm) and regions of important intermolecular interactions are presented by
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Graphical plots. The value of dnorm is represented by red, white, or blue when the
intermolecular contacts are shorter, equal, or longer to the vdW separation of nuclei,
respectively.

HSA was performed in order to get insight into the role of the intermolecular inter-
action in the stabilization of 1 via crystal packing. HSA (3D) and fingerprint plots (2D)
were drawnbyCrystalExplorer17 using an experimental structure input file (CIF) (Fig. 3)
[28]. The most significant intermolecular interactions in the crystal lattice of the studied
molecule, 1, are listed in Table 2 and shown in Fig. 3. The intermolecular interactions,
such as H…H, O…H and C…H contacts, play a crucial role in the crystal packing of
molecule 1. The H…H intermolecular interactions have the largest contribution in the
crystal lattice (50.4%) and they play a major role in crystal lattice stability [45]. The
minimum H…H contacts are 2.176 Å for molecule 1 (Table 2 and Fig. 3), respectively.
It is important to mention that these contact distances are longer than twice the van der
Waals radius of a hydrogen atom. These interactions are represented by a blue color in
Fig. 3.

Fig. 3. Graphical plot of the most important intermolecular contacts in 1.

Table 2. Summary of the most important intermolecular contacts and their percentage
contributions in the crystal structure of the studied molecule 1. The minimum contact distances
are in angstroms.

Contacts % Contact distances (Å)

C...H/H...C 16.7 2.702

H...H/H...H 50.4 2.176

H...O/O...H 19.4 2.368–2.554
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The O…H intermolecular contacts are the second type of close contact that makes
a large contribution (19.4%) to the crystal lattice of 1. The contact distances for these
interactions are 2.241, 2.368 and 2.554 Å, respectively. These interactions have shorter
contact distances than sums of the van der Waals radius of individual atoms (H and O)
and they are represented by red color (Fig. 3).

The H…C intermolecular contacts also showed a high contribution of 16.7% to the
overall fingerprint plot. It is found that the minimum contact distance in 1 to be 2.702
Å. This contact is less than the van der Waals radii sum of the C and H atoms with
representation by red color (Fig. 3).

Reactivity Parameters, NBO and QTAIM Analysis
In order to evaluate the donor-acceptor interactions in the molecule 1, the NBO analysis
was performed for the investigation of electronic structure [46, 47]. The second-order
perturbation theory analysis of the Fockmatrixwas used. The intramolecular interactions
cause the loss of occupancy from the localized NBO of the Lewis structure into an empty
non-Lewis orbital. For each donor (i) and acceptor (j), the stabilization energy (E(2))
associated with the delocalization between i and j is determined as:

E(2) = �Ei j = qi
(Fi j )2

(
E j − Ei

) (1)

where qi is the donor orbital occupancy, Ei, Ej is diagonal elements (orbital energies)
and Fi,j is the off-diagonal NBO Fock matrix element. It should be pointed out that the
higher value of E(2) symbolizes the stronger interaction between electron donors and
electron acceptors. The strong intramolecular hyperconjugative interactions obtained by
the second-order perturbation theory analysis of the Fock matrix are given in Table 3.

The strongest stabilization interactions are formed within pyrone ring and ethyli-
dene bridge that lead to the stabilization of this part of molecule and cause it pla-
narity. These interactions includeπ(N–C1′′)→ π*(C3–C1),π(C3–C1)→ π*(O3–C4),
π(C3–C1)→ π*(O2–C2) andπ(C6′′–C5′′)→ π*(N–C1′′) with energies between 110.8
and 205 kJ mol−1. The highest value of the interaction energy was calculated for the
intramolecular charge transfer from π(C3′′–C4′′) to C2′′ with value of 216 kJ mol−1.
The interactions within aromatic rings are also very important for stabilization, as for
example π(C7–C8) → π*(C9–C10) with energy 118.2 kJ mol−1.

Additionally, there are strong intermolecular hyperconjugative interactions from
(LP2) O1 to π*(C2–O2) and π*(C9–C10), and from (LP2) O2 to σ*(C2–O1) with
energies 155.2, 118.3 and 139.3 kJ mol−1, respectively. A strong hydrogen bond (1.63
Å) is formed between N1−H · · ·O3. This result is expected since it is well known that
the NH groups are good hydrogen bond donors. On the other hand, the electron pairs on
the oxygen of the C=O groups are much better hydrogen bond acceptors than the oxygen
of the OH groups. The NBO analysis revealed that the electron density is donated from
the p orbitals of the oxygen atom O3 into the proximate σ* antibonding N1–H bond
(Table 3). This hydrogen bond additionally stabilizes the structure with 73.8 kJ mol−1.
Again, similar was observed for the analogous coumarin derivatives [27, 29] with the
interaction energy that is the same, proving that the strength of hydrogen bond is not
dependent on substituents. Intermolecular interactions of methyl group also stabilize the
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overall structure through LP2(C2′′) → π*(N1–C1′′) and LP2(C2′′) → π*(C3′′–C4′′)
with energies 246.2 and 292.3 kJ mol−1..

Table 3. Some selected second-order interaction energies for 1.

Donor (i) Acceptor (j) E(2)/kJ mol−1 E(j)-E(i)/a.u. F(i,
j)/a.u.

πN1–C1′′ π*C3–C1′ 205.1 0.32 0.113

πC3–C1′ π*O3–C4 159.2 0.26 0.09

πC3–C1′ π*O2–C2 139.3 0.28 0.087

πC9–C10 π*O3–C4 110.8 0.27 0.076

πC6′′–C5′′ π*N1–C1′′ 138.4 0.19 0.085

πC3′′–C4′′ LP1 C2′′ 216.0 0.15 0.094

πC7–C8 π*C9–C10 118.2 0.26 0.078

LP2 O3 σ*N1–H 73.8 0.68 0.099

LP2 O1 π*O2–C2 155.2 0.35 0.104

LP2 O1 π*C9–C10 118.3 0.35 0.093

LP2 O2 σ*O1–C2 139.3 0.58 0.126

LP1 C2′′ π*N1–C1′′ 246.2 0.04 0.133

LP1 C2′′ π*C3′′–C4′′ 292.3 0.13 0.107

One of the tools for describing various intramolecular interactions is Bader’s Quan-
tum Theory of Atoms in Molecules (QTAIM) based on the electron density distribution
(ρ) and Laplacian of electron density (∇ 2ρ) at the (3,+1) ring critical points (RCPs) and
(3, −1) bond critical points (BCPs) [36]. The important parameters of the stabilization
of the investigated molecule are BCPs and RCPs. In this study, the QTAIM analysis
was employed for the investigation of the ring and bond critical points between atoms
of interest. Two types of interactions exist, the shared interactions (covalent bonds) and
closed-shell interactions (ionic bonds, van der Waals bonds and hydrogen bonds). Only
the second type of interaction was examined as they additionally stabilize the structure.
The value of the electron density of hydrogen bonds is from 0.001 to 0.06 eA with
small, but positive Laplacian [21]. On the other hand, the covalent interactions have an
electron density of the order of 0.1 eA and negative Laplacian. The RCP is always found
within a ring of chemically bonded atoms, and it represents a point within a structure
with minimum electron density [22]. BCPs and RCPs can be used as the measure of the
strength of the intramolecular hydrogen bond [23, 24] (Table 3).

The rigidity of the coumarin part is proven when properties of RCPs (electron den-
sity, Laplacian of electron density, kinetic (G) and potential (V) electron densities) were
compared. There are five RCPs, as determined in the Multiwfn program (Fig. 4). Two
of RCPs are in aromatic rings, and Table 4 shows that electron density and Lapla-
cian have almost the same values. The parameters of RCP 2 are similar to those for
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3-(1-((2-hydroxyphenyl)amino)ethylidene)chroman-2,4-dione also showing that these
parameters are not influenced significantly by the substituents on aromatic rings [29].
The third RCP is found in pyrone ring and due to the lack of aromaticity and presence
of electronegative atoms, the electron density and Laplacian are lower.

Fig. 4. The BCPs (orange points) and RCPs (yellow points) of the investigated compound.

Two other ring structures are found within the structure of investigated compound.
The first one is already mentioned and includes the quasi-six membered ring with hydro-
gen bond. The value of electron density andLaplacian are 0.0192 eA and 0.128 eA. These
values are comparable to those of pyrone ring and again prove the importance of this
ring structure for stability of molecule. The values of electron density and Laplacian in
BCP between O3 and H are higher than those typically expected for hydrogen bonds, but
still lower than those for covalent bonds. The second ring structure is also enclosed by a
weak hydrogen bond and it comprises of the following atoms O2–C2–C3–C1′–C2′–H.
The value for electron density and Laplacian are 0.0175 eA and 0.070 eA which falls
into non-covalent interactions. The methyl group is rotatable therefore it is expected that
average values for the parameters are calculated.

Table 4. QTAIM descriptors of molecule 1.

RCP/BCP No. ρ ∇2ρ V G

1 0.0216 0.159 −0.025 0.032

2 0.0192 0.131 −0.021 0.027

3 0.0138 0.075 −0.012 0.015

4 0.0192 0.128 −0.021 0.026

5 0.0215 0.158 −0.024 0.032

6 0.0588 0.165 −0.061 0.051

7 0.0175 0.070 −0.013 0.015
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Molecular Docking Analysis
The online server, PASS (Prediction of Activity Spectra for Substances), was designed
as a tool for evaluating the general biological potential of an organic drug-like
molecule. This server provides simultaneous predictions of many types of biologi-
cal activity based on the structure of the organic compounds [48, 49]. Some of the
possible protein targets of 1 include Membrane integrity agonist, CYP2C12 sub-
strate, Cholestanetriol 26-monooxygenase inhibitor, Ubiquinol-cytochrome-c reductase
inhibitor, etc. (Table 5).

The inhibition of 1 towards Ubiquinol-Cytochrome C Reductase Binding Protein
(UQCRB) was selected because of the biological importance of this protein and possible
role in anti-cancer activity. The value of Pa (probability to be active) for this system is
0.777 (Table 5), as predicted by the PASS analysis. Protein-ligand binding energy and
identification of the potential ligand-binding sites were determined from this study as
well. These results are given in Table 6 and Fig. 5. The ligand conformation which
showed the lowest binding energy (best position) was determined based on the ligand
docking results. The position and orientation of ligand inside the protein receptor and
the interactions with amino acids that bond to the ligand was analyzed and visualized
with Discovery Studio 4.0 and AutoDockTools.

Fig. 5. Docking positions of 1 and UQCRB protein with the lowest energy.
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Table 5. PASS prediction for the activity spectrum of 1.

Pa > 0,7 Pi Predicted activity

0,827 0,030 Membrane integrity agonist

0,826 0,030 CYP2C12 substrate

0,791 0,004 Cholestanetriol 26-monooxygenase inhibitor

0,799 0,017 CYP2H substrate

0,775 0,004 4-Nitrophenol 2-monooxygenase inhibitor

0,772 0,005 CYP2B5 substrate

0,752 0,010 Oxidoreductase inhibitor

0,777 0,041 Ubiquinol-cytochrome-c reductase inhibitor

0,710 0,006 General pump inhibitor

Table 6. The estimated values of free energy of binding (�Gbind, kJmol−1), binding constants
(K i) for various conformations of ligand 1 towards UQCRB protein, distance (Å) and pairwise
interaction energies (Ei, kJ/mol−1) of H-bonds.

Conformer �Gbind,

(kJ/mol−1)
K i
(μM)

H-Bond Å Ei (kJ/mol)

1 −25.44 35.1 A:SER439:CO---HN:LIG
A:SER439:HO---HN:LIG

2.571
2.603

−0.40
−0.36

2 −25.31 37.1 A:SER439:CO---HN:LIG
A:SER439:HO---HN:LIG

2.472
2.713

−0.55
−0.25

3 −23.85 66.2 A:SER439:OH---OC:LIG 1.948 −2.45

4 −23.85 66.2 A:SER439:OH---OC:LIG 1.951 −2.44

5 −23.85 66.6 A:SER439:OH---OC:LIG 1.967 −2.39

6 −23.81 66.7 A:SER439:OH---OC:LIG 1.926 −2.50

7 −23.81 68.0 A:SER439:OH---OC:LIG 1.890 −2.52

8 −23.77 68.6 A:SER439:OH---OC:LIG 1.915 −2.52

9 −23.77 68.7 A:SER439:OH---OC:LIG 1.951 −2.44

The results from Table 6 show that very similar values of free energy of bind-
ing, between −23.77 and −25.44 kJ mol−1, were obtained for nine conformers. When
specific interactions shown in Fig. 5 are observed the relative differences in thermody-
namic parameters can be explained. All of the conformers bind to protein with the same
interactions, but their energy depends on specific binding site.

The most stable conformer in active position forms two hydrogen bonds with C=O
and OH groups of SER439. These bonds have lengths of 2.571 and 2.603 Å and pairwise
interaction energies −0.40 and −0.36 kJ mol−1, respectively. ARG436 forms two weak
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π -cation and π -alkyl interaction with chroman and benzene rings. On the other hand,
HYS222 and PRO432 form weak alkyl-π interaction with the benzene ring of the ligand
(Fig. 5).

Other conformers also have hydrogen bonds formed with SER43 which proves the
importance of this amino acid for the binding of molecules to the active site of protein.
The distance between amino acid and active molecule varies from 1.951 and 2.713
Å. The weaker interactions are formed with ARG436, HIS222, LYS226, and PRO223
through alkyl-π interaction and π -cation interaction. It is assumed that it is actually the
number of these weak interactions, not their type that determines the stability of binding.
Therefore the most reactive positions, as determined by NBO and QTAIM analyses, are
the positions that form interactions with proteins of interest.

4 Conclusions

The experimental and theoretical analysis of coumarin derivative, 3-(1-o-
toluidinoethylidene)-chromane-2,4-dione (1),was performed. The experimental and the-
oretical vibrational spectra were compared and it was shown that the correlation between
them is 0.999with the average absolute error of 4.26 cm−1. This was taken as a proof that
the selected level of theory, B3LYP-D3BJ/6-311+G(d,p), describes well the experimen-
tal structure. The significant intermolecular contacts obtained from Hirshfeld analyses
of the solid-state crystal structures of molecule 1were investigated. The obtained results
showed that the H…H intermolecular interactions have the largest contribution in the
crystal lattice (50.4%) and they play a major role in crystal lattice stability.

In order to understand the type, nature, and strength of intramolecular interactions in
molecule 1, the AIM and NBO analyses were performed. A particular focus was placed
on the characterization of hydrogen-bonding interactions. The NBO analysis exposed
that the electron density is donated from the p orbitals of the O4 into the σ* antibonding
N1–H bond. In this case, the hydrogen bond additionally stabilizes the structure of 1
with 73.8 kJ mol−1 and it forms the quasi-six membered ring. The electron density and
Laplacian with values of 0.0192 eA and 0.128 eA also show that this bond is stronger
than most non-covalent interactions.

The molecular docking study in the active position of UQCRB protein proved that
the title molecule forms various interactions with amino acids. All conformers had
hydrogen bondswith C=O andOHgroups of SER439.What differed various conformers
were weak interactions, alkyl-π and π -cation interaction, especially their number with
neighboring amino acids. Therefore it was concluded that the stability of molecule and
various active positions make it a promising agent for future studies towards anti-tumor
agents.
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