
  This work is licensed under a Creative Commons Attribution 4.0 International License. 

 

 

 

  O R I G I N A L  S C I E N T I F I C  P A P E R    
 

 
 Croat. Chem. Acta 2018, 91(3), 341–355 
 Published online: September 24, 2018 
 DOI: 10.5562/cca3316 
 

 
 

Synthesis, Quantum Chemical Calculations and 
Molecular Docking Studies, Biological and Anion 

Sensor Properties of (E )-4-[(4-ethoxy-
phenylimino)methyl]-2-methoxyphenol 

 
Celal Tuğrul Zeyrek1, Hüseyin Ünver2, Bahadir Boyacioglu3, Neslihan Demir4, Gönül Yapar5, Hakan Dal6, Mustafa Yıldız7,* 

 
 
1 Ankara Nuclear Research and Training Center, Turkish Atomic Energy Authority, TR-06100 Besevler-Ankara, Turkey 
2 Department of Physics, Faculty of Science, University of Ankara, TR-06100 Besevler- Ankara, Turkey 
3 Vocational School of Health Services, Ankara University, TR-06290 Kecioren-Ankara, Turkey 
4 Department of Biology, Faculty of Arts and Sciences, Çanakkale Onsekiz Mart University, TR-17100 Çanakkale, Turkey 
5 Department of Chemistry, Faculty of Arts and Sciences, Istanbul Technical University, TR- 34469 Istanbul, Turkey 
6 Department of Chemistry, Faculty of Science, Anadolu University, TR-26470 Yenibağlar, Eskişehir, Turkey 
7 Department of Chemistry, Faculty of Sciences and Arts, Çanakkale Onsekiz Mart University, TR-17100 Çanakkale, Turkey 
* Corresponding author’s e-mail address: myildiz@comu.edu.tr 

 
RECEIVED: February 20, 2018    REVISED: July 5, 2018    ACCEPTED: July 25, 2018 

 
 
Abstract: We report the synthesis and characterization, biological activity, DNA binding, colorimetric anion sensor properties, computational 
(HF) and molecular docking studies of a novel Schiff base (E)-4-[(4-ethoxyphenylimino)methyl]-2-methoxyphenol. The molecular structure of 
the title compound was experimentally determined using spectroscopic data and was compared to the structure predicted by theoretical 
calculations using density functional theory (DFT). In addition, atomic charges, molecular electrostatic potential (MEP), nonlinear optical (NLO) 
effects, the potential energy surface (PES) scans about two important torsion angles and thermodynamic properties of the title compound 
were predicted using DFT. The antimicrobial activity of the compound was investigated for minimum inhibitory concentration. UV-Vis 
spectroscopy studies of the interactions between the compound and calf thymus DNA (CT-DNA) showed that the compound interacts with CT-
DNA via intercalative binding. The colorimetric response of the Schiff base receptors in DMSO was investigated. The most discernable color 
change in the Schiff base was caused by CN−, which demonstrated that the ligand can be used to selectively detect CN−. 
 
Keywords: molecular docking, DFT, anti-microbial activity, DNA binding, anion sensor. 
 
 
 

INTRODUCTION 
ANILIN (4-hydroxy-3-methoxybenzaldehyde) is a 
pleasant-smelling aromatic compound, which is the 

principal flavoring constituent in vanilla beans. As a primary 
substitute for natural vanilla, vanillin is widely used as an 
ingredient in food and animal feeds. It serves as a food 
flavoring, a pharmaceutical intermediate and a fragrance in 
perfumes and odor-masking -masking products. The Schiff 
bases of 4-hydroxy-3-methoxy-1-benzaldehyde (vanillin) 
have been extensively studied because of their important 
applications.[1–6] They have been used as a fluorescent 

probes for Ag+ in aqueous solution.[7] These compounds, as 
well as their metal complexes, have been found to possess 
biological activity[8] and were used in DNA binding studies 
of Mg(II) complex.[9] Antibacterial activity has also been 
reported for the Co(II), Ni(II), Cu(II) and Zn(II) complex of 
the Schiff base of 4-hydroxy-3-methoxy- 1-benzaldehyde.[5] 
 Schiff base ligands may contain a variety of 
substituents with different electron- donating or electron-
withdrawing groups, and therefore may have interesting 
chemical properties. Besides the biological activity, solid-
state thermochromism and photochromism are other 
characteristics of these compounds leading to their 
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application in various areas of materials science such as the 
control and measurement of radiation intensity, display 
systems and optical memory devices.[10–12] Schiff bases 
derived from 2-hydroxyaldehydes are excellent models for 
the study of keto-enol tautomerism both in solution and in 
the solid state.[13–15] 
 It has been demonstrated in some studies that Schiff 
bases and their complexes can be used as sequence specific 
DNA binding agents, and diagnostic agents in medicinal 
applications and for genomic research.[16–19] 
 The colorimetric anion sensors are more important, 
because such materials are useful since they provide visual 
information more easily. Some anions are duplicitous, both 
beneficial and deleterious to human health and the 
environment.[20] Though cyanide is important in industrial 
processes, exposure to it is highly toxic and can lead to fatal 
consequences.[21] Schiff bases have gained prominence as a 
choice for anion sensors due to their unique characteristics 
such as easy synthesis through one step condensation, 
existence of easy-to-manipulate hydrogen bonds,[22,23] 
deprotonation of the hydroxyl (-OH) group,[24,25] and ability 
to undergo tautomerism.[26,27] 
 In this study, the novel bidentate Schiff base was 
synthesized by the reaction of 4-ethoxyaniline with  
3-methoxy-4-hydroxybenzaldehyde. The chemical struc-
ture was determined through spectroscopic and 
crystallographic methods. The Schiff base was investigated 
for its ability to selectively sense anions, antimicrobial 
activity and in binding to DNA. Molecular docking was also 
completed to identify the interaction of the title compound 
with DNA. Moreover, theoretical and experimental 
structures were compared using quantum-mechanical 
calculations. 
 

EXPERIMENTAL 
Reagents and Techniques 

The 1H-, 13C-NMR spectra were recorded on a Bruker DPX 
FT-NMR spectrometers operating at 500 and 125.7 MHz C-
N-H analyses were performed on a LECO CHNS-932 
analyzer. Infrared absorption spectra were obtained from a 
Perkin Elmer BX II spectrometer in KBr discs. UV-Visible 
spectra were measured by using a Perkin Elmer Lambda 2 
series spectrophotometer with 1.0 cm quartz cells. 3-me-
thoxy-4-hydroxybenzaldehyde, 4-ethoxyaniline, chloro-
form, ethanol, DMSO, and THF were purchased from Merck 
(Germany). Ethidium bromide (EB), calf thymus DNA (CT-
DNA), pBR322 DNA, (Bu)4NF, (Bu)4NBr, (Bu)4NI, (Bu)4NCN, 
(Bu)4NSCN, (Bu)4NClO4, (Bu)4NHSO4, (Bu)4NCH3COO, 
(Bu)4NH2PO4, (Bu)4NN3 and (Bu)4NOH were purchased from 
Sigma (USA). The Tris–HCl buffer solution was prepared 
with triple-distilled water. CT-DNA stock solution was 
prepared by diluting DNA to Tris–HCl/NaCl buffer (5 µM 

Tris–HCl, 50 µM NaCl, pH 7.2), and kept at 4 °C for no longer 
than two days. 

Synthetic Procedures 
(E )-4-[(4-Ethoxyphenylimino)methyl]-2-methoxyphenol 

3-Methoxy-4-hydroxybenzaldehyde (0.01 mol) was added 
to a dry THF (100 mL) solution of 4-ethoxyaniline (0.01 
mol). The mixture was stirred and heated for 2 h. The title 
compound was obtained from the evaporation of THF. It 
was crystallized from chloroform/n- heptane as a light 
yellow crystal, m.p. 104 °C, 2.44 g (90%) yield. C16H17NO3 
(271.31): Calcd. C 70.76, H 6.27, N 5.16; found C 70.73, H 
6.26, N 5.16. IR (KBr): ν/cm−1 = 3446 s (Ar–OH stretch), 
3156m, 3083m, 3058 m (Ar-H stretch), 2981 m, 2939 m, 
2881 m, 2835 m (C-H stretch), 1618 s (C=N stretch), 1606 s, 
1589 s (C=C stretch), 1560 s, 1508 s (C-H scissoring and 
bending), 1308 s, 1213 s, 1051 s (Ar−OC2H5 + Ar−OCH3 
symmetrical stretch). 

X-Ray Crystallography and Data 
Collection 

Crystallographic data were recorded on a Bruker Kappa 
APEXII CCD area-detector diffractometer using MoKα 
radiation (λ = 0.71073 Å) at T = 100 K. Data collection, 
reduction, and corrections for absorption and crystal 
decomposition for compound were achieved by using X-
AREA, X-RED software.[28] The crystal structure was solved 
by SHELXS-97 and refined with SHELXL-97.[29,30] The 
positions of the H atoms bonded to C atoms were located 
geometrically and refined as riding with a respective C-H 
distance of 0.93 Å corresponding to the aromatic C-H 
bonds. All atoms (except hydrogen) were located from a 
difference Fourier map and refined anisotropically. The 
details of the X-ray data collection, structure solution, and 
structure refinements are given in Table 1. The bond 
distances, bond, and torsion angles are listed in Table S1 
(supplementary materials). The molecular structure with 
the atom-numbering scheme is shown in Figure 1.[31] 
Crystallographic data (excluding structure factors) for the 
structures reported in this paper has been deposited with 
the Cambridge Crystallographic Data Centre as 
supplementary publication number CCDC 1048672. 

DFT Calculation Details 
The theoretical calculations of the title compound were 
performed by using the Gaussian 09 software package 
program.[32] The input and output files were visualized via 
GaaussView 5 visualization program.[33] The geometry 
optimization, structural properties, vibration spectra and 
NLO properties of the title compound were determined 
through the applications of B3LYP (Becke’s three-
parameter hybrid model using the Lee–Yang Parr 
correlation[34,35] with the 6-311++G(d,p) basis set.[36]  
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The optimized structure parameters of the title compound 
were also calculated by using Hartree-Fock (HF) using the 
6-311++G(d,p) basis set. The potential energy surface scans 
(PES) for the conformational analysis of the compound 
were obtained by minimizing the potential energy using 
B3LYP/6-311++G(d,p) level of theory for all geometrical 
parameters by varying the torsion angles in steps of 10° in 
the range of 0°–360° rotation around the bond. Moreover, 
a detailed assignment of vibrational modes for the title 
compound was performed on the basis of potential energy 
distribution (PED) by using VEDA 4 program[37] based on the 
B3LYP/6-311++G(d,p) level. 1H NMR and 13C NMR chemical 

shifts were calculated within GIAO approach[38] which is 
one of the most common approaches for calculating 
nuclear magnetic shielding tensors. To investigate the 
reactive sites and to identify sites of intra- and inter-
molecular interactions of the compound, molecular 
electrostatic potential surface was evaluated by using 
B3LYP/6- 311++G(d,p) level. The total molecular energies, 
HOMO and LUMO energies and HOMO- LUMO band gaps 
were predicted by the same level. For the title compound, 
the chemical hardness (η) was calculated by using HOMO 
and LUMO energies.[39] Finally, The total molecular dipole 
moment (μtot), linear polarizability (αij), and the first-order 

Table 1. Crystallographic and structure refinement data for the title compound 

Chemical formula C16H18NO3 

Crystal shape/color Prism/Yellow 

Crystal size (mm3) 0.20 × 0.24 × 0.32 

Formula weight 272.31 

Crystal system Monoclinic 

Space group P21/c 

a (Å) 10.312(1) 

b (Å) 9.995 (1) 

c (Å) 26.5762(4) 

β (o) 92.276(1) 

Volume (Å3) 2737.01 (6) 

Z 8 

Dx (Mg m−3) 1.317 

μ (mm−1) 0.091 

F000 1152 

Radiation/ T(K) MoKα (λ = 0.71073 Å) / 108(2) 

Diffractometer/meas.meth scans Bruker APEX-II CCD / w and φ 

Absorption correction Multi-scan 

Tmin 0.9700 

Tmax 0.9785 

No. of measured/independent/observed reflections 25331 / 6766 / 4775 

h −13 to 13 

k −11 to 13 

l −30 to 35 

Criterion for observed reflections I > 2σ(I) 

ϑmin / ϑmax 1.53 / 28.25 

R [F2 > 2σ (F2)], wR, S 0.0455, 0.1012, 1.025 

No. of parameters 367 

Weighting scheme w = 1 / [σ2(F02) + (0.0694P)2]   P = (F02 + 2F2) / 3 

∆ρmax, ∆ρmin (e Å−3) 0.283, −0.244 
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hyperpolarizability (ϐijk) was predicted by the B3LYP 
method with same base sets 6-311++G(d,p) for NLO 
properties. Thanthiriwatte and Nalin de Silva were 
explained in detail previously that how is the calculations of 
the total dipole moment (μtot), linear polarizability (αij), and 
the first-order hyperpolarizability (ϐijk) from the Gaussian 
output file.[40] 

Molecular Docking Calculations 
Molecular docking calculations were performed on 
AutoDock-Vina software[41] and AutoDockTools (ADT) was 
used for creating docking data entry files. The polar 
hydrogens and Kollman atomic charges were added to the 
target feruloyl esterase by used ADT graphical. Water 
molecules and co-crystallized ligands were removed with 
Discover Studio Visualizer 4.0. The (E)-4-[(4-ethoxy-
phenylimino)methyl]-2-methoxyphenol was prepared for 
docking by minimizing its energy at B3LYP/6-311++G(d,p) 
level. ADT was performed to  add partial charges by 
Geistener method and to define torsions and rotatable 
bonds. The active site of the receptor was defined to 
include residues of active site within the grid size of 40Å x 
40Å x 40Å for FEA enzyme and 20Å x 20Å x 30Å for A-DNA 
and B-DNA protein. Receptor-ligand interactions were 
demonstrated with PyMol and Discover Studio Visualizer 
4.0 software.[42,43] 

Screening for Antimicrobial Activities 
Bacillus subtilis ATCC 6633, Staphylococcus aureus ATCC 
25923, Escherichia coli ATCC 25922, Enterococcus faecalis 

ATCC 29212, Pseudomonas aeruginosa ATCC 27853, 
Escherichia coli NRRL B-3704, Proteus vulgaris ATCC 13315, 
Candida albicans ATCC 60193, and Candida tropicalis ATCC 
13803 were used as microorganisms. Ampicillin and 
fluconasol were used as controls in this study as they are 
well-known broad-spectrum antibiotics that have different 
mechanisms of activity, such as inhibition of cell wall 
synthesis (ampicillin).[44] MIC was evaluated by broth 
microdilution test. The test compounds were prepared by 
dissolving in a minimal volume of DMSO and were serially 
diluted in Mueller-Hinton broth at concentrations in the 
range of 1–500 µg/mL. Inoculated plates were incubated at 
37 °C and results evaluated after 24 h for bacteria and 48 h 
for fungi. 

DNA-Binding Experiments 
The UV-Visible spectra titrations were carried out in Tris–
HCl/NaCl buffer at room temperature to investigate the 
binding affinity between CT-DNA and the Schiff base. The 
UV-Vis absorbance at 260 and 280 nm of CT-DNA solution 
in Tris buffer gives a ratio of 1.8–1.9, indicating that the 
DNA was sufficiently free of protein. [45] Tris–HCl/NaCl 
buffer (3 mL) and the solutions of Schiff base of buffered 
CT-DNA solution was added to each cuvette in order to 
eliminate the absorbance of DNA itself. Before the 
absorption spectra were recorded, the Schiff base-DNA 
solutions were incubated at room temperature for 5 min. 

Anion Sensors Measurements 
Schiff base (0.006 mmol) was dissolved in DMSO (50 mL). 
Tetrabuthylammonium salts (F−, Br−, I−, CN−, SCN−, ClO4−, 
HSO4−, CH3COO−, H2PO4−, N3−, OH−) (0.006 mmol) were 
dissolved in DMSO (50 mL). Each solution of tetra-
butylammonium salts was added to the Schiff base solution 
(1:1) in the UV cuvette and tube. After mixing them, UV 
absorption spectra and photographs were taken at room 
temperature. 
 

RESULTS AND DISCUSSION 
Description of the Crystal Structure 

The title compound, with an Ortep-3 view shown in Figure 
1, crystallizes in the monoclinic space group P21/c with Z = 
8 in the unit cell. The asymmetric unit of the title compound 
contains two independent molecules, namely (I) and (II). 
The molecules (I) and (II) in the asymmetric unit are non-
planar. The dihedral angles between the two phenyl ring 
systems [part 1:C2−C8, C1, O1, O2 for (I), C18−C24, O4, O5 
for (II); part 2: N1, O3, C9−C16 for (I), N2, O6 C25−C32 for 
(II)] are 30.6(1)° and 49.2(3)°, respectively, for molecules (I) 
and (II). In the azomethine groups, the N1–C8 distance is 
1.282(2) Å for molecule (I) and N2−C24 distance is 1.284(2) 
Å for molecule (II). The bond lengths and bond angles of the 

 

Figure 1. Ortep-3 diagram of the title compound. The 
intermolecular hydrogen bond is shown as a dashed line. 
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title compound are in a good agreement with those of the 
related structures.[39,46−50] For example, the double distance 
of N–C is 1.299(2) Å for 1-[(4-ethoxyphenylimino)me-
thyl]napthalene-2-ol.[50] In the crystal structure of the title 
compound, there are two intramolecular and fifteen 
intermolecular hydrogen bonds. The donor and acceptor 
distances are 2.677(1) Å for O2– H2···O1 and 2.714(1) Å for 
O4–H4···O5 for the intramolecular hydrogen bonds, 
respectively Table S2, Figures 1 and S1. 
 X-Ray structure determinations reveal that the enol 
tautomer is favoured over the keto tautomer. This is 
evident from the observed O2–C7 bond distance of 
1.353(2) Å and O4–C23 bond distance of 1.354(2) Å, which 
is consistent with the O–C single bond; similarly the N1– C8 
distance of 1.282(2) Å and the N2–C24 distance of 1.284(2) 
Å are also consistent with the N=C double bonding, 
respectively. The average single O–C is 1.366(2) Å for 
similar to investigated compound structure of 1-[(4-ethoxy-
phenylimino)methyl]napthalene-2-ol.[50] 

Optimized Molecular Structure 
The calculated bond distances, bond angles, and selected 
torsion angles are compared with the experimental values 
of the title compound (Table S1). The conformational 
discrepancies between the X-ray structure and optimized 
counterparts by using Hartree-Fock (HF), and the B3LYP 
functional with 6-311++G(d,p) basis set can be seen in 
Figure S2a and S2b. As seen from Figure S2a and S2b, when 
the X-ray structure of the title compound is compared with 
its optimized counterparts, slight conformational discre-
pancies are observed between them. The most significant 
structural disparities are found in the orientation of 3- 
methoxy-4-hydroxybenzaldehyde ring (part 1) in the com-
pound. This structural disparity is defined by torsion angles 
C9–N1–C8–C4 [177.55(13)o], C8–N1–C9–C14 [-153.23(13)o] 
and C8–N1–C9–C10 [26.3(2)o] for experimental values. 
These torsion angles are the orientation of the aldehyde 
ring (part 1) part with respect to the 4-ethoxyaniline ring 
(part 2) part, and have been calculated for the investigated 
compound as 178.525, -141.814, 40.709o for the HF/6-
311++G(d,p) level and 177.192, -148.042 and 34.471 for the 
B3LYP/6-311++G(d,p) level. Part 1 and part 2 are inclined at 
the angle of 30.6(1)° for (I) and 49.2(3)° for (II) with respect 
to one another experimentally, whereas this angle has 
been calculated as 36.4(3)o for the B3LYP/6-311++G(d,p) 
level and 41.9(3)o for the HF/6-311++G(d,p) level. 
 The bond lengths of C8–N1 [1.282(2) Å] and C24–N2 
[1.284(2) Å] have a double bond character. These bond 
lengths are predicted by the bond lengths of 1.254 Å for HF 
and 1.279 Å for the B3LYP level. 
 It is well known that DFT-optimized bond lengths are 
usually longer and more accurate than HF due to the 
inclusion of electron correlation. [50,51] According to our 

calculations, the biggest difference between experimental 
and calculated bond lengths is about 0.032 Å for HF and 
0.056 Å for B3LYP level, while the root means square error 
(RMSE) is found to be 0.012 Å for HF and 0.014 Å for B3LYP. 
According to the RMSE value, the bond lengths obtained by 
the B3LYP level show a good correlation with the experim-
ental values. For bond angles, the opposite was observed. As 
can be seen from Table S1, both the biggest difference and 
the RMSE for the bond angles obtained by the DFT 
calculations (B3LYP level) are larger than those determined 
by HF. A logical method for globally comparing the structures 
obtained from theoretical calculations is by superimposing 
the molecular skeleton on that obtained from X-ray 
diffraction. According to these results, it may be concluded 
that the B3LYP calculation reproduces the bond lengths well, 
while the HF method is better at predicting the bond angles 
and 3D geometry of the title compound. Whereas the most 
of the calculated bond lengths are slightly longer than the 
experimental values, as seen from Table S1, the calculated 
bond lengths and angles are in good agreement with the 
experimental values for the title compound and also similar 
compounds in the literature.[39,46-50] 
 We noted that the experimental results belong to 
the solid phase whereas theoretical calculations belong to 
the gas-phase. The result in the differences of bond 
parameters between the calculated and experimental 
values depend on the existence of the crystal field along 
with the inter-molecular interactions connects the 
molecules together in the solid state.[50] 

Potential Energy Surface (PES) Scan 
It will be interesting to investigate if the conformation 
obtained by optimization of the molecule in the crystal 
structure is just a local minimum, or it is indeed the most 
favorable molecular conformation in the vacuum. For this 
purpose the conformational search taking into account the 
single bonds C4-C8 and N1-C9 have been performed at the 
torsion angles T1(C5- C4-C8-N1) and T2(C8–N1-C9-C10). 
The scans were obtained by minimizing the potential 
energy using B3LYP/6-311++G(d,p) level of theory in all 
geometrical parameters by varying the torsion angles at a 
step of 10o in the range of 0–360o rotation around the 
bond. The variations of potential energy change from its 
equilibrium with the torsional perturbation are presented 
in Figure 2a and 2b. Potential energy surface (PES) scan for 
torsion angles T1 shows only one minima positions at 180o, 
while T2 shows four minima positions at 30o, 150o, 210o and 
330o. The minima of the curves correspond to the low 
energy conformers which are most highly populated  
and usually responsible for chemical and biological 
properties of the molecule. These energies of the most 
stable conformation are −900.58771 Hartree for T1 and 
−900.58768 Hartree for T2. 
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Molecular Electrostatic Potential (MEP) 
MEP has been used to explain and predict relative reactivity 
sites for the electrophilic and nucleophilic attack, 
investigation of hydrogen bonding interactions, molecular 
cluster and crystal behavior and the correlation and 
prediction of a wide range of macroscopic properties.[51] 
 MEP in the B3LYP/6-311G++(d,p) optimized geo-
metry was determined. MEP is shown in Figure 3. The 
negative (red) and the positive (blue) regions in the MEP 
were related to electrophilic reactivity and nucleophilic 
reactivity, respectively. Title molecule has several possible 
sites for electrophilic attack. Negative electrostatic 
potential regions (red color) are mainly localized over the 
oxygen atoms. The negative MEP value is −0.032 a.u. for O2 
atom. The deepest positive point of MEP is localized on the 
etheric ArOH, ArOCH2CH3 and ArOCH3 atoms and these 
values are almost +0.032 a.u. These sites give information 
about the region from where the compound can have 
intermolecular interactions. It can be indicative of strong 
intramolecular and intermolecular hydrogen bonds (O–
H…N) in the crystal structure. 

Natural Bond Orbital (NBO) Analysis 
The double bond character of N1–C8 was revealed by NBO 
analysis (Table S3). The aldehyde ring (ring 2), consisting of 
C2, C3, C4, C5, C6, C7 atoms, and rings (ring 1) of the aniline 
part, consisting of C9, C11, C12, C13, C14 atoms, are 
typically in a single-double arrangement that forms the 
conjugate structure. The NBO occupancies of single O1–C2, 
O2–C7 and O3–C12 are at the same level in the whole 
molecule. The calculated results from the NBO analysis are 
consistent with those obtained from X-ray structure 
analysis of the compound. So, NBO analysis can be a very 
useful method for molecular modelling. 
 The results of second-order perturbation theory 
analysis of the Fock matrix at B3LYP/6-311++G(d,p) level of 
theory found the stabilization energies larger than 3.0 
kcal/mol. The stabilization energy E(2) value increases with 
the strong interaction between electron donors and 
electron acceptors. Also, the larger the stabilization energy 
E(2) values,  the greater the extent of the conjugation of the 
whole system. The strong intramolecular hyperconjugative 
interaction of the σ and π electrons of C–C to the anti C–C 
bond of the aromatic rings results in stabilization of some 
part of the rings, such as the intramolecular hyperco-
njugative interaction of the σ(C2–C3) contributed to σ*(C2–
C7) and σ*(C3–C4) stabilization of 4.28 and 3.40 kcal/mol. 
This enhanced further conjugation with antibonding 
orbitals π* of the C4–C5 and C6–C7 which results in strong 
delocalization of 16.98 and 18/56 kcal/mol, respectively. 
The results from the NBO analysis indicate that the C4–C5, 
C9–C14, C10–C11 and C12–C13 bonds have the same kind 
interaction. 
 The donor orbitals LP(2) of O3 have strongest 
interaction energies resulting in stabilization of 29.27 
kcal/mol. This important interaction reveals the existence 
of intermolecular hydrogen bonding between O atom of 
imine ring (ring 2) and C atom of aldehyde (ring 1) (C–H…O) 

 

 

 

Figure 2. Potential energy curves calculated at B3LYP/6-
311++G(d,p) level for the investigated molecule along the 
torsion angles (a) T1(C5–C4–C8–N1) and (b) T2(C8–N1–C9– 
C10). 
 

 

Figure 3. Molecular electrostatic potential (MEP) map 
calculated at B3LYP/6-311++G(d,p) level. 
 



 
 
 
 C. T. ZEYREK et al.: (E)-4-[(4-Ethoxyphenylimino)methyl]-2-methoxyphenol 347 
 

DOI: 10.5562/cca3316 Croat. Chem. Acta 2018, 91(3), 341–355 

 

 

 

in the compound. The donor orbitals LP(2) of O2 have the 
second strongest interaction energies resulting in 
stabilization of 28.85 kcal/mol, and this interaction implies 
the existence of intramolecular hydrogen bond. The NBO 
analysis provides an efficient method to study inter- and 
intramolecular bonding such as C–H…O and O–H…O 
interactions. These interactions and bonds significantly 
influence the crystal packing of this molecule. 

Vibrational Spectra 
The vibrational band assignments were performed at 
B3LYP/6-311++G(d,p) theory level defined from their 
potential energy distributions (PED) to compare the 
experimental (FT-IR) and calculated vibrational frequencies 
of the title compound (Figure S3). We analyzed the normal 
vibrational frequencies and compared our calculated 
results for the investigated compound with the 
experimental ones on the basis of potential energy 
distributions (PED) (Table S4). 
 It is well-known that the vibrational wavenumbers 
obtained by DFT computations are usually overestimated 
compared to their experimental counterparts. To 
overcome discrepancies between observed and calculated 
wavenumbers, the scaling factors were introduced by 
assuming the relationship between the calculated unscaled 
(νucal) and experimental (νexp) wavenumbers are linear and 
described by the following equation: 

 = + =2
exp ucal0.96287 7.99320, 0.99664v v R   

 According to the fitting results of equation, the 
general scale factor value was found to be 0.96287 for 
B3LYP/6-311++G(d,p) level. We calibrated the vibrational 
wavenumbers by using a scale factor value of 0.96287. 
 The infrared spectra of the title compound contain 
some characteristic bands for the stretching vibrations of 
O–H, C–H, C–H2, C–H3, C=N, C=C, C–C, C–O and C–OH 
groups. 

UV-Visible Spectra and HOMO-LUMO 
Studies 

An experimental UV–Visible spectrum of the title 
compound is given in Figure S4. In order to understand 
electronic transitions in the title compound, TD-DFT 
calculations were performed for different solvents (DMSO, 
EtOH, and chloroform). The calculated frontier orbital 
energies, absorption wavelengths (λ), oscillator strengths 
(f) and excitation energies (E) for different solvents (DMSO, 
EtOH, and chloroform) are listed in Table S5. The UV- Visible 
spectra of the title compound shows three bands at 240, 
253, 336 nm and 253, 288, 340 nm for CHCl3 and DMSO 
and, four bands at 207, 228, 284, 337 nm for Et-OH, which 
is assigned to the π–π* and n–π* transition of the C=C and 
C=N. The pictorial form of the HOMO and LUMO charge 

transfer is shown in Figure 4. The major contributions of the 
transitions were designated with the aid of GaussView 5 
visualization program.[33] The visible absorption maxima of 
this molecule from calculations of the molecular orbital 
geometry due to electron transition between the 
calculated absorption maxima are found to be 361, 302 and 
280 nm in DMSO solution, 360, 301, 253, and 244 nm in 
chloroform solution and 360, 301, 280, 233 and 226 nm in 
ethanol solution. The maximum absorption wavelength 
corresponds to the electronic transition from HOMO to 
LUMO with 68% contribution. This transition (HOMO-
LUMO) confirms the π–π* and n–π* transitions. They are 
all assigned to the π–π* and n–π* transitions which are also 
confirmed by NBO analysis. 
 The HOMO–LUMO energy gap value was found to be 
3.9203 eV at B3LYP/6- 311++G(d,p) in the gas phase. They 
are mostly π-antibonding type molecular orbitals in the 
structure. The chemical hardness is useful to rationalize the 
relative stability and reactivity of chemical compounds. For 
the title compound, the chemical hardness (η) was 
calculated as 1.9602 eV. 

1H- and 13C-NMR Spectra 
The calculated and experimental 1H- and 13C-NMR 
chemical shift values of the title molecule are listed in 
Table S6 (Figure S5). The OH and azomethine (-N=C-H) 
protons are observed as singlet δ = 9.5 and 8.2 ppm for 
the compound. The calculated values for these atoms are 
(in gas phase/DMSO) 5.98/8.35 and 6.03/8.52 ppm, 
respectively. 
 The observed resonance signals between δ = 6.66-
7.30 ppm (multiplet) correspond to chemical shifts of the 
protons in aromatic rings. The calculated chemical shifts for 
aromatic protons are found at 7.01-8.56 ppm in the gas 
phase and 7.35-8.71 ppm in DMSO. The protons of ArOCH3 
are observed at 3.70 ppm as a singlet, while these protons 
are calculated at 3.91 ppm in the gas phase and in 4.04 ppm 
in DMSO. The etheric ArOCH2 and ArOCH2CH3 protons of 
the compound gave a quartet and triplet at δ = 3.6 and 1.1 
ppm, respectively. The calculated values for these atoms 
are (in gas phase/DMSO) 3.86/1.44 and 4.01/1.47 ppm, 
respectively. 
 According to the proton decoupled 13C NMR spectra, 
the compound has 14 signals. The aliphatic ArCH=N-Ar, 
CH3O-Ar, CH3CH2O-Ar and CH3CH2O-Ar carbons are 
observed at δ = 161.9, 63.63, 55.97 and 15.17 ppm for the 
compound, the calculated chemical shift values for these 
carbon’s in gas phase/DMSO is found at 159.93/162.30, 
55.45/56.04, 65.73/66.23, 15.62/15.42 ppm, respectively. 
The carbon-13 NMR isotropic chemical shift values of 
carbon atoms in phenyl and naphthalene aromatic rings, 
except these mentioned carbon atoms, are experimentally 
given resonance signals at the interval 110.69–158.4 ppm. 
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The chemical shifts δ/ppm: 158.4 (s, C1, Cipso-, CH3CH2-O-), 
150.4 (s, C7, Cipso-, CH3-O-), 149.5 (s, C8, Cipso-, HO-), 
145.0 (s, C4, Cipso, -N=CH-), 128.7 (s, C5, Cipso, -CH=N-), 
125.1 (s, C10, C-phenyl), 123.3 (s s, C3, C-phenyl), 115.8 (s, 
C9, C-phenyl), 115.3 (s, C2, C-phenyl), 110.69(s, C6, C-
phenyl), while the computed chemical shift values in gas 
phase/DMSO for these carbon atoms are in the regions 
109.28–164.72ppm/109.12–164.91ppm. 
 In conclusion, X-ray, FT-IR, Quantum Chemical 
Calculations, UV–Visible, 1H- and 13C-NMR results show 
that the compound exists in the enol-imine form. 

Non-Linear Optical Effects 
The NLO properties such as the total dipole moment (μtot), 
linear polarizability (αij), and the first hyperpolarizability 

(ϐijk) of the title molecule were also investigated in this 
study. It is well known that the higher values of molecular 
linear polarizability and first hyperpolarizability are 
important for more active NLO properties. The polar-
izabilities and hyperpolarizability are reported in terms of 
atomic units (a.u) and the calculated values have been 
converted by using 1 a.u3 = (0.529)3 Å3 for α and 1 a.u = 
8.641 × 10−33 cm5/esu for ϐ. 
 The total dipole moment (μtot), the linear polar-
izability (α) and the first hyperpolarizability (ϐ) were 
calculated at the B3LYP/6-311++G(d,p) level of the com-
pound. The calculated total dipole moment (μtot), polar-
izability (α) and first hyperpolarizability (ϐ) for the title 
compound are 3.0618 Debye, 36.8044 Å3, and 8.2446 × 10−30 
cm5/esu, respectively. These α values are approximately 

 

Figure 4. Molecular orbital surfaces and energy levels for the HOMO, HOMO-1, LUMO, and LUMO+1 of the title compound 
computed at B3LYP/6-311++G(d,p) level. 
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1.6 times greater than that of para-nitroaniline (p-NA) 
molecule, which is a typical NLO material.[52,53] p-NA molec-
ule was chosen as a reference molecule because there were 
no experimental values about the title complex in the liter-
ature. Urea is also one of the most widely used molecules 
for determination of NLO properties of molecular systems 
and can be used as a reference molecule in NLO studies. 
The calculated values of urea at B3LYP/6-311++G(d,p) level 
were found to be 4.90 Å3 for α and 0.781 × 10−30 cm5/esu 
for ϐ. The polarizability and first hyperpolarizability for the 
title compound is approximately 7.5 and 10.6-fold larger 
than those of urea when our results are compared to those 
for pNA and urea. When it is compared with the similar 
Schiff base ligands in the literature, the calculated values of 
first hyperpolarizability (ϐ) in the compound are smaller 
than that of 1-[(4-et-hoxyphenylimino)methyl]napthalene-
2-ol (33.2309 × 10−30 cm5/esu),[50] (E)-4-[(pyridin-3-ylimino)-
methyl]benzene-1,3-diol (16.432 × 10−30 cm5/esu)[54] calcu-
lated with B3LYP/6-311++G(d,p) method and greater than 
that of N-(2,5-methylphenyl)salicylaldimine (3.752 × 10−30 
cm5/esu),[55] (E)-2-ethoxy-4-[(4-ethoxyphenylimino)methyl]-
phenol (7.0934 × 10−30 cm5/esu).[39] 

Minimum Inhibitory Concentration 
(MIC) 

The data reported in Table 2 are the average data from 
three experiments. It can be observed from Table 2 that the 
antimicrobial results for the Schiff base have a high 
antifungal effect on C. albicans ATCC 60193, while it has a 
low effect on C. tropicalis ATCC 13803. Likewise, it has 
stronger antibacterial effect against S. aureus ATCC 25923, 
E. faecalis ATCC 29212, B. subtilis ATCC 6633, E. coli NRRL 
B-3704, P. aeruginosa ATCC 27853 and P. vulgaris ATCC 
13315 compared to E. coli ATCC 25922. The highest 
antimicrobial effect was on C. albicans ATCC 60193 
compared to other microorganisms. The compound differs 
significantly in its activity against tested microorganisms. 

This difference may be attributed to the fact that the cell 
wall in Gram-positive bacteria are of a single layer, whereas 
the Gram-negative cell wall is a multilayered structure, and 
the yeast cell wall is quite complex. Some C. albicans 
species have shown resistance to antifungal drugs. 
Antibacterial and antifungal activities of the compound 
were compared with those of the standard drugs ampicillin 
and fluconasol. However, it had similar or much less activity 
against the tested organisms except C. albicans ATCC 60193 
compared with the reference drugs. Surprisingly, the 
compound had very strong effect against C. albicans ATCC 
60193. The low activity of the Schiff base is due to their low 
lipophilicity, because of which penetration of the complex 
through the lipid membrane was decreased and hence, 
they could neither block nor inhibit the growth of the 
microorganism. 

DNA-Binding 
The potential binding ability of the compound to CT-DNA 
was characterized by UV spectroscopy. The absorption 
spectra of the Schiff base in the absence and presence of 
CT- DNA at different concentrations are given in Figure 5. 
Absorption spectroscopy is one of the most commonly used 
methods to investigate the effects of any material on DNA. 
If it has an intercalation effect against DNA, generally the 
hypochromic effect is observed.[56,57] But if the material’s 
interaction with DNA is electrostatic or partially 
intercalative, the hyper-chromic effect is observed. 
Moreover, the red shift of the maximum absorptions 
indicates that the difference between HOMO and LUMO 
energy levels decreases and that the complex interacts with 
DNA. The absorption spectra for the Schiff base in the 
absence and presence of CT-DNA are shown in Figure 5. In 
the UV region, three intense bands were absorbed in 272, 
340 and 429 nm for Schiff base. In the presence of CT-DNA, 
a decrease in peak intensities was observed in the 
absorption spectra of Schiff base. In addition to the 

Table 2. MIC (µg/mL) of the compound 

Microorganisms 
Compound Antibiotic 

Schiff base Ampicilin Fluconasol 

S. aureus ATCC 25923 128 1 - 

E. faecalis ATCC 29212 128 2 - 

B. subtilis ATCC 6633 128 1 - 

E. coli ATCC 25922 256 16 - 

E. coli NRRL B-3704 128 32 - 

P. aeruginosa ATCC 27853 128 2 - 

P. vulgaris ATCC 13315 128 2 - 

C. albicans ATCC 60193 < 0.25   - 1 

C. tropicalis ATCC 13803 32 - 2 
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increase in intensity, a small red shift (bathochromism; 6-8 
nm) was also observed in the spectra for the Schiff base. 
The absorption bands of Schiff base at 280 nm are shown 
with increasing CT-DNA (0, 0.5, 1, 2, 3, 4, 5, 6, 7 and 8 μL) 
(Figure 5). The extent of red shift and hypochromism are 
commonly found to correlate with the intercalative binding 
strength. The Kb value obtained for Schiff base was 9.19 M-

1. Consequently, the observation of hypochromic effect in 
the absorption spectra implies that the Schiff base 
established an intercalative bond with DNA. 

Colorimetric Anion-Sensing 
In Schiff bases,[26,27,58,59] the acidic phenol proton would 
deprotonate upon exposure  to nucleophiles and therefore, 
the intramolecular proton transfer occurs to the keto-
amine form. And/or phenol-imine and keto-amine 
tautomerism occur. This phenomenon among ‘Schiff bases’ 
is exhibited due to the tautomerism between phenol-imine 
and keto-amine form via six membered hydrogen transfer 
between the phenolic hydrogen and imine nitrogen. 
Consequently, the anion selectivity and electrostatic DNA 
binding occur. 
 The sensing ability of the title compound (5 × 10−6 M) 
was studied in DMSO. Upon the addition of 1 equiv. of each 
anion, only CN– resulted in the appearance of the color, 
which can be attributed to the hydrogen bonds between 
the title compound and the anions and to the resultant 
charge transfer processes in the title compound. On the 
other hand, the addition of other anions (F−, Br−, I−, SCN−, 
ClO4−, HSO4−, AcO−, H2PO4−, N3− and OH−) did not induce any 
color changes in the compound. Sensor (E)-4-[(4-
ethoxyphenylimino)methyl]-2-methoxyphenol displayed 

visual color changes upon addition of CN− as illustrated by 
the colorimetric photos (Figure 6a), taken in two different 
illuminations: natural light and under a hand held UV lamp. 
In natural light, the observed color changes were from 
colorless to yellow for CN−. There was no discernible 
fluorescence change under the hand held long wave UV 
lamp as yellow for CN− (Figure 6b). The most discernable 
color change in the Schiff base ligand was caused by CN−, 
which demonstrated that the compound can be used to 
selectively detect CN−. It is important to comment on the 
mechanism of cyanide anion binding to the title compound. 
Cyanide has much weaker hydrogen bonding ability in 
comparison with OH−, F− and AcO− with stronger 
nucleophilicity toward the imine group, which results in the 
addition reaction of CN− to the carbon atom of an electron 
deficient imine group and, subsequently, fast proton 
transfer of the phenol hydrogen to the neighboring nitrogen 
anion through an intramolecular hydrogen bond. [26,27] 

Molecular Docking Study of Title 
Compound with FAE 

Schiff base ligands have been reported as plant growth 
regulators, antimicrobial and antibacterial activity.[60] 
Prediction of Activity Spectra (PASS)[61] is an online tool 
which predicts different types of activities based on the 
structure of a compound. PASS analysis of the title 
compound is given in Table S7. According to the PASS 
analysis, to evaluate the inhibitory nature of the title 
compound against FAE protein, molecular docking studies 
were performed. High resolution 3D crystal structure of 
FAE was downloaded from the protein data bank (PDB ID: 
1UWC).[62] 

 

Figure 5. Absorption spectra of the compound in the absence and presence of increasing amounts of CT-DNA at room 
temperature in Tris–HCl/NaCl buffer (pH 7.2). 
 



 
 
 
 C. T. ZEYREK et al.: (E)-4-[(4-Ethoxyphenylimino)methyl]-2-methoxyphenol 351 
 

DOI: 10.5562/cca3316 Croat. Chem. Acta 2018, 91(3), 341–355 

 

 

 

 The docking protocol we employed predicted a 
convenient confirmation with RMSD value well within the 
allowed range of 2Å. The criterion to be considered after 
RMSD is the bonding energy. The reason behind this 
priority order is that the structure may give low bonding 
energy outside the active site as well. The predicted 
bonding energy as a result of molecular docking and RMSD 
values are given comparatively in Table 3. Amongst the 
docked conformations of the title compound, the 
conformation which was close to the conformation of co-
crystallized ligand and scored well was visualized and is 
given in Figure S6. Energetically the most favorable docked 
structure obtained from the rigid molecular docking of the 
title ligand with FAE is shown in Figure S7. The relative 
binding energy of the docked ligand-FAE is found to be −6.5 
kcal/mol. The title compound binds at the active site of the 
FAE by weak non-covalent interactions, most prominent of 
which are H-bonding (3.04 Å: N atom of SER7 and O3 atom 
of ligand), two carbon hydrogen bond (3.65, 3.31 Å), two π-
alkyl (3.85, 4.74 Å) and van der Waals interactions as shown 
in Figure 7. According to the calculations, the title 
compound might inhibit FAE. 

Molecular Docking Study of the Title 
Compound with DNA 

To understand the drug-DNA interaction molecular docking 
is used. Structurally different molecules bind with DNA in a 

different fashion, respectively. Molecular docking studies 
were performed to understand the interaction mechanism 
between the investigated compound A-DNA (PDB ID: 3V9D) 
and B-DNA (PDB ID: 1BNA), and the preferred molecular 
orientation in A-DNA and B-DNA. The predicted bonding 
energy as a result of molecular docking and RMSD values 
are given comparatively in Table 3. Energetically the most 
favorable docked structures obtained from the rigid 
molecular docking of the title compound with 3V9D (A-
DNA) and 1BNA (B-DNA) are shown in Figure S8a and S8b. 
The relative binding energies of the docked compound-(A-
DNA) and compound-(B-DNA) are found to be the same 
value of −6.2 kcal/mol. The compound binds at the active 
site of the 3V9D for A-DNA nucleic acid by weak non-
covalent interactions most prominent of which are 
conventional H-bonds and π-alkyl interaction, while the 
title compound binds at active  site of 1BNA for B-DNA 
nucleic acid by weak non-covalent interactions most 
prominent of which are CH…O interactions π-donor 
interactions and π-π interaction. These interactions are 
illustrated in Figure S9a and S9b. The resulting docked pose 
of compound-(A-DNA) complex reveals that oxygen atom 
(O3) of ArOCH2CH3 (part 2) binding on the surface of the 
DNA is involved in hydrogen bonding (2.98 Å) with the 
nitrogen atom (N4) of cytosine (B:DC4:N4). The nitrogen 
atom (N1) of compound’s azomethine binding on the 
surface of the A-DNA is also involved in hydrogen bonding 

 

Figure 6. The color changes of the compound (1equiv) upon addition of various anions (3 equiv) of the compound under (a) 
normal light hand (b) hand held UV lamp (λ =365 nm). 
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(3.23 Å) with the nitrogen atom (N6) of adenosine 
(A:DA8:N6). π-alkyl interaction (4.68 Å) between carbon 
atom of ligand and cytosine (B:DC3) and carbon hydrogen 
bond interaction (3.30 Å) between carbon atom of ligand 
and guanosine of A-DNA (A:DG5:OP2) are also present, 
while three carbon hydrogen bond interactions (3.64 Å) 
between carbon atom of ligand and cytosine of B-DNA 
(B:DC23:O2), (3.63 Å) between carbon atom of ligand and 
cytosine of B-DNA (B:DC21:O2) and (3.68 Å) between 
carbon atom of ligand and thymine of B-DNA (B:DT20:O2) 
and two π-donor interactions (3.80 Å) between phenyl 
group of ligand and N2 atom of guanosine (B:DG22:N2) and 
(3.96 Å) phenyl group of ligand and N2 atom of guanosine 
(A:DG4:N2), and π-π interaction (5.47 Å) phenyl group of 
ligand and guanosine (A:DG4) for B-DNA into the DNA grove 
(Figure S9a and S9b). From these results, it can be said that 
the title compound might inhibit the DNA. 

CONCLUSIONS 
The synthesis of a Schiff base (E)-4-[(4-ethoxyphenyl-
imino)methyl]-2-methoxyphenol was reported. The mole-
cular structure of the Schiff base was confirmed using the 
spectroscopic and crystallographic method. In addition, 
density functional modelling studies of the Schiff base ligand 
were reported in this study. The calculated geometric 
parameters according to the Hartree-Fock (HF) and density 
functional theory (DFT) with the 6- 311++G(d,p) basis set are 
in good agreement with the X-ray structure. The theoretical 
evaluation of NLO properties yielded that the title compound 
had larger polarizability and hyperpolarizability values than 
urea, which denotes its use in potential NLO applications. The 
potential energy surface (PES) scans two torsion angles are 
performed by using B3LYP/6- 311++G (d,p) level of 
theoretical approximation for the compound. 

Table 3. Binding affinity and RMSD values of different poses of the title compound as predicted Autodock Vina 

Compound-inhibitor Mode Affinity Distance from best mode (kcal/mol) RMSD 

l.b. (Å) RMSD u.b. (Å) 

Compound-(FAE)     
 1 −6.4 0.000 0.000 
 2 −6.4 2.007 2.588 
 3 −6.1 5.437 9.720 
 4 −6.0 4.669 9.966 
 5 −6.0 1.565 2.330 
 6 −5.9 3.963 5.603 
 7 −5.8 5.017 8.125 
 8 −5.8 28.005   29.882 
 9 −5.8 5.303 7.481 

Compound-(A-DNA)     
 1 −6.2 0.000 0.000 
 2 −6.1 1.759 8.524 
 3 −6.1 4.933 6.974 
 4 −6.0 1.933 8.528 
 5 −6.0 2.407 3.902 
 6 −5.9 2.004 2.967 
 7 −5.8 2.549 4.000 
 8 −5.8 1.706 2.585 
 9 −5.7 1.008 2.221 

Compound-(B-DNA)     
 1 −6.2 0.000 0.000 
 2 −6.0 1.594 2.913 
 3 −5.6 1.720 8.727 
 4 −5.6 11.681    12.407 
 5 −5.5 12.081    13.685 
 6 −5.5 1.352 8.444 
 7 −5.4 1.363 2.071 
 8 −5.4 2.004 8.527 
 9 −5.3 1.213 2.470 
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 As a result, quantum chemical calculations and 
experimental (X-ray, FT-IR, UV– Visible, 1H- and 13C-NMR) 
results show that the title compound exists in the phenol-
imine form. 
 According to the molecular docking studies, these 
initial results show that the compound might inhibit FAE 
and DNA. 
 However, in this study, the compound was active 

against both types of bacteria, as well as active against 
yeasts, which may indicate broad-spectrum properties. 
Experimental UV–Vis spectroscopy studies of DNA binding 
proved that the title compound can intercalate into CT-
DNA, which demonstrates its potential use as a DNA-repair 
agent. In addition, the compound was able to selectively 
recognize cyanide anions in DMSO, which was confirmed by 
colorimetric studies. 

 

Figure 7. (a) The title compound binds at the active sites of 1UWC by weak non-covalent interactions (3D); (b) (2D) (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). 
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Table S1. Optimized B3LYP and HF/gas phase using the 6-311++G(d,p) basis set and experimental geometries of the title 
compound in the ground state. Bond distances (Å) and angles (o) with estimated standard deviations (e.s.d.s) in parentheses 
 


Experimental 
(I) 


Experimental 
(II) 


HF/6-311++G(d,p) B3LYP/6-311++G(d,p) 


Bond distances (Å)      
O1-C2 1.369(2) O5-C18 1.371(2) 1.354 1.425 
O1-C1 1.426(2) O5-C17 1.427(2) 1.403 1.425 
O3-C12  1.376(2) O6-C28  1.373(2) 1.349 1.366 
O3-C15 1.436(2) O6-C31 1.433(2) 1.404 1.429 
O2-C7 1.353(2) O4-C23 1.354(2) 1.342 1.358 
N1-C8 1.282(2) N2-C24 1.284(2) 1.254 1.279 
N1-C9 1.422(2) N2-C25 1.420(2) 1.410 1.405 
C2-C3 1.372(2) C18-C19 1.378(2) 1.371 1.382 
C2-C7 1.406(2) C18-C23 1.410(2) 1.404 1.413 
C3-C4 1.405(2) C19-C20 1.403(2) 1.401 1.409 
C4-C5 1.392(2) C20-C21 1.395(2) 1.380 1.398 
C4-C8  1.455(2) C20-C24  1.454(2) 1.474 1.462 
C5-C6  1.388(2) C21-C22  1.384(2) 1.391 1.394 
C6-C7  1.388(2) C22-C23  1.386(2) 1.373 1.387 
C9-C14  1.388(2) C25-C30  1.388(2) 1.383 1.398 
C9-C10  1.403(2) C25-C26  1.401(2) 1.395 1.408 
C10-C11  1.381(2) C26-C27  1.382(2) 1.378 1.386 
C11- C12  1.392(2) C27- C28  1.392(2) 1.391 1.401 
C12-C13  1.392(2) C28-C29  1.392(2) 1.386 1.398 
C13-C14  1.390(2) C29-C30  1.389(2) 1.389 1.393 
C15-C16  1.508(2) C31-C32  1.501(2) 1.514 1.517 
Max. differencea    0.032 0.056 
RMSEa     0.012 0.014 
 
Bond angles (o) 


     


C2-O1-C1  116.63(11) C18- O5-C17 116.26(11) 119.659 118.346 
C12- O3-C15 116.61(10) C28- O6-C31 116.75(11) 120.261 118.981 
C8-N1-C9  119.04(12) C8-N1-C9 118.19(12) 120.195 120.654 
O1-C2-C3  125.32(13) O5-C18-C19  125.14(13) 125.786 126.050 
O1-C2-C7  113.91(13) O15-C18-C23 114.64(12) 114.027 113.514 
C3-C2-C7  120.76(13) C19-C18-C23  120.21(13) 120.187 120.436 
C2-C3-C4  120.16(13) C18-C19-C20  120.22(13) 120.041 119.902 







C5-C4-C3  119.05(13) C21-C20-C19  119.32(13) 119.406 119.249 
C5-C4-C8  119.16(13) C21-C20-C24  118.70(12) 119.719 119.802 
C3-C4-C8  121.74(13) C19-C20-C24  121.97(13) 120.875 120.949 
C6-C5-C4  120.66(13) C22-C21-C20  120.32(13) 120.667 120.881 
C5-C6-C7  120.27(13) C21-C22-C23  120.62(13) 119.833   119.762 
O2-C7-C6  119.15(13) O4-C23-C22  118.16(13) 119.956 120.220 
O2-C7-C2  121.82(13) O4-C23-C18  122.61(12) 120.178 120.010 
C6-C7-C2  119.03(13) C22-C23-C18  119.22(13) 119.866 119.770 
N1-C8-C4  124.54(13) N2-C24-C20  125.22(13) 123.083 123.027 
C14-C9-C10  118.26(13) C30-C25-C26  118.21(13) 118.080 117.972  
C14-C9-N1  117.24(12) C30-C25-N2  118.79(12) 118.253 117.972 
C10-C9-N1   124.49(12) C26-C25-N2   122.95(13) 123.621 124.010 
C11-C10-C9  120.67(12) C27-C26-C25  120.94(13) 120.873 120.904 
C10-C11-C12  120.48(12) C26-C27-C28  120.05(13) 120.558 120.476 
O3-C12-C13  124.36(12) O6-C28-C29  124.55(13) 124.802 124.770 
O3-C12-C11  116.24(12) O6-C28-C27  115.65(12) 116.095 115.911 
C13-C12-C11  119.40(13) C29-C28-C27  119.78(13) 119.100 119.313 
C14-C13-C12  119.70(12) C30-C29-C28  119.53(13) 119.867 119.761 
C9-C14-C13  121.34(12) C25-C30-C29  121.46(13) 121.483 121.529 
O3-C15-C16  108.02(11) O6-C31-C32 108.17(12) 107.893 107.743 
Max. differencea    3.65 2.37 
RMSEa 


 
   1.12 0.91 


Selected torsion 
angles (o) 


     


C1-O1-C2-C3  -3.5(2) C17-O5-C18-C19  -6.4(2) -0.069 -0.015 
C1-O1-C2-C7  176.27(12) C17-O5-C18-C23  173.49(12) 179.874 179.9 
O1-C2-C3-C4  -179.84(13) O5-C18-C19-C20  178.68(13) -179.955 -179.984 
C7-C2-C3-C4  0.4(2) C23-C18-C19-C20  -1.2(2) 0.015 0.073 
C2-C3-C4-C5  1.5(2) C18-C19-C20-C21  -1.1(2) 0.054 0.098 
C2-C3-C4-C8  -176.01(13) C19-C19-C20-C24  177.94(13) -179.899 -179.856 
C3-C4-C5-C6  -1.3(2) C19-C20-C21-C22 1.3(2) -0.063 -0.063 
C8-C4-C5-C6  176.24(13) C24 C20 C21 C22 -177.79(13) 179.89 179.892 
C4-C5-C6-C7  -0.7(2) C20-C21-C22-C23 0.9(2) 0.034 0.003 
C5-C6-C7-O2  -177.75(13) C21-C22-C23-O4 178.09(12) -179.951 -179.965 
C5-C6-C7-C2  2.5(2) C21-C22-C23-C18 -3.1(2) 0.005 0.022 
O1-C2-C7-O2  -1.9(2) O5-C18-C23-O4 2.14(19) -0.013 -0.009 
C3-C2-C7-O2  177.92(13) C19-C18-C23-O4 -177.99(13) 179.96 179.93 
O1-C2-C7-C6  177.81(13) O5-C18-C23-C22 -176.60(12) 179.932 179.934 







C3-C2-C7-C6  -2.4(2) C19-C18-C23-C22 3.3(2) -0.015 -0.013 
C9-N1-C8-C4  177.55(13) C25-N2-C24-C20 -175.86(12) 178.525 177.192 
C5-C4-C8- N1  -178.22(14) C21-C20-C24-N2 -168.83(13) -178.152 -178.288 
C3-C4-C8-N1  -0.7(2) C19-C20-C24-N2 12.1(2) -1.801 -1.666 
C8-N1-C9-C14 -153.23(13) C24-N2-C25-C30 -143.37(13) -141.814 -148.042 
C8-N1-C9-C10  26.3(2) C24-N2-C25-C26 39.12(18) 40.709 34.471 
C14-C9-C10-C11  2.8(2) C30-C25-C26-C27 1.38(19) 1.776 1.628 
N1-C9-C10-C11 -176.81(13) N2- C25- C26- C27 178.90(12) -179.257 -179.115 
C9-C10-C11-C12  0.7(2) C25-C26-C27- C28 -0.29(19) -0.175 0.141 
C15-O3-C12-C13  7.22(19) C31-O6-C28- C27 179.45(11) 0.527 0.178 
C15-O3-C12-C11 -173.21(12) C31- O6- C28-C29 1.18(18) -178.759 -178.886 
C10-C11-C12-O3 177.22(12) C26-C27-C28- O6 -178.86(11) 179.816 179.816 
C10-C11-C12-C13 -3.2(2) C25-C26-C27-C28 -0.29(19) -0.855 -1.066 
O3-C12-C13-C14 -178.32(12) O6- C28-C29-C30 178.36(12) -179.517 -179.22 
C11-C12-C13-C14  2.1(2) C27-C28-C29-C30 0.15(19) 0.251 0.185 
C10-C9-C14-C13  -3.8(2) C26-C25-C30-C29 -1.74(19) -2.399 -2.531 
N1-C9-C14-C13 175.76(12) N2-C25-C30- C29 -179.36(12) 179.982 179.827 
C12-C13-C14-C9 178.72(15) C28-C29-C30-C25 1.0(2) 178.59 178.78 
C12-O3-C15-C16 173.05(12) C28-O6-C31-C32 -179.55(11) 179.772 179.587 


aRMSE (root mean square error) and maximum differences between the bond lengths and angles computed using theoretical methods and those obtained from X-ray 
diffraction for (I)







Table S2. Hydrogen-bonda geometry for the investigated compound 


 


D–H ···A (atom) D–H (Å) H ···A (Å) D ···A (Å) D–H ··· A (o) 


O2–H2···O1 0.840(1) 2.261(1) 2.677(1) 110.8(1) 


O4–H4···O5 0.840(1) 2.320(1) 2.714(1) 109.1(1) 


O2–H2···N1i 0.840(1) 2.026(1) 2.832(1) 160.5(1) 


C1–H1a···O4ii 0.980(1) 2.614(1) 3.384(2) 135.6(1) 


C16–H16b···O4ii 0.980(1) 2.865(1) 3.718(2) 142.1(1) 


C14–H14···O2iii 0.950(1) 2.733(1) 3.427(2) 130.5(1) 


C3–H3···O2iii 0.950(1) 2.498(1) 3.417(2) 162.8(1) 


C6–H5···O2iv 0.950(1) 2.741(1) 3.662(2) 163.6(1) 


C11–H11···O6v 0.950(1) 2.757(1) 3.475(2) 133.0(1) 


O4–H4···N2vi 0.840(1) 1.999(1) 2.783(2) 154.94(1) 


C6–H26···O3vi 0.950(1) 2.699(1) 3.555(2) 150.2(1) 


C17–H17c···O2vii 0.980(1) 2.982(1) 3.688(2) 129.8(1) 


C19–H19···O4viii 0.950(1) 2.592(1) 3.435(2) 152.9(1) 


C29–H29···O3viii 0.950(1) 2.964(1) 3.853(2) 156.2(1) 


C30–H30···O5viii 0.950(1) 2.662(1) 3.438(2) 139.3(1) 


C31–H31a···O3viii 0.950(1) 2.709(1) 3.456(2) 132.5(1) 


C21–H21···O6ix 0.950(1) 2.757(1) 3.640(2) 155.0(1) 
aA= acceptor, D=donor atom 


Symmetry codes: i(-x+1, y-1/2, -z-1/2), ii(x, -y+1/2, -z-1/2), iii(-x+1, y+1/2, -z-1/2), iv( -x+1, -y, -z), v(-x+1, -y+1/2, -z-


1/2),  vi(-x, y+1/2, -z+1/2),  vii(x-1, -y+1/2, z+1/2),  viii(-x, y-1/2, -z+1/2),  ix(-x, -y+1, -z+1).   


  







Table S3. Second-order perturbation theory analysis of the Fock matrix in NBO basis, calculated 
at B3LYP/6-31++G(d,p) level. LP for 1 center valence lone pair. 
 


Donor orbital (i) Type Occupancy Acceptor orbital (i) Type Occupancy E(2)(kcal/mol)a j - j (a.u.)b Fij (a.u.)c 


O2 – H2  1.98626 C3 – C2 * 0.01292 4.78 1.31 0.071 


N1 – C8 π 1.98655 C4 – C5 π * 0.00991 8.37 0.35 0.053 


 π  C9 – C14 π *  10.38 0.36 0.059 


C1 – H1B  1.99124 O1 – C2 * 0.00832 3.34 0.88 0.049 


C2 – C3  1.97706 C2 – C7 * 0.02381 4.28 1.25 0.066 


  C3 – C4 *  3.40 1.29 0.059 


 π 1.71840 C4 – C5 π * 0.34940 16.98 0.30 0.066 


π  C6 – C7 π *  18.56 0.29 0.067 


C2 – C7  1.97097 O1 – C1 * 0.03758 3.39 0.98 0.052 


   C2 – C3 *  4.14 1.29 0.065 


   C6 – C7 *  3.70 1.28 0.061 


C3 – H3  1.97384 C2 – C7 * 0.01590 4.07 1.05 0.058 


   C4 – C5 *  4.41 1.10 0.062 


C3– C4  1.96684 O1 – C2 * 0.02501 5.25 1.02 0.066 


   C2 – C3 *  3.22 1.27 0.057 


   C4 – C5 *  3.69 1.26 0.061 


C4 – C5  1.97456 C3 – C4 * 0.02086 3.71 1.26 0.061 


 π 1.65901 N1 – C8 π * 0.39189 19.23 0.28 0.069 


 π  C2-C3 π *  19.35 0.27 0.065 


 π  C6-C7 π *  18.72 0.27 0.064 


C4 – C8  1.97416 N1 – C9 * 0.03215 4.15 1.12 0.061 


C5 – H5  1.97917 C3 – C4 * 0.01388 4.83 1.08 0.065 


   C6-C7 *  3.20 1.09 0.053 


C5– C6  1.97519 O2 – C7 * 0.01153 4.19 1.06 0.059 


   C4-C5 *  3.09 1.28 0.056 


   C4-C8 *  3.48 1.19 0.057 


C6 – H6  1.97798 C2 – C7 * 0.01232 4.09 1.05 0.059 


  C4 – C5 *  3.44 1.10 0.055 


C6 –C7  1.97458 C2 – C7 * 0.02134 3.59 1.24 0.060 


π 1.66170 C2 – C3 π * 0.36840 17.94 0.29 0.064 


 π  C4-C5 π *  21.06 0.30 0.071 


C8 – H8  1.98381 C3 – C4 * 0.04406 4.47 1.09 0.062 


C9 – C10  1.97379 C9 – C14 * 0.03326 3.77 1.27 0.062 


  C10 – C11 *  3.05 1.29 0.056 


C9– C14  1.97238 C9 – C10 * 0.02403 3.62 1.25 0.060 


 π 1.63811 N1 – C8 π* 0.37809 10.84 0.28 0.051 


 π  C10 – C11 π*  20.55 0.28 0.068 


 π  C12 – C13 π*  19.01 0.27 0.065 


C10 – H10  1.97824 C9 – C14 * 0.01392 3.98 1.09 0.059 


   C11 – C12 *  3.73 1.08 0.057 


C10 –C11  1.97472 O3 – C12 * 0.01210 3.36 1.07 0.054 







  N1 – C9 *  4.10 1.15 0.061 


   C9-C10  *  3.07 1.27 0.056 


 π 1.72231 C9-C14 π* 0.32294 17.41 0.29 0.065 


 π  C12-C13 π*  20.35 0.28 0.069 


C11– H11  1.97711 C9 – C10  * 0.01321 3.77 1.08 0.057 


   C12 – C13  *  4.41 1.08 0.062 


C11– C12  1.97267 C12 – C13 * 0.02273 3.95 1.26 0.063 


C12 – C13  1.97761 C11-C12 * 0.02933 4.05 1.27 0.064 


   C13– C14 *  3.01 1.29 0.056 


 π 1.65961 C9-C14 π* 0.39904 21.55 0.30 0.072 


 π  C10-C11 π*  17.24 0.29 0.064 


C13-H13  1.97708 C9 – C14 * 0.01376 3.59 1.10 0.056 


  C11 – C12 *  3.90 1.09 0.058 


C13-C14  1.97375 O3-C12 * 0.01260 4.62 1.06 0.063 


  N1-C9 *  3.54 1.15 0.057 


   C12-C13 *  3.10 1.26 0.056 


C14-H14  1.97839 C9-C10 * 0.01319 4.54 1.07 0.062 


   C12-C13 *  3.82 1.07 0.057 


O1 LP(2) 1.86092 C1-H1A π*  5.28 0.70 0.056 


 


 


O3 


 


 


LP(1) 


LP(2) 


 C1-H1C π*  5.26 0.70 0.056 


 C2-C3 π*  26.14 0.36 0.091 


1.96488 C12-C13 *  6.80 1.11 0.078 


1.84466 C12-C13 π*  29.27 0.34 0.095 


   C15-H15A π*  5.56 0.69 0.057 


   C15-H15B π*  5.52 0.69 0.057 


O2 LP(1) 1.97767 C2-C7 *  5.60 1.14 0.072 


 LP(2) 1.86145 C6-C7 π*  28.85 0.35 0.095 


N1 LP(1) 1.88715 C4-C8 *  3.02 0.82 0.045 


   C8-H8 *  13.23 0.72 0.089 


   C9-C10 *  7.05 0.90 0.073 


   C9-C14 *  3.71 0.37 0.036 
a E(2) means energy of hyper conjugative interactions. 
b Energy difference between donor and acceptor i and j NBO orbitals. 
c Fij is the Fock matrix element between i and j NBO orbitals. 


  







Table S4. The vibrational assignments of the title molecule by normal mode analysis. 
 
Experimental B3LYP/6-311G(d,p) B3LYP/6-311++G(d,p) Potential Energy Distributions (PED) 
IR Unscaled freq. Scaled freq. description (%) 
3446 3767 3616 υ(OH)(100) 
3156 3213 3084 υ(CH)ring1(99) 
3083 3206 3078 υs(CH)ring2(99) 
3058 3196 3068 υs(CH)ring1(92) 
 3191 3063 υs(CH)ring2(99) 
 3182 3055 υas(CH)ring2(99) 
 3174 3047 υas(CH)ring2(98) 
3041 3169 3042 υas(CH)ring1(92) 
2981 3140 3014 υas (CH3) ring1(89) 
2939 3112 2988 υas (CH3) ring2(97)   
2881 3104 2980 υas(CH3) ring2(100) 
 3080 2957 υas(CH3) ring1(100) 
2917 3037 2916 υs(CH3) ring2(100)   
2981 3030 2909 υas(CH2) (97) 
2835 3017 2896 υs(CH3)ring1(100) 
 3006 2886 υ(N-CH)(99) 
2878 2994 2874 υs(CH2) (100) 
1618 1678 1611 υ(C=N)(57)  
1606 1646 1580 υ(CC)ring1(23)+υ(CC)ring2(17) 
1589 1634 1569 υ(CC)ring1(43)+δ(CCC)ring1(10) 
 1629 1564 υ(C=N)ring1(19)+υ (CC)ring1(28) 
1452 1604 1540 υ(CC)ring2(51) 
 1540 1478 δ(HCC)(23) 
1560 1534 1473 δ(CH3)as(24)+δ(HCC)(11)+sci(CH2)(23) 
1508 1520 1459 δ(CH3)as(24)+sci(CH2)(53) 
 1505 1445 δ(CH3)s(76)+ τ(COCH) ring1(21) 
 1502 1442 δ(HCH) ring2(54)+ τ(HCCO) ring2(21) 
 1490 1430 δ(HCH)(74) ring1+ τ(HCOC) ring1(18) 
1428 1486 1427 δ(HCH) ring1(57) 
 1484 1425 δ(HCH) ring2(77)+ τ(HCCO3) ring2(14) 
 1461 1403 υ(CC)ring1(28) 
 1449 1391 υ(CC)ring2(29)+δ(CCH)ring2(27) 
1390 1428 1371 w(HCH)(35)+ τ(HCOC)(35) 
1370 1423 1366 υ(CC)ring1(14)+δ(CO2-H2)(15)+δ(C=NH)(18) 
 1402 1346 δ(CH3) ring2(48)+ τ(HCOC) ring2(37) 
1318 1391 1335 δ(HC=N)(39)+δ(HOC) ring1(14)+δ(HCC) ring1(10) 
1243 1328 1275 Tw(CH2)(48)+υ(CC)ring2(10)+δ(CCH)ring2(52) 
1213 1322 1269 υ(CC)ring2(50)+δ(CCH)ring1(5) 
1117 1308 1256 υ(CC)ring1(30)+υ(O2-C)(10)+δ(CCH)ring1(5) 
1308 1304 1252 δ(HCC)ring2(62)+ τ(HCOC)ring2(24) 
 1295 1243 δ(HCC)ring1(33)+ δ(HCN)(12) 
1281 1273 1222 υ(O2-C)(21)+δ(HO2C)(11)  
 1266 1215 υ(O2-C)(35) 
 1241 1191 υ(N-C)(28) 
1213 1224 1175 (COH) ring1(11)+τ(HCOC)(31)+ (HCC) ring1(14) 
1051 1202 1154 ρ(CH3)(26)+(HO2C)(13)+τ(HCO1C)(25) 
 1185 1138 (HCC) ring1(61) 
 1170 1122 ρ(CH3)(23)+γ(HC1H)(28)+ τ(HCO1C)(61) 
1032 1065 1022 υ(O-C) ring2(42)+ υ(C15-C16)(41) 
979 1022 981 (CCC) ring2(77)+(HCC) ring2(12) 
957 964 925 τ(HCCC) ring2(78) 
920 896 860 τ(CCCC) ring1(13)+τ(HCCC) ring1(67) 
871 850 816 τ(HCCC) ring2(27)+γ(O3CCC)(10) )+ρ(CH2)(36) 
824 813 780 τ(HCCC) ring2(87) 
814 753 723 δ(CCC)ring1(19)+τ(HCCC) ring2(87) 
777 653 627 δ(CCC)ring2(57)+τ(HCCC) ring2(87) 
542 571 548 τ(HCCC)ring2(12)+γ(O3CCC)(125)+γ(NCCC) ring2(20) 
455 456 448 τ(C2-C7-O2-H1)(44)+τ(C6-C2-O2-H10)(40) 
ν: bond stretching, δ: in-plane angle bending, γ: out-of-plane angle bending, sci: scissoring,  
Tw: twisting, w: wagging, ρ: rocking, τ: torsion, as: asymmetric and s: symmetric.  
  







Table S5. UV absorption wavelengths and assignments of corresponding transitions for the investigated compound 


 
Solvent Experimental 


 (nm) 
Calculated 
 (nm) 


Excitation 
energy (eV) 


Oscillator 
strength 


Major contribution Corresponding 
transition 


Bond type 


DMSO 340 361.48 3.4299 f=0.7881 HOMOLUMO (0.68851) n-π* π(C=C)/(C=N) π*(C=C) 
288 302.22  


 
4.1024 f=0.1202 HOMO-1 LUMO (0.64828) π-π*  


 
π(C=C)/(C=N) π*(C=C) 
 


253 280.78 4.4157 f=0.0818 HOMO  LUMO+2 (0.52038) 
 


π-π* 
 


π(C=C)/(C=N) π*(C=C) 
 


CHCl3 336 360.74  3.4370 f=0.7740 HOMOLUMO (0.68772) 
HOMO-1 LUMO (0.10149) 


π-π* 
π-π* 


π(C=C)/(C=N) π*(C=C) 
π(C=C)/(C=N) π*(C=C 


253 301.89 
251.37 
 


4.1070 
4.9324 


f=0.1215 
f=0.0823 


HOMO-1 LUMO (0.64675) 
HOMO-2LUMO (0.26606) 


π-π*  
π –π* 


π(C=C)/(C=N) π*(C=C) 
n(C=C)/(C=N) π*(C=C) 


240 244.46 5.0718 f=0.0023 HOMO  LUMO+4 (0.65301) 
 


π-π* π(C=C)/(C=N) π*(C=C) 


EtOH 337 360.74 3.4370 f=0.7740 HOMOLUMO (0.68772) π-π* π(C=C)/(C=N) π*(C=C) 
284 301.89 


280.69 
 


4.1070 
4.4171 


f=0.1215 
f=0.0796 


HOMO-1 LUMO (0.64675) 
HOMOLUMO+1 (0.52250) 


π-π*  
π –π* 


π(C=C)/(C=N) π*(C=C) 
n(C=C)/(C=N) π*(C=C) 


228 233.72 5.3048 f=0.0066 HOMO-1 LUMO+1(0.64675) 
 


π-π* 
 


π(C=C)/(C=N) π*(C=C) 
 


207 226.73 5.4683 f=0.0963 HOMO-1LUMO+2 (0.63718) π-π* 
 


π(C=C)/(C=N) π*(C=C) 
 


        







 


 


Table S6. Experimental and theoretical [B3LYP/6-311++G(d,p)] 1H and 13C NMR data of the 
Schiff base in DMSO 
 


OH


N


O


H2
C


H3C


O


CH3
1


2
3


4


3'
2' 5


6
7


8
9


10


11


12
14


H


H


H


H


H
H


H


H


13


 
Nucleus Exp. 


chemical 
shifts (ppm) 
(in DMSO-


d6) 


Cal. 
chemical 


shifts (ppm) 
(in gas) 


Cal. 
chemical 


shifts 
(ppm) 


(in DMSO) 


Nucleus Exp. 
chemical 


shifts 
(ppm) (in 


DMSO-d6) 


Cal. 
chemical 


shifts 
(ppm) 


(in gas) 


Cal. 
chemical 


shifts 
(ppm) 


(in DMSO) 


H2 6.7 6.80 7.23 C1 158.4 164.72 164.91 


H3 7.1 7.29 7.37 C2 115.3 116.32 117.52 


H6 7.3 7.95 8.01 C3 123.3 126.22 126.52 


H8 9.5 5.98 6.03 C4 145.0 151.85 151.29 


H9 6.6 7.01 7.12 C5 128.7 135.54 135.11 


H10 6.9 7.01 7.23 C6 110.7 109.28 109.12 


H11 8.2 8.35 8.52 C7 150.4 151.99 152.86 


H12 3.7 3.91 4.04 C8 149.5 155.97 156.08 


H13 3.6 3.86 4.01 C9 115.8 117.39 117.24 


H14 1.1 1.44 1.47 C10 125.1 130.85 131.30 


    C11 161.9 159.93 162.30 


    C12 63.6 55.45 56.04 


    C13 55.9 65.73 66.23 


    C14 15.1 15.62 15.42 


 







Table S7. PASS prediction for the activity spectrum of the title compound. Pa: Probability to be 
active. Pi: Probability to be inactive. 
 


Pa Pi  
0.816 0.029 Aspulvinone dimethylallyltransferase inhibitor 
0.789 0.007 Linoleate diol synthase inhibitor 
0.739 0.005 Preneoplastic conditions treatment 
0.735 0.018 Feruloyl esterase inhibitor 
0.716 0.010 Nucleotide metabolism regulator 
0.710 0.005 Steroid N-acetylglucosaminyltransferase inhibitor 
0.752 0.050 Ubiquinol-cytochrome-c reductase inhibitor 
0.709 0.008 Insulysin inhibitor 
0.731 0.034 Chlordecone reductase inhibitor 
0.698 0.032 Taurine dehydrogenase inhibitor 
0.675 0.020 JAK2 expression inhibitor 
0.704 0.054 Membrane integrity agonist 
0.695 0.047 Antieczematic 
0.653 0.009 Acetylcholine neuromuscular blocking agent 
0.651 0.010 MMP9 expression inhibitor 
0.650 0.010 MAP kinase stimulant 
0.670 0.071 Mucomembranous protector 
0.597 0.006 Antituberculosic 
0.598 0.033 Aldehyde oxidase inhibitor 
0.576 0.011 Antimycobacterial 
0.575 0.015 Cyclic AMP phosphodiesterase inhibitor 
0.648 0.089 Gluconate 2-dehydrogenase (acceptor) inhibitor 
0.615 0.062 CYP2H substrate 
0.570 0.017 Cardiovascular analeptic 
0.594 0.043 Lysase inhibitor 
0.573 0.038 HIF1A expression inhibitor 
0.550 0.015 Carminative 
0.538 0.003 Falcipain 3 inhibitor 
0.561 0.030 Peroxidase inhibitor 
0.577 0.051 Mucositis treatment 
0.543 0.017 Histamine release stimulant 
0.561 0.036 CYP2C8 inhibitor 
0.536 0.016 UGT2B12 substrate 
0.542 0.022 Caspase 3 stimulant 
0.556 0.038 2-Hydroxyquinoline 8-monooxygenase inhibitor 
0.518 0.009 Formate-dihydrofolate ligase inhibitor 
0.517 0.021 Antiinfective 
0.588 0.092 CYP2J substrate 
0.576 0.086 Fibrinolytic 
0.494 0.005 Aryl sulfotransferase inhibitor 
0.561 0.077 CYP2J2 substrate 







0.536 0.053 Cytoprotectant 
0.493 0.011 Free radical scavenger 
0.532 0.055 Antidyskinetic 
0.501 0.025 Plastoquinol-plastocyanin reductase inhibitor 
0.507 0.033 Antinociceptive 
0.487 0.020 Muscular dystrophy treatment 
0.517 0.050 Dehydro-L-gulonate decarboxylase inhibitor 
0.507 0.042 Trans-acenaphthene-1.2-diol dehydrogenase inhibitor 
0.463 0.003 Histone deacetylase SIRT2 inhibitor 
0.490 0.030 APOA1 expression enhancer 
0.467 0.008 Antiprotozoal (Coccidial) 
0.479 0.022 4-Methoxybenzoate monooxygenase (O-demethylating) inhibitor 
0.460 0.003 Histone deacetylase class III inhibitor 
0.504 0.055 Ovulation inhibitor 
0.515 0.068 Calcium channel (voltage-sensitive) activator 
0.466 0.025 Caspase 8 stimulant 
0.458 0.019 Antipyretic 
0.479 0.040 HMOX1 expression enhancer 
0.444 0.006 Prion diseases treatment 
0.483 0.047 Neurotransmitter antagonist 
0.451 0.015 PfA-M1 aminopeptidase inhibitor 
0.448 0.014 Vanilloid 1 agonist 
0.453 0.024 4-Coumarate-CoA ligase inhibitor 
0.473 0.046 Apoptosis agonist 
0.511 0.085 TP53 expression enhancer 
0.525 0.102 Acrocylindropepsin inhibitor 
0.525 0.102 Chymosin inhibitor 
0.525 0.102 Saccharopepsin inhibitor 
0.538 0.115 Testosterone 17beta-dehydrogenase (NADP+) inhibitor 
0.457 0.041 Nicotine dehydrogenase inhibitor 
0.434 0.019 CYP1A inhibitor 
0.432 0.020 Beta-carotene 15.15'-monooxygenase inhibitor 
0.434 0.024 RELA expression inhibitor 
0.478 0.073 NADPH-cytochrome-c2 reductase inhibitor 
0.437 0.032 UGT1A9 substrate 
0.465 0.062 2-Dehydropantoate 2-reductase inhibitor 
0.419 0.020 Thiol protease inhibitor 
0.457 0.058 Pin1 inhibitor 
0.412 0.015 3-Demethylubiquinone-9 3-O-methyltransferase inhibitor 
0.432 0.037 Antiprotozoal (Leishmania) 
0.413 0.023 CYP1A2 inhibitor 
0.446 0.055 Alkane 1-monooxygenase inhibitor 
0.443 0.054 CYP2D16 substrate 
0.448 0.064 Glutathione thiolesterase inhibitor 
0.413 0.036 CYP2C9 inducer 







0.406 0.031 Antineoplastic (breast cancer) 
0.412 0.040 CYP2D2 inhibitor 
0.423 0.054 CYP2D15 substrate 
0.387 0.027 UGT1A6 substrate 
0.385 0.025 Antimutagenic 
0.408 0.048 Chemosensitizer 
0.503 0.146 Membrane permeability inhibitor 
0.366 0.011 Shikimate 5-dehydrogenase inhibitor 
0.480 0.125 Polyporopepsin inhibitor 
0.380 0.026 GST M substrate 
0.394 0.043 1-Acylglycerol-3-phosphate O-acyltransferase inhibitor 
0.445 0.096 General pump inhibitor 
0.356 0.007 CYP1B1 inhibitor 
0.462 0.114 Glutamyl endopeptidase II inhibitor 
0.377 0.031 Spasmolytic. Papaverin-like 
0.460 0.114 Fusarinine-C ornithinesterase inhibitor 
0.402 0.056 TNF expression inhibitor 
0.359 0.016 Dopamine release stimulant 
0.382 0.040 CYP19A1 expression inhibitor 
0.364 0.025 NOS2 expression inhibitor 
0.384 0.046 AR expression inhibitor 
0.351 0.014 Monophenol monooxygenase inhibitor 
0.398 0.062 Malate dehydrogenase (acceptor) inhibitor 
0.399 0.066 Heat shock protein 27 antagonist 
0.369 0.036 UGT2B4 substrate 
0.385 0.053 CYP2E1 inducer 
0.408 0.076 Glucan endo-1.6-beta-glucosidase inhibitor 
0.366 0.035 Antiprotozoal (Amoeba) 
0.417 0.085 Fructose 5-dehydrogenase inhibitor 
0.368 0.038 Antiparasitic 
0.388 0.058 HMGCS2 expression enhancer 
0.390 0.060 Amine dehydrogenase inhibitor 
0.376 0.052 Leukopoiesis inhibitor 
0.348 0.025 Antihelmintic 
0.373 0.049 Myc inhibitor 
0.380 0.060 FMO1 substrate 
0.344 0.029 Antineoplastic (colorectal cancer) 
0.402 0.089 Aminobutyraldehyde dehydrogenase inhibitor 
0.335 0.022 UGT2B17 substrate 
0.360 0.047 4-Hydroxymandelate oxidase inhibitor 
0.316 0.005 Histone deacetylase SIRT1 inhibitor 
0.321 0.010 Alkaline phosphatase inhibitor 
0.327 0.021 Mcl-1 antagonist 
0.333 0.028 Antineoplastic (colon cancer) 
0.344 0.043 Hydroxylamine reductase (NADH) inhibitor 







0.332 0.032 Urease inhibitor 
0.361 0.061 Antihelmintic (Nematodes) 
0.347 0.049 Focal adhesion kinase 2 inhibitor 
0.430 0.133 Platelet adhesion inhibitor 
0.342 0.045 Antibacterial 
0.357 0.060 Radioprotector 
0.369 0.072 Antimyopathies 
0.317 0.023 Age-related macular degeneration treatment 
0.389 0.096 Antiseborrheic 
0.376 0.084 Nitrate reductase (cytochrome) inhibitor 
0.303 0.013 UGT1A5 substrate 
0.345 0.055 Cytostatic 
0.371 0.081 5 Hydroxytryptamine release stimulant 
0.325 0.036 Antineoplastic (lung cancer) 
0.332 0.043 CYP1A1 substrate 
0.349 0.063 Antifungal 
0.304 0.019 Antineoplastic (liver cancer) 
0.322 0.037 Maillard reaction inhibitor 
0.382 0.097 Cyclic AMP agonist 
0.356 0.073 N-hydroxyarylamine O-acetyltransferase inhibitor 
0.348 0.065 Retinoic acid metabolism inhibitor 
0.354 0.073 CYP2C19 inducer 
0.316 0.035 CYP1A inducer 
0.393 0.113 CYP2C12 substrate 
0.416 0.138 Nicotinic alpha4beta4 receptor agonist 
0.318 0.040 Lysyl oxidase inhibitor 
0.345 0.069 CYP1A substrate 
0.398 0.125 Sugar-phosphatase inhibitor 
0.326 0.053 Antiinflammatory. intestinal 
0.319 0.047 Cholestanetriol 26-monooxygenase inhibitor 
0.379 0.109 Octopamine antagonist 
0.315 0.045 CYP2C6 substrate 
0.311 0.043 Photosensitizer 
0.315 0.047 Endothelial growth factor antagonist 
0.305 0.038 Thyroxine 5-deiodinase inhibitor 
0.380 0.114 Thioredoxin inhibitor 
0.329 0.063 Nicotinate dehydrogenase inhibitor 
0.310 0.046 ICAM1 expression inhibitor 
0.331 0.069 Leukotriene-B4 20-monooxygenase inhibitor 
0.302 0.040 Peroxidase substrate 
0.350 0.089 Superoxide dismutase inhibitor 
0.325 0.064 Nitrite reductase [NAD(P)H] inhibitor 
0.381 0.120 Thromboxane B2 antagonist 
0.346 0.087 Glycerol-3-phosphate oxidase inhibitor 
0.318 0.060 Serum-glucocorticoid regulated kinase 1 inhibitor 







0.317 0.059 Para amino benzoic acid antagonist 
0.331 0.074 Spasmolytic 
0.306 0.050 RNA synthesis inhibitor 
0.370 0.114 Oxygen scavenger 
0.349 0.095 Rubredoxin-NAD+ reductase inhibitor 
0.327 0.075 Reductant 
0.334 0.086 GABA aminotransferase inhibitor 
0.303 0.055 Indanol dehydrogenase inhibitor 
0.302 0.055 Tyrosine 3 hydroxylase inhibitor 
0.351 0.108 Vasoprotector 
0.355 0.115 Sulfur reductase inhibitor 
0.382 0.144 Ribulose-phosphate 3-epimerase inhibitor 
0.334 0.096 Spermidine dehydrogenase inhibitor 
0.308 0.073 Antinephritic 
0.306 0.072 P-benzoquinone reductase (NADPH) inhibitor 
0.342 0.111 Radiosensitizer 
0.332 0.100 Aspartate-phenylpyruvate transaminase inhibitor 
0.322 0.092 Gamma-guanidinobutyraldehyde dehydrogenase inhibitor 
0.350 0.125 Antineoplastic 
0.409 0.184 Nicotinic alpha6beta3beta4alpha5 receptor antagonist 
0.324 0.110 Biotinidase inhibitor 
0.301 0.091 CYP7 inhibitor 
0.302 0.093 CYP1A2 substrate 
0.306 0.097 (R)-Pantolactone dehydrogenase (flavin) inhibitor 
0.315 0.108 Menopausal disorders treatment 
0.316 0.110 CDK9/cyclin T1 inhibitor 
0.303 0.099 Botulin neurotoxin A light chain inhibitor 
0.317 0.116 Gonadotropin antagonist 
0.307 0.106 Glucose oxidase inhibitor 
0.301 0.102 CYP3A4 inducer 
0.314 0.116 Beta-adrenergic receptor kinase inhibitor 
0.314 0.116 G-protein-coupled receptor kinase inhibitor 
0.366 0.168 5-O-(4-coumaroyl)-D-quinate 3'-monooxygenase inhibitor 
0.304 0.110 Hydroxylamine oxidase inhibitor 
0.313 0.124 GST A substrate 
0.325 0.145 Oxidoreductase inhibitor 
0.323 0.145 NADPH peroxidase inhibitor 
0.305 0.128 Intermittent claudication treatment 
0.314 0.140 4-Nitrophenol 2-monooxygenase inhibitor 
0.337 0.172 Gastrin inhibitor 
0.338 0.173 Antiviral (Picornavirus) 
0.335 0.174 Electron-transferring-flavoprotein dehydrogenase inhibitor 
0.342 0.187 CYP3A2 substrate 
0.370 0.222 CDP-glycerol glycerophosphotransferase inhibitor 
0.303 0.159 Trimethylamine-oxide aldolase inhibitor 







0.301 0.168 Glucan endo-1.3-beta-D-glucosidase inhibitor 
0.301 0.178 Leukopoiesis stimulant 
0.301 0.181 Apyrase inhibitor 
0.309 0.197 Omptin inhibitor 
0.341 0.232 Pseudolysin inhibitor 
0.316 0.229 5 Hydroxytryptamine uptake stimulant 
0.312 0.225 Platelet aggregation stimulant 
0.301 0.221 Macrophage colony stimulating factor agonist 
0.315 0.237 Kidney function stimulant 


 
 
 
 
 
  







Fig. S1. Unit-cell packing diagram along the b direction for the title compound. The inter-


intramolecular hydrogen bond is shown as a dashed line. 


 
 


 
 


 


 


 


 


 


 


 


 


 


 


 


 


 







 


 


Fig. S2. (a) Superimposition of the X-ray structure of the title compound and its Hartree-Fock 


(HF) optimized counterpart; (b) Superimposition of the X-ray structure of the title compound and 


its DFT (B3LYP) optimized counterpart. 


 
 


 
  







Fig. S3. Comparison of the experimental and calculated FT-IR spectra of the investigated 


compounds: (a) Observed spectra; (b) Theoretical spectra at B3LYP/6-311++G(d,p) level. 


 
 


 
  







Fig. S4. UV-visible spectrum of the compound in DMSO solvent. 


 
 
 


 
  







Fig. S5. 1H- and 13C- NMR spectrum of the title compound. 
 


 
  







Fig. S6. FAE (PDB ID:1UWC) and the docked conformation of the title ligand as predicted by 


the Autodock Vina shown. (For interpretation of the references to color in this figure legend, the 


reader is referred to web version of this article). 


 
 


 
  







Fig. S7. The docking position of the ligand binding at catalytic site of the FAE protein (For 


interpretation of the references to color in this figure legend, the reader is referred to web version 


of this article). 


 
 
 


 
 
  







Fig. S8. (a) Docked poses of the compound  with A-DNA, (b) with B-DNA, at the active site 
residues. 


 
 
 


 
 
  







Fig. S9. (a) Binding interactions of the compound  with A-DNA, (b) with B-DNA at the active 


site residues. 


 
 
 


 





