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Abstract 

The experimental and theoretical investigations of structure of the 3-(1-

(phenylamino)ethylidene)-chroman-2,4-dione were performed. X-ray structure analysis and 

spectroscopic methods (FTIR and FT-Raman, 
1
H and 

13
C NMR), along with the density 

functional theory calculations (B3LYP functional with empirical dispersion corrections D3BJ in 

combination with the 6–311+G(d,p) basis set), were used in order to characterize the molecular 

structure and spectroscopic behavior of the investigated coumarin derivative. Molecular docking 

analysis was carried out to identify the potency of inhibition of the title molecule against 

human’s Ubiquinol-Cytochrome C Reductase Binding Protein (UQCRB) and 

Methylenetetrahydrofolate reductase (MTHFR). The inhibition activity was obtained for ten 

conformations of ligand inside the proteins. 

 

Keywords: Coumarine, NBO, Electrostatic potential, FTIR, NMR, Molecular docking  
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1. Introduction 

Coumarine (benzopyran-2-one, or chromen-2-one) is naturally occurring substance with 

pleasant odor and bitter taste [1]. It was first isolated by A. Vogel from Tonka beans as early as 

1820 [2].  A large number of coumarin derivatives are isolated from natural sources while some 

are synthesized in laboratories [3]. Coumarin and its derivatives are widespread in nature, 

especially in the world of plants [4,5]. Also, these compounds are found in the products of 

metabolism of microorganisms [6,7,8] and animals [9,10].  

The coumarin is the simplest naturally occurring phenolic compound consisting of fused 

-pyrone and benzene rings along with the carbonyl group on the pyrone ring at position 2 

(Fig.1) [11]. The chemical behaviour of coumarin products is influenced by the presence of the 

lactone structure, the double bond of the α-pyrone and the aromatic ring. For example, under 

various conditions C3=C4 bond undergoes reduction to give chroman-2-ones [12]. Also, 

coumarin undergoes addition reactions, for example addition of Br2 at C3=C4 bond, while in 

reaction with a Grignard reagent coumarin behaves as an electrophile.  

 

 

Figure 1. The chemical structure and numbering scheme of coumarin. 
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Because of their different chemical properties coumarin derivatives are important class of 

compounds and they have broad spectrum of pharmacological functions which include 

antibacterial [13, 14], antitumor [15], antioxidant [16], anti-inflammatory [17], anti-HIV [18], 

antifungal [3], antimutagenic [19] and inhibitory effects [20]. These compounds are also 

interesting for chemists because they are widely used: in fragrances and perfumes [21], as 

fluorescent probes [22], coumarin dyes [23], optical brighteners [24], molecular photonic devices 

[25], and as additives in food and cosmetics [26]. 

In accordance to above mentioned, the synthesis of coumarin derivatives attracts 

considerable attention and numerous techniques have been developed for their synthesis [22]. In 

our previously published paper [27], a coumarin derivative of 3-(1-(2-hydroxyethylamino)-

ethylidene)-chroman-2,4-dione was synthesized and its Pd complex showed good antitumor 

activity [27]. The 3-(1-(phenylamino)ethylidene)-chromane-2,4-dione (1) (Scheme 1) [28], was 

previously synthesized without spectroscopic and crystallographic details. In this paper the 

structure of the molecule is elucidated by using different spectroscopic methods (IR, 
1
H NMR 

and 
13

C NMR) in conjunction with the corresponding quantum chemical calculations at 

B3LYPD3BJ/6-311+G(d,p) level of theory, with the aim to examine the quality of the proposed 

DFT method and the possibilities of its application in the characterization of the structure of the 

1 and other similar compounds. The proposed structure of the synthesized compound is also 

confirmed by using the X-ray structural analysis. The prepared compound 1 is investigated for 

the reactivity toward Ubiquinol-Cytochrome C Reductase Binding Protein (UQCRB) and 

Methylenetetrahydrofolate reductase (MTHFR) proteins by the means of the Molecular Docking 

analysis.  
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2. Experimental and Computational Methods 

2.1. Chemicals and instrumentation 

  Starting compound, 3-acetyl-4-hydroxy coumarine, was synthesized in 

accordance to previously described procedure [29].  Aniline, methanol, toluene, acetone 

and 96 % ethanol were purchased from Sigma Aldrich (Munich, Germany). 

 The IR spectrum was recorded on the Perkin-Elmer Spectrum One FT-IR 

spectrometer (KBr pellet technique, 4000-400 cm
-1

).  

 The NMR spectra (
1
H NMR at 200 MHz and 

13
C NMR at 50 MHz) were recorded 

on the Varian Gemini 200 spectrometer (Varian, Palo Alto, CA) with CDCl3 as the 

solvent and TMS as the internal standard. Chemical shifts were given in δ (ppm), J-

coupling constants in Hertz (Hz), abbreviations: s-singlet, dd-doublet of doublet, m-

multiplet, br s-broadend singlet.  

 Elemental microanalysis for C, H and N was performed by using Vario EL III C, 

H, N Elemental Analyzer. Mass spectra were recorded on the 5973 Mass spectrometer 

(Agilent, Santa Clara, CA) (MS quadruple, temperature 150 °C; mass scan range, 40–600 

amu at 70 eV). Analytical TLC was performed on silica gel (Silica gel 60, layer 0.20 mm, 

Alugram Sil G, Mashery-Nagel, Germany). Visualization of TLC plates was performed 

by using UV lamp at 254 nm and 365 nm (VL-4.LC, 365/254, Vilber Lourmat, France). 

 

2.2. Synthesis and characterization of the title compound 

The synthesis of examined compound 1 was performed under similar conditions as 

previously described 27. Briefly, a mixture of equimolar amounts of 3-acetyl-4-hydroxy 
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coumarine  (0.4 g, 0.002 mol) and aniline (0.186 g, 0.002 mol) was refluxed for 1 hour in 50 ml 

of methanol. The reaction was monitored by TLC, by using solvent system toluene:acetone = 7:3 

(v/v). At the end of reaction and after cooling to the room temperature, mixture was left in 

refrigerator overnight. The obtained white crystals were filtered, dried and recrystallized from 96 

% ethanol. Yield: 0.49 g (87.5 %). Anal. Calcd. for C17H13NO3 (M = 279.29 g/mol) (%): C, 

70.95; H, 4.73; N, 4.87. Found: C, 70.77; H, 4.81; N, 4.79. 

IR (KBr, cm
-1

): 3425 (NH), 3046 (=CH), 2925, 2852 (CH), 1718 (C=O), 1609, 1590, 

1561 and 1467 (C=C), 1192 (C-O). 

1
H NMR (CDCl3, 200 MHz) δ ppm: 2.69 (3H, s, C-1'-CH3), 7.24 (2H, m, C-H-2", C-H-

6"), 7.40 (1H, m, C-H-4"), 7.45 (2H, m, C-H-3", C-H-5"), 7.51 (2H, m, C-H-6, C-H-7), 7.57 

(1H, m, C-H-8), 8.07 (1H, dd, 
3
JH-5, H-6, H-6=7.99 Hz, 

4
JH-5, H-7, H-7=1.98 Hz, C-H-5), 15.87 (br 

s, 1H, NH).  

13
C NMR (CDCl3, 50 MHz) δ ppm: 20.67 (C-1'-CH3), 97.88 (C-3), 116.52 (C-8), 120.01 

(C-6), 123.53 (C-5), 125.54 (C-10), 125.99 (C-4"), 128.18 (C-3" and C-5"), 129.57 (C-2" and C-

6"), 134.05 (C-7), 136.17 (C-1"), 153.78 (C-9), 162.26 (C-2), 175.92 (C-1'), 181.74 (C-4). 

M
+ 

m/z (%) = 279 (84 %). 

 

2.3. X–ray data collection and structure refinement 

A summary of X-ray diffraction experiment and structure refinement for 1 is given in 

Table 1. The data collection was performed on an Oxford Diffraction Xcalibur2 diffractometer 

equipped with a Sapphire2 CCD detector with graphite-monochromatized MoK radiation ( = 

0.71073 Å). Crysalis CCD [30] was used for data collection while Crysalis RED [30] was used 

for cell refinement, data reduction and absorption correction. The structure was solved by 
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SHELXT [31] and subsequent Fourier syntheses using SHELXL [32], implemented in WinGX 

program suit [33]. Anisotropic displacement parameters were refined for all non-hydrogen 

atoms. The hydrogen atom of amine group was found in the Fourier map and refined freely, 

carbon bonded hydrogen atoms were placed in the calculated positions and refined riding on 

their parent C with corresponding C–H distances and Uiso(H) = 1.2 or 3.5 Ueq(C). The analysis 

of bond distances and angles as well as nonbonding interactions was performed using SHELXL 

and PLATON [34]. DIAMOND [35] was used for molecular graphics. 

 

Table 1.  Crystal data and structure refinement for 1. 

 

Empirical formula  C17H13NO3 

Formula weight  279.28 

Temperature  173(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 11.2682(6) Å 

 b = 16.5276(11) Å     = 102.323(5)° 

 c = 7.2379(4) Å 

Volume 1316.90(14) Å
3
 

Z 4 

Density (calculated) 1.409 Mg/m
3
 

Absorption coefficient 0.097 mm
-1
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F(000) 584 

Crystal size 0.6068 x 0.1345 x 0.1088 mm
3
 

 range for data collection 3.133 to 26.500° 

Index ranges -14  h  13, -20  k  18, -9  l  9 

Reflections collected 5423 

Independent reflections 2712 [R(int) = 0.0154] 

Completeness to  = 25.242° 99.8 %  

Absorption correction Analytical 

Max. and min. transmission 0.990 and 0.977 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 2712 / 0 / 195 

Goodness-of-fit on F
2
 1.035 

Final R indices [I > 2(I)] R1 = 0.0422, wR2 = 0.0948 

R indices (all data) R1 = 0.0635, wR2 = 0.1081 

Largest diff. peak and hole 0.190 and -0.211 e.Å
-3

 

 

2.4. Theoretical calculation 

Theoretical calculations of the title compound 1 were carried out with Gaussian 09 

software program [36] at the B3LYP-D3BJ/6-311G+(d,p) level. Calculations were done with the 

global hybrid Generalized Gradient Approximation (GGA) functional B3LYP [37-39], with 

empirical D3BJ dispersion corrections (with Becke and Johnson damping) [40-42] and empirical 

correction term proposed by Grimme [41,42], in combination with the 6–311+G(d,p) basis set. 

The B3LYP-D3BJ, which has been successfully used by independent authors [43,44], was 
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selected as a widely applicable method that proved to describe interatomic interactions at short 

and medium distances (≤5 Å) more accurately and reliably than traditional DFT methods. This 

optimization was performed to reproduce the structure obtained by the X-ray analysis.  

The structure was optimized at 298 K without any geometrical restrictions. The nature of 

the stationary points was determined by performing frequency analysis: equilibrium geometries 

have no imaginary vibrations. To predict the IR and Raman spectra the geometry optimized in 

gas-phase was used. The vibrational modes of 1 were assigned on the basis of the PED (Potential 

Energy Distribution) analysis [45] using the FCART version 7.0 software [46]. In geometry 

optimization and energy calculations the effect of the solvent was taken into account by 

employing the SMD model [47]. The optimized structure in chloroform solution was used to 

simulate the NMR at same level of theory. The 
1
H and 

13
C NMR chemical shifts of 1 were 

predicted by means of the GIAO (Gauge Independent Atomic Orbital) method [48], as 

implemented in Gaussian 09. The NBO analysis was performed by using the NBO 5.9 software 

[49, 50].  

The molecular docking simulation was carried out with the AutoDock 4.0 software [51]. 

The three-dimensional crystal structures of UQCRB and MTHFR proteins were obtained from 

the Protein Data Bank (PDB IDs: 1BCC and 1V93) [52,53]. The Discovery Studio 4.0 was used 

for preparation of protein for docking by removing the co-crystallized ligand, water molecules 

and co-factors. In order to calculate Kollman charges and to add the polar hydrogen the 

AutoDockTools (ADT) graphical user interface was used. Title molecule (3) (Fig.2b) was 

prepared for docking by minimizing its energy at B3LYP-D3BJ/6-311+G(d,p) level of theory. 

The flexibility of the ligands was considered, while the protein or biomolecules remained as rigid 

structure in the ADT. All bonds of 1 were set to be rotatable. The Geistenger method for 
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calculation of partial charges was employed. All calculations for protein - ligand flexible docking 

were done using the Lamarckian Genetic Algorithm (LGA) method. The grid boxes with 

dimensions 38.081106.69963.749 of UQCRB and 85.786105.44264.873 of MTHFR 

proteins could cover all of the protein binding sites and accommodate ligand to move freely. 

Inhibition potency of the title molecule was investigated and discussed for several most stable 

conformations. 

 

3. Results and discussion 

3.1. Chemical synthesis 

The refluxing of equimolar amounts of 3-acetyl 4-hydroxy coumarine and aniline in 

methanol led to the formation of chroman-2,4-dione derivative (3) in a yield of 87.5 % (Scheme 

1). Compound 1 was previously synthesized, but without sufficient spectroscopic data [28]. 

 

 

Scheme 1. Synthesis of the 3-(1-(phenylamino)ethylidene)chroman-2,4-dione, 1. 
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3.2.   Single crystal X-ray diffraction and molecular geometry 

X-ray structure analysis of 1 was performed and details are presented in following 

paragraphs. The bond lengths and angles for 1 are presented in Table 2 and S1. The molecule (3) 

consists of the bicyclic coumarine fragment and the phenyl ring joined by aminoethylidine chain 

(Fig. 2a) with dihedral angle between the planes of coumarine fragment and phenyl ring being 

45.62(3) °, which is very similar to the values observed in the above mentioned toluidine-

isomers. 

 

Figure 2. Molecular structures with atom numbering scheme of 1. a) X-Ray structure; b) the 

optimized structure obtained at the B3LYP-D3BJ/6–311+G(d,p) level of theory. 

Typical structural feature of that type of compounds is an intramolecular N−H···O 

hydrogen bond which forms a six-membered ring with S(6) graph set motif [54]  determining the 

keto-amine tautomeric form of the molecule. Considering the O3=C4−C3=C1'−N1−H1 

conjugated bond ring system, created owing to the intramolecular hydrogen bond formation, the 

equalization of the C3−C4 (1.435(2) Å) and C3=C1' (1.425(2) Å) bond lengths (Table 2) can be 

observed, although the bonds are formally single and double, respectively. This could be 

explained by the -electron delocalization within the system and thus it can be concluded that 
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above hydrogen bond can be classified as a resonance assisted hydrogen bond [55]. Interestingly, 

in above mentioned 3-(1-((m-toluidine)amino)ethylidene)-chroman-2,4-dione and in the related 

3-(1-(2-hydroxyethylamino)ethylidene)-chroman-2,4-dione [56] compounds, C3−C4 bonds were 

even slightly shorter than C3=C1' bonds. The elongation of C4=O3 (1.259(2) Å) bond could be 

also observed and it was markedly longer than C2=O2 (1.204(2) Å) bond but not involved in a 

strong hydrogen bond. The shortening of C1'−N1 (1.322(2) Å) bond in 1 was also noted. Very 

similar bond lengths were observed in related compounds mentioned above as well as in others, 

like 3-(1-(3-hydroxypropylamino)propylidene)chroman-2,4-dione [57], 2-(1-(2,4-dioxochroman-

3-ylidene)ethylamino)-3-methylbutanoate [58], 3-[(1-benzylamino)ethylidene]-2H-chromene-

2,4(3H)-dione [59] or in 3-[1-((2-hydroxyphenyl)amino)ethylidene)-2H-chromene-2,4(3H)-

dione compound [60]. All other bond lengths and angles in the molecule of 1 were within normal 

ranges [61]. 

Except above discussed N1−H···O3 intramolecular hydrogen bond, due to which the 

exocyclic C3=C1' double bond had an E geometry, the molecules of 1 were stabilized in the solid 

state by weaker intermolecular C−H···O hydrogen bonds (Table 3). Due to these bonds the 

molecules of 1 were tied to form a chain along the c axis (Fig. 3).  No significant interactions 

between individual chains could be found.  
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Table 2. The bond lengths (Å) in neutral molecule, optimized with B3LYP-D3BJ/6-311+G(d,p) 

model (the atom numbering is in line with Fig. 2). Experimental values are also included. 

Bond lengths (Å)          Experimental Calculated 

 1 1 

D(O1–C2)   1.388(19) 1.391 

D(C2–C3) 1.453(2) 1.459 

D(C3–C4) 1.435(2) 1.452 

D(C4–C10) 1.466(2) 1.468 

D(C10–C5) 1.390(2) 1.403 

D(C5–C6) 1.379(2) 1.384 

D(C6–C7) 1.378(3) 1.401 

D(C7–C8) 1.371(3) 1.387 

D(C8–C9) 1.387(2) 1.395 

D(C9–C10) 1.378(2) 1.394 

D(C9–O1) 1.370(2) 1.363 

D(C3–C1') 1.425(2) 1.422 

D(C1'– C2') 1.487(2) 1.499 

D(C1'– N1)   1.322(18) 1.334 

D(N1–C1")   1.434(18) 1.419 

D(C1"– C2") 1.383(2) 1.396 

D(C2"– C3") 1.382(2) 1.392 

D(C3"– C4") 1.381(2) 1.394 

D(C4"– C5") 1.382(2) 1.394 
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D(C5"– C6") 1.383(2) 1.391 

D(C6"– C1") 1.384(2) 1.397 

D(C2–O2)   1.204(18) 1.209 

D(C4–O3)   1.259(17) 1.250 

D(N1–H)   1.000(18) 1.041 

DH(N1–H···O3)   1.631(18) 1.629 

DH hydrogen bond 

Table 3.  Hydrogen bonds for 1 [Å and °]. 

 

D–H···A d(D-H) d(H···A) d(D···A) <(DHA) 

C2'–H2'C···O3
 

0.98 2.58 3.25(18) 126.0 

C6"–H6"···O3
 

0.95 2.60 3.30(19) 130.2 

N1–H···O3 1.00(2) 1.63(2) 2.53(17) 147.0(16) 

Symmetry transformations used to generate equivalent atoms: (i): x, -y + 1.5, z + ½; (ii): x, -y + 

1.5, z – ½. 
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Figure 3. Crystal structure of 1 showing hydrogen bonds (red dashed lines) forming a chain 

along the c axis. Hydrogen atoms not involved in hydrogen bonds are omitted for clarity. 

Symmetry codes: (i): x, -y + 1.5, z + ½; (ii): x, -y + 1.5, z – ½. The most important interaction 

distances (bold) are given in angstrom (Å). 

 

3.3.  Molecular geometry of examined compound 1 

The geometry of ligand, as optimized at B3LYP-D3BJ/6–311+G(d,p) level of theory, is 

depicted in Fig. 2b. The calculated bond lengths and angles are given in the same tables as 

experimental. The theoretical and experimental data indicated that molecule 1 was non-planar 

(Table S1). The C6''–C1''–N1–C1' torsion angle (τ) determined by the X-ray study and DFT 

methods yielded to the same value of 52.4°. The difference between the bond lengths of 1, 

obtained by crystallographic analysis and theoretical calculations, amounted to 0.87%. It is 

evident that B3LYP-D3BJ level of theory reproduces the bond lengths of molecule 1 excellently. 
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The obtained correlation coefficient and the absolute errors are 0.996 and 0.01 Å, respectively 

(Table 2).  

 

3.4.  Vibrational spectra  

The synthesized coumarin derivative possesses low symmetry due to which its FT-IR and 

Raman spectra were quite similar in appearance. More bands were present in the IR spectrum 

which is a consequence of the Raman scattering effect itself. 

In the high frequency region (4000 – 2000 cm
-1

) (Table S2) bands were assigned to 

different C–H stretching modes of both rings. According to PED values (Table S2) the region 

between 3200-3060 cm
-1 

was
 
assigned solely to C–H stretching modes (99-92%). The rest of the 

modes were presented as the combination of various contributions. 

Below 2000 cm
-1

, between 2000-1000 cm
-1

, very strong and strong bands at 1718 (IR), 

1609 (IR), 1613 (R), 1587 (R), 1590 (R), 1559 (IR) and 1479 (R) are assigned to C=O stretching 

modes of pyrone ring, N–C and C–C stretching and C–N–H bending modes. Bands at 1480 (IR), 

1479 (R), 1468 (IR), 1465 (R), 1449 (IR) and 1424 (IR) cm
-1

, also very strong to medium in 

intensity, are assigned to C–C stretching modes of the benzene ring (the second ring attached to 

N atom), H–C–C and H–C–H (-CH3 (a)) bending modes. Strong to medium bands at 1341 (IR), 

1336 (R), 1318 (R), and 1246 (R) belong to different combinations of bending and torsion (C–C–

C, C–C–O and C–C–N–H) modes as well as combination of stretching and bending modes (C–C, 

C–C–C and C–C–H). Below 1200 cm
-1 

very strong to medium bands at 1246 (R), 1190 (IR), 

1179 (IR), 1155 (IR), 1032 (IR) and 1006 (R) cm
-1 

belong to different bending (C–N–H, C–C–C, 

H–C–C) modes of both rings and the alkyl chain and to C–C and C–N stretching modes as well. 

In this same range, between 2000-1000 cm
-1

, there are also some weak modes, at 1370 (IR), 
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1310 (IR), 1288 (IR), 1238 (IR), 1200 (R), 1180 (R), 1162 (IR, R) and 1075 (IR, R) cm
-1

, 

assigned mostly to H–C–C bending and C–C stretching modes of both the rings.  

In the low frequency regions, below 1000 cm
-1

, of both IR and Raman spectra there are 

mostly weak bands assigned to H–C–C–H, O–C–C–C, C–C–C–C and C–C–N–H torsion modes 

of both rings (878 (IR), 845 (R), 761 (IR), 743 (IR), 707 (IR), 690 (IR), 576 (R), 508 (IR) cm
-1

). 

The results from Table S2 show that there is a linear dependence between the 

experimental and the calculated wavenumbers. The quality of this linear correlation is evaluated 

by means the correlation coefficient (R). The both R values for the IR and Raman spectra are 

0.999. On the basis of these facts, it can be concluded that B3LYP-D3BJ provides very good 

agreement between the experimental and simulated vibrational spectra [62], indicating correct 

mode assignments (Fig. 4 and S1). 

 

Figure 4. The experimental (blue line) and simulated (pink line) IR spectrum of 1. 
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3.5.  NMR spectra  

 The experimental 
1
H and 

13
C NMR spectra of 1 were obtained in chloroform and they 

are used to confirm the molecular structure in the solution. The experimental and calculated 
1
H 

NMR and 
13

C NMR chemical shifts are presented in Tables 4 and 5 (the atom numbering is in 

line with Fig. 2). 

Table 4. Calculated and experimental 
1
H chemical shifts (ppm) of selected protons bonded to the 

carbons. 

 Experimental Calculated 

Compound 1 1 

C(2')H3 2.69 2.70 

C(2")H 7.24 7.73 

C(3")H 7.45 7.87 

C(4")H 7.40 7.63 

C(5")H 7.45 7.82 

C(6")H 7.24 7.62 

C(6)H  7.51 7.65 

C(7)H 7.51 8.02 

C(8)H 7.57 7.60 

C(5)H 8.07 8.52 

N(1)H 15.9 15.8 

Mean absolute error (MAE)  0.28 

R  0.998 
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Table 5. Calculated and experimental 
13

C chemical shifts (ppm) of selected carbons. 

13
C NMR Experimental Calculated 

Compound 1 1 

C(1') 175.9 177.1 

C(2') 20.67 17.33 

C(1") 136.2 138.6 

C(2") 129.6 125.7 

C(3") 128.2 130.4 

C(4") 126.0 127.5 

C(5") 128.2 129.1 

C(6") 129.6 126.9 

C(2) 162.3 161.6 

C(3) 97.88 98.2 

C(4) 181.7 182.8 

C(5) 123.5 126.9 

C(6) 120.0 123.0 

C(7) 134.1 135.1 

C(8) 116.5 116.3 

C(9) 153.8 156.8 

C(10) 125.5 120.0 

Mean absolute error (MAE)  2.14 

R  0.998 
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 It is known that 
1
H NMR spectra of organic molecules vary greatly depending on the 

electronic environment of the corresponding proton. The proton nearby electron-donating atom 

or group is more shielded, while the proton nearby electron-withdrawing atom or group is less 

shielded. It means that  values will move to lower or higher values, respectively. The values of 

the chemical shift for aromatic protons are usually in the interval between 7-8 ppm. The 

experimental values for the nine aromatic protons of 1 were in the interval of 7.24-8.07 ppm 

while the corresponding theoretical values lied in the interval 7.60-8.52 ppm. The broad singlet 

at 15.9 ppm indicated the enamine N–H group (assigned to N(1) atom).  The experimental 

chemical shift value of the protons of the methyl group was 2.69 ppm while the calculated value 

was 2.70 ppm (Table 4). 

 In the case of 
13

C NMR spectrum of 1, the experimental chemical shifts for aromatic 

carbons were in the range 120.0-153.8 ppm, while the calculated values were in the range 120.0-

156.8 ppm. These values are a good match with the well-known fact that the chemical shifts 

values of the aromatic carbons lie in the range 100-150 ppm. Higher value of the chemical shift 

for C9 is expected due to adjacent of O1 atom. The difference in the chemical shift values for 

other carbons: C(1'), C(2), and C(4) is due to the positioning of these carbons with respect to 

adjacent electronegative atoms (N and O atoms) (Table 5). 

 The calculated and experimental chemical shift (Figs. S2 and S3) values given in Tables 

4 and 5 show moderately large correlation coefficients and small mean absolute errors. 

According to the R and MAE values, the B3LYP-D3BJ method shows comparable ability to 

simulate the NMR spectrum of compound 1. 
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3.6.  NBO analysis  

The NBO analysis was used for the investigation of electronic structure of the molecule 

1. In order to evaluate the donor–acceptor interactions in the NBO basis, the second-order 

perturbation theory analysis of Fock matrix was performed. The interactions resulted in a 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 was determined as: 

 

2( )
(2)

ij

ij i

j i

F
E E q

E E
  


                 (1) 

where qi was the donor orbital occupancy, Ei, Ej were diagonal elements (orbital energies) and 

Fi,j was the off diagonal NBO Fock matrix element. The NBO analysis is an efficient method for 

investigating the hyperconjugative interaction or charge transfer (CT) in molecular systems. It 

should be noted that the higher value of E(2) represents the more intensive interaction between 

electron donors and electron acceptors. The second-order perturbation theory analysis of Fock 

matrix in the NBO basis of the molecule showed strong intramolecular hyperconjugative 

interactions which are presented in Table 6. 
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Table 6. Some selected second order interaction energies for 1. 

Donor(i) ED/e Acceptor(j) ED/e E(2)/kJ mol
-1

 E(j)-E(i)/a.u. F(i,j)/a.u. 

πC3–C1' 1.64 π*O3–C4         0.35 159.87 0.26     0.090 

πC3–C1' 1.64 π*O2–C2         0.31 140.00 0.27     0.087 

πC9–C10 1.63 π*O3–C4 0.35 109.62 0.27     0.075 

πC9–C10 1.63 π*C5–C6 0.28 83.51 0.30     0.071 

πC9–C10 1.63 π*C7–C8 0.31 65.48 0.29     0.061 

πC5–C6 1.68 π*C9–C10   0.41 72.01 0.28     0.063 

πC5–C6 1.68 π*C7–C8   0.31 93.22 0.28     0.071 

πC7–C8   1.69 π*C9–C10   0.41 95.40 0.28     0.073 

πC7–C8   1.69 π*C5–C6 0.28 67.91 0.29     0.062 

LP2 O3 1.86 σ*N1–H         0.08 105.35 0.68     0.119 

LP2 O3 1.86 σ*C3–C4          0.05 46.19 0.78     0.085 

LP2 O3 1.86 σ*C4–C10         0.06 70.88 0.76     0.103 

LP2 O1 1.76 π*O2–C2         0.31 144.35 0.34     0.099 

LP2 O1 1.76 π*C9–C10   0.41 124.98 0.35     0.096 

LP2 O2 1.83 σ*O1–C2        0.11 148.28 0.57     0.128 

LP2 O2 1.83 σ*C2–C3        0.06 67.99 0.71     0.098 

 

The analysis of Fock matrix implicated the strong intermolecular hyperconjugative 

interactions between n(O) and σ *(N–H), σ*(O–C), π*(C–O), π*(C–C), between π(C–C) and 

π*(C–C), π*(O–C) orbitals which resulted in an intramolecular charge transfer (ICT) causing 

stabilization of the investigated compound. 
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 The electron donation from the bonding π(C3–C1') to anti-bonding acceptor orbital 

π*(O3–C4) had the highest value of the interaction energy (Table 6). Also, the strong interaction 

energy between the bonding π(C3–C1') to anti-bonding orbital π*(O2–C2) was observed.  

In addition, there were strong intermolecular hyperconjugative interactions from (LP2) 

O1 to π*(C2–O2) and π*(C9–C10), and from (LP2) O2 to σ*(C2– O1). The relatively strong 

electron donation from the π(C–C) orbitals to the π*(C–C) orbitals of the both aromatic rings 

was found. There were intramolecular hyperconjugative interactions between π(C–C) and π*(C–

C) orbitals in the ring attached to pyron moiety which resulted in an ICT causing stabilization of 

the system. These interactions were followed by an increase in electron density (ED) in the C–C 

antibonding orbitals. The obtained values for ED of about 1.7e clearly showed strong 

delocalization of electrons which lead to the additional stabilization of the structure by the 

amount of ∼65–95 kJ mol
−1

. It should be noted that there was strong intermolecular 

hyperconjugative interaction between π(C9–C10) and π*(C4–O3) orbitals, which lead to 

stabilization of 109.6 kJ mol
-1

. Strong hydrogen bond (1.63 and 1.24 Å measured and calculated 

values) was formed between N1–H∙∙∙O3. This is inspected result, 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 were much better hydrogen bond acceptors than the oxygen of the OH 

groups. The NBO analysis revealed that the ED was donated from the p orbitals of the oxygen 

atom O3 into the proximate σ* antibonding N1–H bond (Table 6). This hydrogen bond 

additionally stabilized the structures with 105.4 kJ mol
-1

. 

  

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 

3.7. Molecular electrostatic potential analysis 

The molecular charge distribution was represented by the map of the electrostatic 

potential (MEP). This map provided a visual method to understand the charged regions as well as 

the relative polarity of a molecule [63, 64]. On the basis of this map is possible to depict the 

shape and size, as well as the charge density and site of the chemical reactivity of the 

investigated molecules. The MEP of title compound presented in Fig. 5a, clearly indicates that 

the chromane’s oxygen atom 1 as well as carbonyl oxygen atoms 2 and 3 contribute to the most 

electronegative region (red). Due to the excess negative charge, one can expect a relatively high 

nucleophilic activity of this part of the molecule. This is consistent with the well-known fact that 

the negative regions of MEP are usually associated with the lone electron pairs belonging to the 

electronegative atoms in the molecule. On the other hand, the positive values of MEP were 

localized over the hydrogen atoms bonded to oxygen atom. 

 

 

 Figure 5. Molecular electrostatic potential surface (left) and the natural charge distribution 

(right).            
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The obtained values of the natural charge distribution are presented in Fig. 5b. The 

obtained results were in accordance with MEP data. As expected, the negative charge was manly 

distributed over the oxygen atoms attached to the chromane part while the rest of the negative 

natural charge was mostly delocalized over the C2', N1 and benzene rings. The C2 atom had 

greater positive charge than other C atoms in chroman part of the molecule (C4 and C9), as well 

as adjacent carbon atom C1'. In addition, slightly positive natural charge was almost uniformly 

distributed over hydrogen atoms.  

 

3.8. Non-linear optical properties 

To predict the non-linear optical (NLO) activity of the title molecule the components of 

various electric moments such as dipole moment (μ), polarizability (α) and first order static 

hyperpolarizability (β) were calculated using the DFT/B3LYP-D3BJ/6-311+G(d,p) method. The 

polarizability and the first hyperpolarizability (β) were calculated using the finite-field approach. 

The total electric dipole moment (μtotal), mean polarizability (αmean) and the total first order static 

hyperpolarizability (βtotal), were calculated using the x, y, and z components of these electric 

moments [65] (Table S3).  

In present case, the calculated total dipole moment of the molecule under investigation 

was 3.62 Debye. The predicted value of the mean polarizability (αmean) and total first order static 

hyperpolarizability (βtotal) were found to be 34.934×10
-24

 esu and 6.484×10
-30

 esu, respectively. 

The calculated value of βtotal for 1 was thirty times higher than that of Urea (0.194710
-30

 esu) 

[65], which is one of the prototypical molecules used in the study of the NLO properties of 

different molecular systems, frequently used as a threshold value for comparative purposes. It is 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 

known that the high polarizability of the investigated compound implicates its drug-likeliness, as 

a result of high polarizability, which allows very strong binding with its target. 

 

3.9. Fukui functions 

Fukui functions, proposed by Parr and Yang in 1984 [66-68], are described as the 

change in total electron density on the basis of change in total number of electrons. Fukui 

functions can be calculated using the following equation: 

 
 

 

 

δ

δ

r
f r

r N rN


 

   
   

     


 


                                                                                                                                                     

(2) 

where µ and N are the chemical potential and the number of electrons in the system, ʋ(r) is the 

external potential. The Fukui function can be approximated using following equations: 

       - HOMO
-1

f r r r r
N N

    
              

(3) 

       LUMO
1

f r r r r
NN

     


              (4) 

         0 - HOMO LUMO/2 /2f r f r f r r r   
     

   
           

(5) 

The evaluation of these equations can be very complicated due to the electron density term [69]. 

In equations 3-5, the frozen-orbital approximation is assumed. Parameters ρN(r), ρN-1(r) and 

ρN+1(r) separately represent the electron densities of the system with N (neutral molecule), N‒1 

(radical cation) and N+1 (radical anion) electrons. The ρ
HOMO

(r) and ρ
LUMO

(r) are values of the 

electron densities of the HOMO and LUMO.  
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If Eqs. (3 and 4) are integrated for individual atoms in a molecule, one obtains the so-

called condensed Fukui function (CFF) [68], which provides a more convenient way to predict 

the reaction site in the molecule. The condensed Fukui function for an atom, noted as A, can be 

written as: 

- A A= -
A 1

f p p
N N

                                                                                                                           (6) 

+ A A= -
A 1

f p p
N N

                                                                                                                                                                                        (7) 

where
A

N
p is the electron population number of atom A. Since atomic charge is defined as q

A
=Z

A
-

p
A
, where Z is the charge of atomic nucleus, f 

-
 and f 

+
 can be expressed as the difference of 

atomic charges in two states (note that two Z terms are cancelled). By analogous treatment, one 

can easily formulate the CFFs for an atom A in Eqs. (8-10) for electrophilic, nucleophilic and 

radical attack: 

+ A A= -
A 1

f q q
N N

                     (8) 

- A A= -
A 1

f q q
NN

                   (9)

0 A A= - /2
A 1 1

f q q
N N

 
 
  

               (10) 

where Aq
N

, A

1
q

N
, and A

1
q

N
are the NBO charges on atom A of the neutral, anionic and cationic 

species, respectively [70]. The three formulas 8-10 are exploited in this work to describe the 

electrophilic, nucleophilic and free-radical attack. The larger the value of the CFF at a reaction 

site, represents the greater the reactivity of that corresponding site towards reactive specie. The 
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CFFs were estimated from the NBO charges employing the equations 8-10. This method is often 

used for calculation of the CFFs (f) [70, 71, 72, 73].  

The most probable sites for the electrophilic (f 
‒
), nucleophilic (f 

+
), and radical attack (f 

0
) are given in Table S4. The NBO charges predicted that the C3, O2, N1, and C4" were the most 

reactive atoms both for electrophilic and free-radical attack. As for the nucleophilic attack, five 

positions were favored: C1', C4, O3, C7 and C4" (bold in Table S4). On the basis of the obtained 

CCF values for free radical attack, it is obvious that N1 and O2 atoms are the most reactive 

positions for hydrogen atom transfer (HAT) and/or sequential proton loss electron transfer 

SPLET mechanisms [74], while the C3 and C4" atoms are the most reactive sites for radical 

adduct formation (RAF) mechanism [75]. 

 

3.10.  Molecular docking analysis 

PASS (Prediction of Activity Spectra for Substances) is an online program designed as a 

tool for evaluating the general biological potential of an organic drug-like molecule. PASS 

provides simultaneous predictions of many types of biological activity based on the structure of 

the organic compounds [76-79]. PASS analysis of 1 predicted inhibition of Ubiquinol-

Cytochrome C Reductase Binding Protein (UQCRB) and Methylenetetrahydrofolate reductase 

(MTHFR) with activities which values of Pa (probability to be active) were 0.802 and 0.794 

(bold in Table 7). These two proteins were chosen because of their biological importance. 

UQCRB is involved in the transfer of electrons across the mitochondrial inner membrane and 

plays an important role in complex III stability. Recent research showed that down-regulation of 

this protein inhibits angiogenesis and suggested that UQCRB could be a novel therapeutic target 
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for angiogenesis regulation. Angiogenesis is a process responsible for embryonic development 

and tissue or organ regeneration. In pathological conditions, this process is important for 

progression of tumors and hepatic fibrosis. Applications of small bioactive molecules that bind to 

the UQCRB suppress 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 [80]. MTHFR is a cytosolic enzyme, that catalyzes conversion of the N
5
,N

10
-

methylentetrahydrofolate to N
5
-methyltetrahydrofolate, the methyl donor for remethylation of 

the homocysteine to methionine [81]. Human and other eukaryotic MTHFR exist as a 

homodimer and each subunit (70-77 kDa) contains a catalytic domain and a regulatory domain. 

This enzyme plays an important role in the folic acid and homocysteine metabolism. Mutations 

in human MTHFR results in loss of enzyme activity and leads to high homocysteine and low 

folate levels in plasma. Homocysteine is an oxidant and play a vital role in oxidation of lipid and 

lipoproteins [82]. Elevated level of homocysteine concentration in plasma is associated with 

endothelial disfunction, platelet aggregation, and atherosclerosis.  

To evaluate the inhibitory nature of 1 against UQCRB and MTHFR proteins, the 

molecular docking studies were performed. Protein-ligand binding energy and identification of 

the potential ligand binding sites were determined from this study as well. The ligand 

conformation which showed the lowest binding energy (best position) was determined based the 

ligand docking results. The position and orientation of ligand inside protein receptor and the 

interactions with amino acids which bound to the ligand were analyzed and visualized with 

Discovery Studio 4.0 and AutoDockTools. 
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Table 7. PASS prediction for the activity spectrum of 3-(1-(phenylamino)ethylidene)-chroman-

2,4-dione. 

Pa>0,7 Pi Predicted activity 

0.886 0.003 Cholestanetriol 26-monooxygenase inhibitor 

0.858 0.022 Membrane integrity agonist 

0.851 0.003 4-Nitrophenol 2-monooxygenase inhibitor 

0.821 0.014 CYP2H substrate 

0.811 0.004 CYP2B5 substrate 

0.802 0.018 Methylenetetrahydrofolate reductase (NADPH) inhibitor 

0.794 0.035 Ubiquinol-cytochrome-c reductase inhibitor 

0.766 0.009 Oxidoreductase inhibitor 

0.757 0.046 CYP2C12 substrate 

0.754 0.004 P-benzoquinone reductase (NADPH) inhibitor 

0.751 0.048 Aspulvinone dimethylallyltransferase inhibitor 

0.744 0.035 Gluconate 2-dehydrogenase (acceptor) inhibitor 

0.739 0.010 Nitrate reductase (cytochrome) inhibitor 

0.728 0.005 CYP2A4 substrate 

0.706 0.006 CYP2A11 substrate 

0.705 0.007 General pump inhibitor 
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The values of the estimated free energy of binding and inhibition constant (Ki) for 

investigated ligand in ten different conformations are given in Tables S5 and S6. By analyzing 

positions of active amino acids, it can be concluded that ligand binds to the catalytic site of 

substrates by weak non-covalent interactions. The most prominent are H-bonds, alkyl-π and π-π 

interactions. In primary structures of chains D and A molecules of lysine in positions 226 and 

169, regardless of the conformation of the investigated ligand (Fig. 6), have predominant role as 

active sites of UQCRB and MTHFR proteins for inhibitory action, respectively. LYS226 forms 

H-bond (2.05 Å length) with C=O group of the ligand. LYS226 amino group is protonated at 

physiological pH values which makes it a good electrophile. PHE442 forms two weak π-π 

interactions with benzene and chroman rings. On other hand, LYS169 and HIS153 form 

hydrogen bonds of 2.47 and 2.77 Å with C=O groups of the ligand. Histidine has electron-rich 

NH group and it is suitable for nucleophilic attack. LEU106 forms weak alkyl-π interaction with 

benzene ring of the ligand (Fig. 6). The docking analysis proves that the most probable site for 

the electrophilic attack is O2, as determined by the Fukui functions and high negative NBO 

charge. Out of all electronegative elements, O3 has the highest probability for nucleophilic 

attack, which additionally explains the important interaction formed between this atom and 

HIS153. 
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Figure 6. Picture showing interaction between ligand (conformation 1 of molecule 1, the lowest 

Ki) and amino acids in Ubiquinol-Cytochrome C Reductase Binding Protein (UQCRB, left) and 

Methylenetetrahydrofolate reductase (MTHFR, right). The most important interaction distances 

(bold) are given in angstrom (Å). 

 

4. Conclusions 

The experimental and theoretical study of the structure of the synthesized coumarin 

derivative 3-(1-(phenylamino)ethylidene)-chroman-2,4-dione (1), is carried out. The selected 

DFT model (B3LYP-D3BJ/6–311+G(d,p)) almost perfectly reproduces the bond lengths and 

bond angles of the molecule. Calculated geometric parameters are in good agreement with 

crystal structures. The B3LYP-D3BJ functional also quite well reproduces spectroscopic 

characteristics of the molecule. The obtained values of the natural charge distribution are in 

accordance with MEPS data. The analysis of vibrational spectra gives very good agreement 

between the DFT method and the experimentally obtained results. The 
1
H and 

13
C NMR 

chemical shifts, obtained theoretically and experimentally, are in rather good accordance with 

correlation coefficients (R) moderately large and the mean absolute errors relatively small. The 

condensed Fukui functions are calculated for all atoms in title molecule by the means of NBO 
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charges. On the basis of the obtained these parameters, the most probable reactions sites for 

nucleophilic, electrophilic and free-radical attack were determined. The C3, O2, N1, and C4" 

atoms are favorable sites for electrophilic and free-radical attack, while the C1', C4, O3, C7 and 

C4" atoms are probable for nucleophilic attack. 

To evaluate the inhibitory nature of compound 1 against UQCRB and MTHFR proteins, 

the molecular docking studies are performed. Results indicate that the ligand 1 forms a stable 

complex with UQCRB and MTHFR proteins, as evident from the binding energy (ΔGbind, 

presented in Supplementary material). The most important interactions are H-bonds, π-π and π-

alkyl. Atoms forming these bonds are predicted as the most reactive sites. Atoms forming bonds 

are predicted as the most reactive sites by the Fukui indices. These preliminary results suggest 

that the investigated ligand 1 might exhibit inhibitory activity against Ubiquinol-Cytochrome C 

Reductase Binding Protein and Methylenetetrahydrofolate reductase. 
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Supplementary data.  

CCDC 1577270 contains the supplementary crystallographic data for 1. These data can be 

obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the 

Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 

1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk. 
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Highlights 

 X-ray structure analysis and spectroscopic methods are utilized. 

 The structure and spectroscopic behavior of the 1 were determined by DFT. 

 The Fukui functions are used for predict the reaction site in a molecule. 

 Molecular docking analysis evaluated the inhibitory nature of 1. 
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