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A B S T R A C T   

The title compound Schiff base (SB) named: (6E)-3-benzyloxy-6- [ [ [2‑hydroxy-1,1-bis(hydroxymethyl)ethyl] 
amino]methylene]cyclohexa-2,4‑dien-1-one(I) (C18 H21 N O5), was synthesized via the reaction of 4-benzyloxy- 
2‑hydroxy-benzaldehyde with 2-amino-2-(hydroxymethyl)propane-1,3-diol (Trizma)and characterized by single- 
crystal diffraction XRD, infrared spectra, 1H and 13C NMR spectroscopy. It crystallizes as a zwitterion, (E)-5- 
(benzyloxy)-2-(((1,3-dihydroxy-2-(hydroxymethyl)propan-2-yl)iminio)methyl)phenolate (II), with the phenolic 
H atom having migrated to the imino group. Additionally,Hirshfeld surface analysis (HS), two-dimensional 
fingerprint plots and energy frameworks of II were calculated to quantify the interatomic interactions present 
in the crystal.The antioxidant activity of the synthesized compound was evaluated by five tests: ABTS, DPPH, O- 
pH, SNP and reducing power activity. Furthermore, molecular docking calculations were performed for SB 
compound at the active site of mushroom tyrosinase (PDB ID:2Y9X) to determine the binding affinity between 
the title compound and receptor protein. Results reveal a great affinity (-6.16 kcal/mol) of the SB to the protein 
that is mainly dominated by hydrogen bonds. In this work, experimentally, the assessment of the anti-corrosion 
ability of this compound by different methods showed excellent inhibition. On the other hand, anti-corrosion 
potentials of title compound have been investigated using density functional theory (DFT) in gas and solvent 
phases. Chemical reactivity descriptors like global hardness (η), chemical potential (u), electronegativity (χ), 
electrophilicity (ω) and number of transferred electrons (ΔN) were computed at ωB97XD with 6–311+g(d) basis 
set. The local reactive sites on this compound were studied using Fukui indices, local philicity index and dual 
descriptor. The quantum chemical calculation suggests a good charge transfer tendency from the title compound 
to the low-lying vacant d-orbitals of iron (The average value of charge transfer is ΔNIII/Fe.≈ 2.21 and ΔNIII/Cu.≈
0.07). The C7 atom is the nucleophilic sites (Δf(r)C7 ≈ 0.25) on the inhibitor for effective interaction on the metal 
surface as shown by local reactive descriptor in gas and solvent. Furthermore, the results obtained from DFT and 
TD-DFT studies are in excellent agreement with experimental data (structure geometry (RMS Error ≈ 0.3 Å), 
optical properties (λexp-Cal ≈18 nm) and inhibition efficiencies).  
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1. Introduction 

Schiff base ligands (also known as imine or azomethine) are the 
compounds containing azomethine group (-HC––N-) and they play an 
important role as chelating ligands in both main group metal and 
transition metal coordination chemistry [1]. They were first reported by 
Hugo Schiff in 1864 [2] and considered ‘‘privileged ligands’’ [3] 
because they are easily prepared by combining a primary amine and an 
aldehyde or a ketone under specific conditions. 

Structurally talking, a Schiff base is a nitrogen analog of an aldehyde 
or ketone in which the carbonyl group (CO) has been replaced by an 
imine or azomethine group [4] and they are formed more readily with 
aldehydes than with ketone. Schiff base ligands have significant 
importance in chemistry and appear to be an important intermediate in 
a number of enzymatic reactions involving the interaction of an enzyme 
with an amino or a carbonyl group of the substrate [3]. There have been 
many reports on their applications in biology including antibacterial, 
antifungal, anticancer, antioxidant, anti-inflammatory activity and as 
catalysts in several reactions [4]. Aromatic aldehydes especially with an 
effective conjugation system, form stable Schiff bases, whereas those 
aliphatic aldehydes are unstable and facilely polymerize. [2]. A wide 
range of Schiff base compounds are broadly studied due to their flexible 
and diverse structure. Their containment of the azomethine functional 
group imparts to them great flexibility and structural diversity [4]. 
Therefore, researchers study the physical and chemical properties of 
these compounds to better understand their behavior and potential ap
plications in various fields such as catalysis, organic synthesis, and 
materials science [5]. Their chemical and physical properties in various 
field such as identification, protection and determination of aldehyde or 
ketones, purification of carbonyl and amino compounds and production 
of these compounds in complex have been worked on by various workers 
[6]. 

Recently, some ortho-hydroxyamino derivatives have been synthe
sized and found to possess enhanced antioxidant activity. These de
rivatives are organic compounds that contain both a hydroxyl (-OH) and 
an amino (-NH2) functional group attached to the ortho position 
(immediately adjacent) of an aromatic ring. The synthesis and evalua
tion of these derivatives for their antioxidant activity can provide in
sights into the relationship between their chemical structure and 
biological properties. The enhanced antioxidant activity of these de
rivatives suggests their potential application in medicinal chemistry for 
developing new therapeutic agents. [7]. Their Schiff bases belongs to a 
class of compounds with very short and strong hydrogen bonds, which is 
formed between the nitrogen atom of the Schiff base moiety and the 
hydroxyl group from the ortho position of the aromatic ring [8].These 
intramolecular hydrogen bridges are of significant interest to re
searchers, and as such, they are extensively studied using diffractometry 
and spectroscopic techniques such as NMR and IR. The use of diffrac
tometry and spectroscopy helps researchers gaina better understanding 
of these bonds and explore potential applications in various fields, such 
as materials science and drug discovery [9–11]. 

Tris(hydroxymethyl)aminomethane (TRIS) is a chemical compound 
with a tertiary amine and is widely used to maintain the pH of solutions 
within a certain range, especially for biological applications. It is 
considered to be an effective buffer because its pKa value is close to the 
physiological pH range, also, the literature mentions that (TRIS) and its 
Schiff base derivatives are known to have a broad spectrum of biological 
activities such as anti-tumor, antibiotic, anticancer, antifungal, anti- 
inflammatory and many others [12,13]. Additionally, TRIS is known 
to participate in enzymatic reactions by forming compounds with 
carbonyl substrates and act as a catalyst. This versatility and usefulness 
make it a vital tool in biochemical research, medical diagnosis, and 
treatment [14]. 

For this purpose, a new Schiff base ligand was synthesized success
fully. We using a conventional soft chemistry-based route by the reac
tion of an aromatic aldehyde and TRIS organic ligand. We report in the 

current article the synthesis, structure interpretation, corrosion inhibi
tory and biological activities of this new compound, (E)¡2-((4- 
(benzyloxy)¡2-hydroxybenzylidene)amino)2-(hydroxymethyl) 
propane-1,3-diol (I). Quantum chemical calculation by using a Density 
Functional Theory (DFT) is considered to be an efficient and accurate 
method of predicting, designing and investigating the corrosion inhibi
tion potentials of compounds. On the other hand, the DFT method 
provides insight into the reactivity parameters (local and global) of 
molecules and the relationship between these parameters and corrosion 
inhibition efficiency. Therefore, detailed quantum chemical calculation 
have been performed to investigate the corrosion inhibition potential of 
title compound via DFT method. Geometry parameters, reactivity de
scriptors, optical proprietis and interactions of (E)− 2-((4-(benzyloxy)−
2-hydroxybenzylidene)amino)− 2-(hydroxymethyl)propane-1,3-diol on 
iron and copper surfaces in gas and solvents were studied using DFT and 
TDDFT. Moreover, molecular docking studies were also performed to 
identify the interactions between the title compound and the active site 
of the mushroom tyrosinase (PDB ID 2Y9X), in order to evaluate its 
potential biological significance as an antioxidant agent. 

2. Experimental 

2.1. Measurements and materials 

All reagents used for the (6E)− 3-benzyloxy-6- [ [ [2‑hydroxy-1,1-bis 
(hydroxymethyl) ethyl] amino] methylene]cyclohexa-2,4‑dien-1-one 
(I) synthesis were used without further purification. The NMR spectra 
were recorded on a Bruker Avence DPX 250 MHz spectrometer 250 for 
1H and 13C. We recorded the IR spectrum in the range of (600 and 3500 
cm− 1) and resolution of 4,0 cm− 1 using the Jasco spectrometer (FT/IR- 
6300). UV–visible Spectrometer Thermo Electron Corporation Model 
NICOLET evolution 300. 

2.2. XRD and HSA computing details 

Data collection: APEX2 [15]; cell refinement: SAINT [15]; data 
reduction: SAINT [15]; program(s) used to solve structure: SHELXT 
2014/4 [16]; program(s) used to refine structure: SHELXL2018/3 [17]; 
molecular graphics: Mercury [18]; software used to prepare material for 
publication: PLATON [19], SHELXL2018/3 [17]. Crystal data, data 
collection and structure refinement details are summarized in Table 1 
and selected geometric parameters are presented in Table 2 . The NH 
and N+- H atoms were located in a difference-Fourier map and freely 
refined. The C-bound H atoms were positioned geometrically (C–H =
0.93–0.97 ̊ A) and refined as riding with Uiso(H) = 1.5 Ueq (C). The 
Hirshfeld surface analysis [20] and the associated two-dimensional 
fingerprint plots [21] were performed with Crystal Explorer 21 [22] 
following the protocol of Tiekink and collaborators [23]. 

2.3. Computational details 

The geometries of the title compound were fully optimized using the 
ωB97XD density functional [24,25] with 6–311+g(d) basis set [26,27]. 
The ωB97XD is a range-separated hybrid exchange-correlation func
tional that includes damped atom-atom dispersion corrections [24,28]. 
To include the solvent effects in the quantum calculations, we have 
employed the self-consistent reaction field (SCRF) approach with the 
polarizable continuum model (PCM). [29,30] No symmetry constraints 
were applied and the local minima on the potential energy surface were 
confirmed by harmonic frequency calculations of the ground state at the 
same levels of approximation. All geometric, optical and electronic pa
rameters calculations in gas and solvent namely chloroform (ε=4.7113), 
methanol (ε=32.613), acetonitrile (ε=35.688) and water (ε=78.355) 
were performed using the Gaussian09 package. 

The global chemical reactivity descriptors such as chemical hardness 
(η), electronic chemical potential (µ), electronegativity (χ) and global 
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electrophilicity index were evaluated from the frontier orbital energies 
HOMO and LUMO (εH and εL, respectively) by the following equation: 
[31,32] 

μ =
1
2
(εH + εL) = − x (1)  

εL − εH (2)  

ω =
μ2

2
(3) 

The chemical potential (μ) characterizes the escaping tendency of 
electrons from the equilibrium system. The chemical hardness (η) 
measures the stability of a compound in terms of resistance to electron 
transfer. The global electrophilicity index (ω), introduced by Parr et al. 
[32], for expresses the ability of a molecule to accept electrons from the 
environment. 

During the interaction between the inhibitor molecule and metal, the 
electrons flow from the lower electronegativity molecule (nucleophile, 
Nu) to the higher electronegativity metal (electrophile, E) until the 
chemical potential becomes equalized. The fraction of the transferred 
electron, ΔN, was estimated according to Pearson. 

ΔN =
μNu − μE

2(ηNu + ηE)
(4) 

On the other hand, the Fukui function f(r) is local reactivity 
descriptor reflects the ability of a molecular site to donate or accept the 

electrons. Gázquez and Méndez demonstrated that sites in chemical 
species with the high values of f(r)are related to a high reactivity at 
point r [33,34]. The Fukui function for an atom k in a molecule can be 
expressed as: 

f −k − = qk(N) − qk(N − 1)⇒forelectrophilicattack (5)  

f +k = qk(N + 1) − qk(N)⇒fornucleophilicattack (6) 

Where, qk is the atomic charge at the k atomic site in the neutral (N), 
anionic (N + 1) and cationic (N-1) chemical species (N is the number of 
electrons). 

Furthermore, the local philicity index (ωα
k) can easily be evaluated 

from these equations [35,36]: 

ωα
k = ωf α

k (7) 

Where, α= + or - refer to nucleophilic and electrophilic attacks, 
respectively. 

The dual descriptor developed by Morell et al. [37,38] is a useful 
function used also to reveal the local reactivity sites of compounds. It 
can be approximated by: 

Δf (r) ≈ ρN+1(r) + ρN− 1(r) − 2ρN(r) (8) 

The sign of dual descriptor is an important criterion of reactivity site 
within a molecule.  

Ø If Δf(r) > 0, then the site is favorable for a nucleophilic attack.  
Ø If Δf(r) < 0, then the site is favorable for an electrophile attack. 

2.4. Anti-corrosion details 

2.4.1. Preparation of corrosive solution 
The studied corrosion solution is 0.5 M H2SO4 diluted from 98% 

concentrated acid, with different concentrations of inhibitors. 

2.4.2. Inhibitors 
The structure of the studied inhibitor, compound (I), is shown in the 

Scheme 1. 

2.4.3. Mild steel specimen 
The working electrode is made of steel (API5L grade B) coated with 

epoxy resins and have an exposed area of 0.34 cm2. Was polished with 
abrasive papers of different grades (400, 800, 1200, and 2000 grit), 
rinsed, and degreased with ethanol, rinsed several times with distilled 
water, and then drying before measurement. 

A conventional three-electrode cylindrical glass cell was used for 
both potentiodynamic polarization analysis and electrochemical 
impedance spectroscopy. Electrodes used for electrochemical measure
ments are a platinum electrode as the counter electrode and a saturated 
calomel electrode as a reference electrode. Polarization and impedance 
measurements were performed using a potentiostat/ galvanostat/ZRA « 
GAMRY-Reference 3000». Potentiodynamic polarization experiments 
were performed in the potential range of − 800 to -200 mV using a scan 
rate of 1 mV.s − 1. Inhibition efficiency (IE%) values are obtained in this 
method using the following equation 1: 

IE(%) =
Icorr(0) − Icorr(h)

Icorr(0)
× 100 (9) 

Icorr and Icorr,0 are the current densities in the presence or absence of 
the investigated inhibitors, respectively. 

Electrochemical impedance spectroscopy (EIS) was performed at 
open circuit potential (Ecorr) over a frequency range of 100 kHz-10 mHz 
with a 10 mV peak-to-peak amplitude using the AC signal. Here the 
inhibition efficiency (IE%) is calculated starting from the charge transfer 
resistance, as in the following Eq. (2). 

Table 1 
Crystallographic data and structure refinement parameters for II.  

CCDC Number 2,233,190 

Chemical formula C18 H21 N O5 

Weight 331.36 
Crystal color Green 
Crystal system Orthorhombic 
Space group P b c a 
a (Å) 9.263(1) 
b (Å) 9.2631(11) 
c (Å) 38.528(5) 
Volume (Å3): 3305.9(6) 
T (K) 293 
Radiation Type Mo\Kα 
Z 8 
μ (mm− 1) 0.097 
Reflections measured 15,725 
Reflections independent 4545 
Rint 0.079 
Data/parameters/restraints 4545/233/0 
Final R indexes [F2˃2σ(F2)] R1 = 0.048, wR(F2) = 0.109 
Goodness of Fit on F2 0.832 
Δρmax/Δρmin (e Å− 3) 0.18/− 0.18  

Table 2 
Selected bond distances (Å) and bond angles (◦) for II.  

Bond lengths (Å) Bond Angle(◦) 

O1—C7 
O2—C5 
O2—C8 
O3—C16 
O4—C17 
O5—C18 
N1—C1 
N1—C15 
C1—C2 
C15—C16 

1.281(2) 
1.3674 (17) 
1.4272 (18) 
1.428(2) 
1.4161 (18) 
1.4287 (19) 
1.291 (2) 
1.4799 (17) 
1.4096(19) 
1.529(2) 

C5—O2—C8 
O2—C8—C9 
C1—N1—C15 
N1—C1—C2 
O2—C5—C6 
O2—C5—C4 
O1—C7—C2 
O1—C7—C6 
O5—C18—C15 
N1—C15—C17 
N1—C15—C16 
N1—C15—C18 
O3—C16—C15 
O4—C17—C15 

117.82 (14) 
107.70 (14) 
127.12 (12) 
125.16 (14) 
125.23 (13) 
112.96 (15) 
120.56 (13) 
122.87 (14) 
114.91 (13) 
106.68 (12) 
105.44 (10) 
112.28 (13) 
108.97 (13) 
108.94 (12)  

R. Lemoui et al.                                                                                                                                                                                                                                 



Journal of Molecular Structure 1286 (2023) 135569

4

IE(%) =
Rct(h) − Rct(0)

Rct(h)
× 100 (10)  

2.5. Antioxidant activity 

2.5.1. ABTS radical cation scavenging activity 
The antioxidant activity of our compound was assessed using the 

ABTS radical cation scavenging activity according to the method 
developed by Re et al. [14] based on the reduction of ferric iron (Fe3+) in 
the K3Fe (CN)6 complex to ferrous iron (Fe2+) solution. Briefly, ABTS 
solution (2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) 
(ABTS•+) 19.2 mg (7 mM) was added to a potassium persulfate (2.45 
mM) solution and incubated for 12-16 h in the dark to yield a blue-green 
colored solution containing ABTS radical cation. Then, the absorbance 
of the resulting blue-green ABTS+• solution was adjusted to an initial 
absorbance of about 0.700 ± 0.02 at 734 nm. Then 40 µl of the tested 
sample was mixed with 160 µl of ABTS radical solution and the absor
bance was measured after 10 min at 734 nm. The antioxidant capacity of 
the test sample was expressed as IC50, the concentration necessary for a 
50% reduction of ABTS cation. Butylated hydroxyanisole (BHA), 
butylated hydroxytoluene (BHT), Ascorbic acid and Trolox (6‑hy
droxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) were used as 
reference standards. 

2.5.2. DPPH radical scavenging assay 
The free radical scavenging activity was measured according to the 

DPPH method described by Blois et al. [39]. Briefly, 160 µL of DPPH (2, 
2-diphenyl-1-picryl-hydrazine-hydrate) solution (60 µM) was added to 
40 µL of different extract concentrations and then incubated for 30 min. 
The scavenging capacity was measured using a 96 microplate spectro
photometer reader and the absorbance was measured at 517 nm. The 
results were expressed as the inhibitory concentration of 50% of free 
radicals (µg/mL). 

2.5.3. O-Phenanthroline free radical reducing activity 
This assay was performed according to Szydłowska-Czerniak et al. 

[40] method. A mixture of 30 µL of O-phenanthroline (0.5%), 50µL 
FeCl3 (0.2%), 110 µL Methanol. This mixture was added to 10 µL of 
different concentrations of plant extract and incubated for 20 min at 
30 ◦C. Then the absorbance was measured at 510 nm. The results were 

expressed as the percentage of inhibition. 

2.5.4. Silver nanoparticle assay (SNP) 
Silver ions (Ag+) reduction was evaluated as described by Ozyurek 

et al. [41] method. Briefly, 50 ml of distilled water and 130 mL of SNP 
solution (1 mM AgNO3, 1% citrate solution) were added to 20 ml of the 
studied compound or standard molecules in a microplate. The mixture 
was incubated at 25 ◦C for 30 min, then the absorbance was measured at 
423 nm, and A0.5 were determined from the regression curves. 

2.5.5. Reducing power 
The capacity of the compound reduce iron ions (Fe3+) was deter

mined as described by Oyaizu [42] (1986) with slight modifications. 
Briefly, 10 µL of our sample at different concentrations was mixed with 
40 µL of phosphate buffer (0.2 M, pH 6.6) and 50 µL of 1% potassium 
ferricyanide solution. The mixture was then incubated in an oven at 
50 ◦C for 20 min. Then, 50 µL of 10% tri-chloroacetic acid, 40 µL of 
distilled water, and 10 µL of 0.1%ferric chloride (FeCl3) solution were 
added. The absorbance was directly read at 700 nm using a microplate 
reader (Perkin Elmer, Enspire, Singapore). The results were compared to 
the standard BHA A0.5 corresponding to the concentration of the sample 
giving an absorbance of 0.5 and the absorbance curve was plotted with 
different concentrations. 

2.6. Molecular docking 

Molecular docking studies were carried out using AutoGrid and 
AutoDock executable programs implemented in MGLtools (AutoDock 
Tools) [43]. The 3D crystal of the tyrosinase (PDB ID: 2Y9X) [44] was 
downloaded from the protein data bank (PDB) https://www.rcsb. 
org/structure/2Y9X. For the preparation of receptor, all chains (except 
chain A), ligands, ions and water molecules were removed, then 
non-polar hydrogens were merged and Kollman partial charges were 
added. Docking studies were analysed using the Lamarckian genetic 
algorithm (LGA) [43]. The 3D grid size was set to 80 × 80 × 80 points 
with a grid spacing of 0.375 Å. Among the all docked results, only the 
best pose (with the lowest binding energy) was selected and considered 
with a root-mean-square deviation of less than 1 Å. The best pro
tein–ligand pose was visualized by Chimera software (version 1.10.2) 
[45] and Discovery Studio Visualization BIOVIA (version 20.1) [46]. 

Scheme 1.  
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2.7. Synthesis and crystallization 

A mixture of 4-benzyloxy-2‑hydroxy-benzaldehyde (1 equiv.) with 
2-amino-2-(hydroxymethyl)propane-1,3-diol (1 equiv.), was stirred for 
sufficient time. The solvent Methanol was evaporated in vacuo andthe 
residue yielded green block-like crystals on slow evaporation of the 
solvent. X-ray diffraction analysis indicated that in the solid state the 
compound exists as the Zwitterion (E)− 5-(benzyloxy)− 2-(((1,3-dihy
droxy-2-(hydroxymethyl)propan-2-yl)iminio) methyl) phenolate (II), 
see Scheme .IR(υ/cm− 1), 2368,07(b); 1500(e). 1H NMR (250 MHz, 
CDCl3), δ ppm: 8.2 (s, 1H, CH––N); 14.1 (s, 1H, OHar); 3.4 (s, 2H, CH2); 
3.6 (s, 2H, CH2); 4.9 (s, 2H, CH2); 5.1 (s, 2H, OCH2); 7–7.3 (m, 8H, Har) 
The 13C NMR, 162.08 (CH––N); 163.88 (C–OH); 127.72–136.86 (C = C 
ar); 69.00 (CH2–O). 

3. Results and discussions 

3.1. Analytical data 

3.1.1. FT-IR spectroscopy 
The analysis of the IR experimental spectrum of compound (I) shows 

the presence of the following characteristic peaks Fig. 1: The bands 
observed around 2368,07cm− 1 are assigned to C–H bending (aromatic 
compound). The spectra show a broad absorption band at (2924,56 
3347,23cm− 1) due to the stretching elongation vibration of the C–H 
aromatic and of the C–H aliphatic, respectively. The peak with average 
intensities obtained about 1500 cm− 1 can be referred to the C = C ar
omatic elongation. Hence, the IR spectra of I, agrees with the structure 
determined by the X-ray diffraction analysis. 

3.1.2. 1H NMR spectroscopy 
The 1H NMR spectroscopic analysis confirms the proposed structure 

of the title compound. Proton H1 of atom the carbone C1 and imine 
fonction appears at 8.2 ppm (s, 1H, CH). A multiplet between 7–7.3 ppm 
corresponds to protons H aromatics (m, 8H, H-ar). The singlet between 
(3.4–5.1) corresponds to protons H (CH2) (s,8H,CH2). 

3.1.3. 13C NMR spectroscopy 
The 13C NMR spectra of the title compound allowed us to identify the 

characteristic carbons. The group of the CH––N fonction appear at 
162.08 ppm and the aromatics carbons C = C appear between 
127.72–136.86. The group of CH2–O presented at 69.00 ppm. 

3.2. Structural commentary and supramolecular features 

The crystals of compound (I) were obtained by slow evaporation of a 

solution in ethanol. The main crystal parameters are reported in Table 1. 
Selected bond distances and angles are listed in Table 2. The numbering 
scheme and a displacement ellipsoid plot is shown in Fig. 2. Compound 
(I) crystallized in the orthorhombic crystal system, space group in Pbca 
and with eight molecules per unit cell (Z = 8). It crystallizes as a zwit
terion, (E)¡5-(benzyloxy)¡2-(((1,3-dihydroxy-2-(hydroxymethyl) 
propan-2-yl)iminio)methyl)phenolate (II), with the phenolic H atom 
having been transferred to the imino group. The resulting iminio and 
phenolate groups are linked by an intramolecular charge assisted 
N+—H⋅⋅⋅O− hydrogen bond, enclosing an S(6) ring motif. The configu
ration about the C = N bond is E and the dihedral angle between the two 
aromatic rings (C2-C7 and C9-C14) is 75.44(9)◦. 

In the crystal, molecules are aligned head-to-head/tail-to-tail in a 
zigzag fashion along c-axis direction Fig. 3. The molecules are linked via 
O—H⋅⋅⋅O hydrogen bonds Fig. 4 and Table 3, forming slabs lying parallel 
to the ab-plane Fig. 4. 

3.2.1. Hirshfeld surface analysis and two-dimensional fingerprint plots for 
II 

The Hirshfeld surface analysis [20] and the associated 
two-dimensional fingerprint plots [21] were performed with Crysta
lExplorer17 [22] following the protocol of Tiekink and collaborators 
[23] (Tan et al., 2019). The Hirshfeld surface is color-mapped with the 
normalized contact distance, dnorm, from red (distances shorter than the 
sum of the van der Waals radii) through white to blue (distances longer 
than the sum of the van der Waals radii). The Hirshfeld surfaces of II 
mapped over dnorm, is given in Fig. 5a. The large red spots indicate that 
short contacts are significant in the crystal packing of both compounds. 

The full two-dimensional fingerprint plots for II are given in Fig. 5b. 
The H⋅⋅⋅H contacts have a major contribution of 49.8% to the Hirshfeld 
surface (HS), while the C⋅⋅⋅H/H⋅⋅⋅C contacts contribute 26.7%. The 
O⋅⋅⋅H/H⋅⋅⋅O contacts contribute 22.8%, with extremely sharp spikes at 
di + de ~ 1.6 Å. 

3.2.2. Energy frameworks for II 
The color-coded interaction mappings within a radius of 6 Å of a 

central reference molecule for II, are given in Fig. 6. Full details of the 
various contributions to the total energy (Etot) are also included there; 
see Tan et al. (2019) for an explanation of the various parameters. A 
comparison of the energy frameworks calculated for II, showing the 
electrostatic potential forces (Eele), the dispersion forces (Edis) and the 
total energy diagrams (Etot), are shown in Fig. 7. The energies were 
obtained by using the wave function at the HF/3–21 G level of theory. 
The cylindrical radii are proportional to the relative strength of the 
corresponding energies [47,23]. They have been adjusted to the same 
scale factor of 60 with a cut-off value of 6 kJ mol− 1 within a radius of 6 Å 

Fig. 1. FT-IR Experimental of compound (I).  
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of a central reference molecule. The major contribution to the inter
molecular interactions is from electrostatic potential forces (Eele), 
reflecting the presence of the charge assisted N+—H⋅⋅⋅O− hydrogen bond 
and the O—H⋅⋅⋅O hydrogen bonds. 

3.3. Anti-corrosion results 

3.3.1. The open-circuit potentials tests 
The determination of equilibrium state by measuring the open circuit 

potential (OCP) variation with time for the working electrode is neces
sary before the electrochemical measurement of the corrosion rate. The 
displacement in OCP values of up to ±85 mV compared to the blank is 

Fig. 2. The molecular structure of (II). Displacement ellipsoids are drawn at the 50% probability level. The intramolecular N+—H⋅⋅⋅O− hydrogen bond is shown as a 
blue dashed line. 

Fig. 3. The crystal packing of (II) viewed along the a-axis. For clarity, the C-bound H atoms have been omitted. The hydrogen bonds are shown as cyan dashed lines 
(see Table 2). 

Fig. 4. The crystal packing of compound (II) viewed along the b-axis. For clarity, the C-bound H atoms have been omitted. The hydrogen bonds are shown as cyan 
dashed lines (see Table 2). 
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an essential parameter that permits the classification of the inhibitor 
type [48,49]. Fig. 8.A shows the variation of the OCP as a function of 
time for steel in 0.5 M H2SO4 in the absence and presence of the in
hibitor. In a blank solution, the electrode OCP value was -449 mV vs 
ECS. The addition of inhibitor converts OCP to more noble values 
compared to the blank solution. In our case, the difference in the open 
circuit potential values for inhibitor at 2 mM is -456 vs ECS. From these 
values, it can be stated that our inhibitors act as mixed-type inhibitors. 
This result is in good agreement with previous studies [50]. 

3.3.2. Potentiodynamic polarization studies 
The kinetics and mechanism of the steel anodic dissolution in the 

sulfuric acid medium have been extensively studied. Potentiodynamic 
polarization measurements are generally used to obtain relevant infor
mation about electrochemical corrosion parameters [51,52]. The Tafel 
plots of steel API5L grade B in H2SO4 (0.5 M) for the inhibitor is shown 
in Fig. 8.B. The electrochemical dissolution of iron can be expressed by 
the following mechanism [53,54]: 

Fe→Fe2+ + 2e−

2H+ + 2e− →H2 

As shown in Fig. 8.B, the inhibitor’s effect on corrosion inhibition 
reflects on anodic and Cathodic curves to reduce current densities 
relative to the blank. This displacement is more pronounced in the 
Cathodic region than this is a Cathodic-type inhibitor. In addition, the 
value of almost constant tafel slopes decreases for the branches by table 
without changing the shape of the curves. This means, corrosion kinetics 
occur without altering the mechanism of the corrosion process 
controlled by inhibiting activation [48,55]. 

The polarization curves shift towards positive value with the 

Table 3 
Distances (Å) and angles (◦) of hydrogen bond for II.  

D—H⋅⋅⋅A d(D—H) d(H⋅⋅⋅A) d(D⋅⋅⋅A) D—H—A 

N1—H1N⋅⋅⋅O1 0.98(2) 1.791(19) 2.6217(15) 140(19) 
O3—H3O⋅⋅⋅O4i 0.91(3) 1.88(3) 2.788(2) 179(3) 
O4—H4O⋅⋅⋅05ii 0.89(2) 1.91(2) 2.7675(16) 162.5(18) 
O5—H5O⋅⋅⋅O1iii 0.94(3) 1.66(3) 2.589(2) 170(2) 
C1—H1⋅⋅⋅O5 0.9300 2.4000 3.0593(18) 128.00 

Symmetry codes: (i) − x + 2, − y + 1, − z; (ii) − x + 5/2, y + 1/2, z; (iii) − x + 3/2, 
y − 1/2, z. 

Fig. 5. (a) The Hirshfeld surface of II mapped over dnorm in the color range − 0.7713 to 1.1901 au (b) The full two-dimensional fingerprint plot for II, and those 
delineated into H⋅⋅⋅H, C⋅⋅⋅H/H⋅⋅⋅C and O⋅⋅⋅H/H⋅⋅⋅O contacts. N+—H⋅⋅⋅O− . 

Fig. 6. The color-coded interaction mapping within a radius of 6 Å of a central reference molecule of II.  
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increasing of inhibitors presence. Since the offset of the Ecorr value is less 
than 85 mV, we can classify the studied organic compound as mixed- 
type inhibitor [48,50,56]. 

The electrochemical corrosion parameters corrosion currents den
sities (Icorr), corrosion potentials (Ecorr), anodic and cathodic Tafel slopes 
(βa and βc) have been obtained by Tafel extrapolation method of the 
polarization curves and obtained values are listed in Table 4. The Table 4 
shows that the efficiency inhibition 78.53%. 

3.3.3. Impedance measurements 
To study the surface properties of steel and the mechanism of pro

cesses effect on the electrode, we performed electrochemical impedance 
measurements on API5L grade B steel in 0.5 M H2SO4 solution with and 
without the inhibitor. The results are shown in Fig 8.C. 

To obtain information about the double layer, we performed elec
trochemical impedance spectroscopy measurements. As shown in Fig 8. 
C, all high-frequency loops have the format of compressed half circles. 
This is the result of the scattering factors due to the inhomogeneity of the 

Fig. 7. The energy frameworks calculated for II viewed along the a-axis direction, showing the electrostatic potential forces (Eele), the dispersion forces (Edis) and the 
total energy diagram (Etot). 

Fig. 8. Open circuit potential (A), Potentiodynamic polarization curves (B) and Nyquist plot (C) of steel API5L grade B immersed in 0.5 M H2SO4 with and 
without inhibitor. 
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working electrode [57]. The diameters of these capacitive loops increase 
with in the presence of inhibitor which means the increase of resistance 
(Rct), that is, of the charge transfer process. In addition, inductive loops 
are found in the low frequency region which infers adsorption and 
non-desorption of corrosion intermediates and corrosion inhibitors [58, 
59]. The amplitude of the inductive loops increases with the inhibitor 
with no difference in the shape of the curves, which means that the 
different steps that determine the corrosion mechanism do not change 
[60]. 

The impedance data obtained above was analyzed using an electro
chemical equivalent circuit shown in Fig. 9 and Table 5, where Rs, Rct 
and CPE are the resistance solution, charge transfer resistance and 
constant phase element, respectively. The term CPE was introduced to 
replace a double-layer capacitance (Cdl) for a more accurate fit. The 
impedance constant phase element (ZCPE) is represented by [61]: 

ZCPE =
1

Y0(Jω)n (11) 

Y0 is a proportionality coefficient, j: imaginary unit (j2 = − 1), n is a 
CPE exponent with values between 0 and 1 and can be used to gage the 
surface inhomogeneity, ω is the angular frequency given by ω= 2π fmax. 
The CPE components Y0 and n were used in the calculation of the 
double-layer capacitance (Cdl) of the adsorbed film following Eq. (4) 
[61]: 

Cdl == (Y0.Rct1 − n)1/n (12) 

As shown by the solid lines in Fig. 8.C, the accuracy of the equivalent 
circuit fit was verified by plotting the simulated Nyquist curves. These 
data indicate that with increasing inhibitor, the EPC values decrease and 
Rct increases. The decrease in capacitance that results from a reduction 
in the dielectric constant and/or an increase in the thickness of the 
electrical double layer suggest that the inhibitor studied acts by 
adsorption on the metal/electrolyte interface [62,63]. In this case, it can 
be assumed that the inhibitor replaces the adsorbed water molecules on 
the steel surface. The inhibition efficiency was increased to more than 
76% at 2 mM, confirming the obtained results in the polarization curve 
method. 

3.4. DFT calculations 

3.4.1. DFT-optimized geometry 
The ωB97XD/6–311+g(d) fully optimized structures of III is illus

trated in Fig. 10, where selected geometrical parameters in the gas phase 
and in solvent are given in Table 6. The equilibrium bond distances, 
angles and value of Root Mean Square Errors (RMSE) are listed in the 
Table 6. 

The optimized structures of the title compound compare well with 
the experimental data. In particular, the C15-N1, C1-C2 and C5-O2 
calculated bond lengths in gas and solvent are smaller than the experi
mental values (~ 0.017, 0.012 and 0.017 Å, respectively) whereas the 
N1-C1 is longer than the experimental about 0.025 Å. Furthermore, the 
superposition of the X-ray crystallography structure and the optimized 
geometry of III is illustrated in Fig. 11, and the value of root-mean- 
square errors is 0.306, 0.343, 0.343, 0.344 and 0.356 Å in chloroform, 
methanol, acetonitrile, water and gas, respectively. These results indi
cate that the no-polar solvent (chloroform) displays a lower value of 
RMS error than the polar solvent. From this result, we can conclude that 
the calculated geometries (bond lengths and bond angles) are in excel
lent agreement with the experimental data. 

On the other hand, the analysis of the calculated thermodynamic 
parameters at 298.15 K in Table 6 demonstrated a weak significant ef
fect of the solvents on the enthalpy (H◦), Gibbs energy (G◦) and molar 
heat capacity (Cv) of the title compound, with an increase in the entropy 
values in the solvent (about 3.34 Cal/Mol.K). 

3.4.2. Inhibition mechanism 
In order to study the reaction between the inhibitor molecule and 

bulk metal surface (Fe and Cu) the global and local reactivity indexes 
were calculated and listed in Tables 7 and 8. From our quantum 
chemical calculations, we can see that the gas phase showed the largest 
values of the chemical hardness indicating greater stability of III, 
whereas the lowest value of hardness was observed in the solvent. The 
overall increasing order of hardness in the studied compound was as 
follows: η(water)> η(acetone)> η(methanol)> η(chloroform). On the 
other hand, the potential chemistry of III is larger in gas than that in the 
solvent. These results indicate that the tendency of the electrons to leave 
the equilibrium inhibitor compound increases from gas and non-polar to 
polar media. In other words, the increase of the μ values indicates that III 
demonstrate a highest tendency to donate electrons in Chloroform than 
in any other solvent. According to the global electrophilicity scale [64, 
65] the inhibitor molecule III can be classified as moderate electrophiles 
(0.891 to 0.962 eV). 

The electronegativity (χ) assigns the flow of electron directions’ 
between the metal surface and the inhibitor compound till a balance in 
chemical potential is attained. On adsorption of inhibitor molecule on 
the metal surface, particularly iron and copper with electronegativity 7 
and 4.9 eV, respectively [66–68], electrons should be transferred in the 
system from the less to the most electronegative. According to our 
calculation, III displays less electronegativity than iron and copper 
suggesting that they is eligible of electron transfer to the metal surface 
and the inhibitor will present good kinetic interaction with the iron than 
the copper surface. 

The number of transferred electron (ΔNM/Metal) is a successful 
quantum chemical descriptor that helps studying the interactions metal- 
inhibitor. Our calculation in Table 7 indicated that the ΔNMi/Metal value 
of III/Fe was three folds larger than the III/Cu, indicating an excellent 
interaction between the corrosion inhibitor and the iron surface in both 
gas and solvent. Parallelly, in gas and non-polar media (chloroform), 
compound III displays a largest ΔNMi/Metal value indicating that it has a 
greater potential of releasing electron into low-lying vacant d-orbitals of 
the metal [66] than the methanol, acetone and water, respectively. The 
corrosion inhibitor with weak electrophilicity (ω) displays a good 

Table 4 
Polarization measurements for steel API5L grade B corrosion in the absence and 
presence of inhibitor at 2 mM concentration.   

Ecorr(mV/ 
ECS) 

βa(mV/ 
dec) 

βc(mV/ 
dec) 

Icorr(μA. 
cm− 2) 

EI 
(%) 

Blank 463 118.7 118.7 341  
Inhibitor − 452 85.4 179.3 73.2 78.53  

Fig. 9. Equivalent circuit diagrams used to fit impedance data.  

Table 5 
Impedance parameters for steel API5L grade B in 0.5 M H2SO4 solution in the 
absence and presence of inhibitor.  

Cinh Rs Rct n Y0 0.10− 6 Cdl IE 
(mM) (Ω. 

cm2) 
(Ω. 
cm2) 

(Sn.cm2. Ω− 1) (µF. 
cm− 2) 

(%) 

Blank 3.424 66.07 0.9186 130.7 84.1  
Inhibitor 3.271 279.6 0.8553 82.30 55.3 76.36  
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electron releasing potential for efficient interaction with stabilization on 
a metal surface (Fe and Cu, respectively). This property increases in the 
order ω(water)> ω(acetone)> ω(methanol)> ω(chloroform). Succinctly, 
gas and non-polar media displayed close chemical reactivity values, 
indicating considerable contribution of these media to corrosion inhi
bition potential while polar solvent does not appear to exert any 
improvement of the chemical reactivity. The comparison of the local 
reactivity indices results presented in Table 3 suggests the following 

explanation. The sites with the highest values of condensed Fukui 
functions ƒˉ and ƒ+ are those for the electrophilic and nucleophilic 
attack, respectively. Furthermore, the most reactive site for electrophilic 
attack by corrosion inhibitor is on the C7 atom. The dual descriptor 

Δf(r) and local philicity index in gas and solvent show that the 
favorable site for a nucleophilic attack is C7 (have a largest Δf(r) and 
(Δω+). 

These results lead to the conclusion that III can bond more strongly 
to the surface of iron atoms rather than copper atoms surface, thus 
providing effective protection against corrosion in chloroform rather 
than in polar environments. The dominant interaction was between the 
metal atom and atom C7 of the corrosion inhibitor (III) as shown in 
Fig. 12. 

3.4.3. Observed and calculated UV–vis absorption spectra with different 
solvents 

The electronic spectral analysis of the title compound was calculated 
in both gas and various polar and nonpolar solvent phases by using the 
time dependent-DFT method (TD-DFT) and polarizable continuum 

Fig. 10. Optimized geometry of I, i.e. structure III (see Scheme).  

Table 6 
Thermodynamic and structural parameters calculated in gas and different solvents at room temperature, using ωB97X-D/6–311+g(d) level theory.   

Exp. Gas (ε=1) chloroform (ε=4.711) methanol (ε=32.613) acetonitrile (ε=35.688) water (ε=78.355) 

H – − 1128.90 − 1128.92 − 1128.93 − 1128.93 − 1128.93 
G – − 1128.98 − 1128.99 − 1129.01 − 1129.01 − 1129.01 
Cv (Cal/Mol-K) – 86.115 87.428 87.399 87.400 87.410 
S (Cal/Mol-K) – 164.584 168.823 167.671 167.663 167.716 
C15-N1 (Å) 1.479 1.454 1.463 1.465 1.465 1.465 
N1-C1 (Å) 1.291 1.322 1.318 1.315 1.315 1.314 
C1-C2 (Å) 1.409 1.392 1.396 1.400 1.400 1.400 
C5-O2 (Å) 1.367 1.349 1.350 1.349 1.349 1.349 
O2-C8 (Å) 1.427 1.419 1.428 1.430 1.430 1.431 
O2-C8-C9 (◦) 107 109 108 108 108 108 
C15-N1-C1 (◦) 127 128 126 127 127 128 
C15-N1-C1-C2 (◦) − 177 − 179 178 − 177 − 177 − 177 
RMS Error (Å) – 0.362 0.306 0.343 0.343 0.344  

Fig. 11. Atom-by-atom superimposition of the X-ray structure (blue) over the calculated geometry (red) of title compound (III).  

Table 7 
Chemical potential (μ), Chemical hardness (η), global electrophilicity index (ω) 
and fraction of the transferred electron (ΔN).   

μ (eV) η (eV) ω (eV) ΔNIII/Fe ΔNIII/Cu 

Gas − 3.674 7.570 0.891 0.219 0.086 
Chloroform − 3.690 7.627 0.893 0.216 0.084 
Methanol − 3.827 7.664 0.955 0.206 0.075 
Acetone − 3.829 7.665 0.956 0.205 0.075 
Water − 3.843 7.669 0.962 0.205 0.074  
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model at the TD-ωB97XD/6-311g(d) level theory on the ground state 
optimized geometry. The results of the computed absorption spectrum, 
wavelength (nm), electronic transition of excitation energy (eV) and 
oscillator strengths (fos), the excitation from the electronic ground states 
of occupied orbitals to the virtual ones, unoccupied orbital and the ab
sorption properties of title compound are demonstrated in Table 9 and 
Fig. 13. 

As results from Fig. 13 the corrosion inhibitor (III) showed high- 
intensity band at ~ 278 nm in all three solvents, which can be attrib
uted to the n, π →π* electronic transition (see Table 9). From TD-DFT 
calculation, a strong absorption band was observed at 260 nm (f =
0.502) and 257 nm (f = 0.557) in the gas and solvent phases, respec
tively, which corresponds to the electronic transition from HOMO-1 to 
LUMO (70%). On the other hand, the absorption wavelengths of tran
sition HOMO→LUMO in gas and solvent phases are located at 329 nm (f 
= 0.269) and 328 nm (f= ~0.346), respectively (Fig. 13b and Fig. 14). 
We can note that with the increasing solvent polarity from non-polar to 
polar, the oscillator strengths values display a slight increase for the 
electronic transition HOMO→LUMO and HOMO-1→LUMO. This dif
ference can be attributed to the solvent effects on the electrostatic 
structure [69] and the molecular orbital of M. The HOMO orbital 
showed that π-bonding and non-bonding (n-type) molecular orbitals 
were identified on the II moiety and on the O1, and N6 atoms, the 
HOMO-1 orbital was localized on the II moiety and oxygen and nitrogen 
atoms (O1, O2 and N6). Similarly, the LUMO showed the π* 
anti-bonding type orbitals on carbon, oxygen and nitrogen atoms were 
localized in the II fragment (see Figs. 10 and 14). Furthermore, the 
simulated spectra of III was red-shifted in comparison to the experi
mentally obtained data (λexp= +~18 nm). Moreover, an excellent 
agreement was observed between the TD-DFT and experimental ab
sorption spectra results. 

3.5. Molecular docking 

The best binding pose of SB compound at the active site of 2Y9X is 
represented in Fig. 15, and the associated calculated parameters are 
given in Table 10. 

Based on the docking results (Table 11), SB compound exhibited 
significant ability to inhibit the target protein 2Y9X, with a free energy 
of binding of − 6.16 kcal/mol and estimated inhibition constant of KiC 
30.45 uM. 

Table 8 
Local reactivity descriptors were calculated for the corrosion inhibitor in gas and solvent.   

Gas (ε=1) chloroform (ε=4.711) methanol (ε=32.613) acetonitrile (ε=35.688) Water (ε=78.355) 

Atom Δf(r) Δω Δf(r) Δω Δf(r) Δω Δf(r) Δω Δf(r) Δω 
O1 − 0.0939 − 0.003 − 0.1171 − 0.006 − 0.1261 − 0.008 − 0.1261 − 0.008 − 0.1268 − 0.009 
O2 − 0.0013 0.000 0.0052 0.000 0.0068 0.000 0.0068 0.000 0.0070 0.000 
O3 − 0.0017 − 0.000 − 0.0016 0.000 − 0.0016 0.000 − 0.0016 0.000 − 0.0016 0.000 
O4 0.0019 0.000 0.0018 0.000 0.0023 0.000 0.0023 0.000 0.0024 0.000 
O5 − 0.0013 0.000 0.0038 − 0.000 0.0028 − 0.000 0.0028 − 0.000 0.0024 − 0.000 
N6 − 0.0309 − 0.001 − 0.0171 − 0.000 − 0.0045 − 0.000 − 0.0068 − 0.000 − 0.0058 − 0.000 
C7 0.2307 0.008 0.253 0.013 0.246 0.017 0.2604 0.018 0.261 0.018 
`C8 − 0.0811 − 0.007 − 0.0830 − 0.012 − 0.1082 − 0.014 − 0.0913 − 0.016 − 0.0921 − 0.016 
C9 0.0669 0.003 0.0975 0.006 0.0980 0.007 0.1041 0.008 0.1048 0.008 
C10 − 0.1753 − 0.006 − 0.1903 − 0.010 − 0.1996 − 0.013 − 0.2001 − 0.013 − 0.2011 − 0.014 
C11 0.0749 0.004 0.0733 0.007 0.0742 0.009 0.0743 0.009 0.0744 0.009 
C12 − 0.0767 − 0.002 − 0.0840 − 0.004 − 0.0909 − 0.006 − 0.0899 − 0.006 − 0.0904 − 0.006 
C13 0.0451 0.003 0.0591 0.005 0.0717 0.006 0.0712 0.006 0.0726 0.006 
C14 − 0.0016 0.000 0.0001 0.000 0.0005 0.000 0.0005 0.000 0.0005 0.000 
C15 0.0005 0.000 0.0013 0.000 0.0015 0.000 0.0015 0.000 0.0015 0.000  

Fig. 12. Maps of the dual descriptor of (III).  

Table 9 
The calculated and experimental excited state transition wavelength (λCal. and 
λexp. nm), oscillator strengths (f) and molecular orbital transition of the studied 
compound.  

E (eV) λCal. λexp. f Electronics transitions 

Gas 
3.773 329 – 0.269 H→L π, n→π* (n in O1 and N6 atoms) 
4.774 260 – 0.502 H-1→L π, n→π* (n in O1, O2 and N6 atoms) 
5.630 220 – 0.231 H→L + 9 π, n→π* 
Chloroform (ε=4.711) 
3.742 331 375 

300 
0.356 H→L π, n→π* (n in O1 and N6 atoms) 

4.793 259 277 0.577 H-1→L π, n→π* (n in O1, O2 and N6 atoms) 
5.550 223  0.351 H→L + 8 π, n→π* 
Acetonitrile (ε=35.688) 
3.781 328 310 0.344 H→L π, n→π* (n in O1 and N6 atoms) 
4.813 258 279 0.555 H-1→L π, n→π* (n in O1, O2 and N6 atoms) 
5.568 223  0.379 H→L + 5 π, n→π* 
methanol (ε=32.613) 
3.782 328 – 0.342 H→L π, n→π* (n in O1 and N6 atoms) 
4.815 257 – 0.552 H-1→L π, n→π* (n in O1, O2 and N6 atoms) 
5.570 223 – 0.376 H→L + 5 π, n→π* 
Water (ε=78.355) 
3.784 328 320 0.343 H→L π, n→π* (n in O1 and N6 atoms) 
4.816 257 278 0.552 H-1→L π, n→π* (n in O1, O2 and N6 atoms) 
5.570 223  0.381 H→L + 5 π, n→π*  
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Our results regarding this binding affinity between SB and 2Y9X are 
relatively higher than those obtained by Roselan.M.A. and co-workers 
[70] who have studied the interaction of Kojic monooleate (KMO) and 

kojic acid (KA) compounds with mushroom tyrosinase (2Y9X) by means 
of molecular docking, and found that the KMO and KA shows strong 
binding interactions against 2Y9X target enzyme, with binding energies 

Fig. 13. (a) Experimental absorption spectrum of the titled compound in gas and different solvents at room temperature; (b) TD-DFT calculated absorption spectrum 
in the gas phase and different solvents. 

Fig. 14. Frontier molecular orbitals contributing to the electronic absorption along with band gap (ΔE) in the gas (a) and water (b) for compound (III).  
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of − 5.70 and − 4.01 kcal/mol. 
The 2D and 3D visualizations of 2Y9X@SB complex for the best 

binding mode with amino acid residues involved in the interactions are 
presented in Fig. 16, and in Table 11, we provided a list of amino acids 
involved in the interactions associated with their distances (Å) between 
them and the SB ligand. 

Accordnigly, the molecular docking results (Fig. 16 and Table 11) 
revealed that the SB formed six conventional hydrogen bonds with the 
active site of 2Y9X including amino acid residues of Asn174(A), His178 
(A), Gln41(A), Lys158(A), Phe215(B) and two interactions with Glu173 
(A). All the hydrogen bond distances between the corresponding amino 
acids and SB compound are found in a range of 1.88‒3.39 Å. 

In addition, SB compound interacted with the binding site of the 

2Y9X receptor through one salt bridge including Glu173(A) residue, one 
π-alkyl interactions with Ala45(A) and one Amide-π stacked interaction 
with amino acid residue of Gln44(A), as depicted in Fig. 16 and 
Table 11. 

3.6. Antioxidant activity 

Due to their interdisciplinary importance in different domains, 
Schiff-base ligands have played a significant role in the evolution of 
contemporary coordination chemistry and its future prospects as po
tential bioactive drug starters. These molecules have been largely 
studied in several fields of chemistry in particular, regarding their 
eventual applications, mainly in biological: antimicrobial, redox, cata
lytic, and antioxidant activities [71] but also for their medical applica
tions as antibacterial [72,73] and antifungal [74] (including anti-yeast), 
antiviral [75,76], antitumor [77,78], anti-inflammatory [79], antipy
retic, antimalarial, anticancer [80–82], anesthetic, oxytocin imitating 
and oxytocin-inhibiting compounds, and also as selective inhibitors 
targeting human tyrosine phosphatase 1B (PTP1B) or TCPTP and SHP-1 
tyrosine phosphatases [83–85]. 

Five different methods were performed to investigate the in vitro 
antioxidant activity of our compounds. Our compound showed a mild 
scavenging capacity for ABTS radicals with IC50 values of 196.52±1.06 
µg/mL, however, the tested compound did not show any significant ef
fect in the rest of the antioxidant testing methods (>200 µg/mL). These 
values and despite being mild, remain significantly higher than the 
recorded values by the tested standards (BHA, BHT, Trolox and Vitamin 
C). 

The chelating activity of Schiff base ligands is mainly associated with 
the presence of nitrogen in the imine groups (C = N) in Schiff-bases and 
in their metallic complexes, thus, their chelating properties are the 
reason for their many unique biological properties [71]. 

Nevertheless of the higher efficiency of these ligands compared to 
their respective complexes, there are indeed mentions of free ligands 
being more effective than their respective complexes [86], most often, it 
is the complexes of Schiff bases and metal ions that exhibit the strongest 
of the above-mentioned biological properties [86,87], which may 
explain the mild capacity of our compound leading us to suggest that the 
respective metallic complex of this later may serve as a better model for 
a synthetic antioxidant compound in experimental biological systems. 

4. Conclusions 

In this paper,the zwitterion (E)− 2-((4-(benzyloxy)− 2-hydrox
ybenzylidene)amino)− 2-(hydroxymethyl)propane-1,3-diol (I), was 
synthesized and the structure characterized by X-ray diffraction analysis 
and by IR, 1HNMR , 13C-NMR spectroscopies. The major interatomic and 
intermolecular interactions have been discussed and explained; its 

Fig. 15. The best binding pose of SB compound at the active site of 2Y9X protein; a) molecular surface view, b) 3D ligand interaction diagram.  

Table 10 
Calculated parameters (a-f) of the best binding pose of SB compound at 
the active site of 2Y9X protein.  

Parameters Protein-ligand complex 2Y9X@SB 

BE − 6.16 
KiC 30.45 
RMSD 0.96 
TIE − 9.44 
EE − 0.35 
FIE − 2.99 

a BE: Free Energy of Binding (kcal/mol). 
b RMSD: Root-Mean-Square Deviation. 
c KiC: Estimated Inhibition Constant, Ki. (uM: micromolar). 
d TIE: Total intermolecular energy (kcal/mol). 
e EE: Electrostatic Energy (kcal/mol). 
f FIE: Final Total Internal Energy (kcal/mol). 

Table 11 
Amino acid residues involved in the interactions of SB compound at the active 
site of 2Y9X protein.  

Complex Amino acid involved in interaction (Interaction 
site) 

Distances (Å) 

2Y9X@SB Gln41(A), Lys158(A), Glu173(A), His178 
(A), Asn174(A), Gln44(A) & Ala45(A). 

SB¡Gln41(A) 
(2.83,3.39) 
SB¡Glu173(A) 
(2.29,2.55, 2.12) 
SB¡Lys158(A) 
(2.02) 
SB¡His178(A) 
(2.05) 
SB¡Asn174(A) 
(1.88, 2.96) 
Lig¡Gln44(A) (4.29) 
Lig¡ Ala45(A) (4.61)  
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potential antioxidant properties were assessed in vitro and in silico and 
revealed to be mild speculating its potential therapeutic properties in 
future drug design; whereas its high chemical hardness and chemical 
potential as an anti-corrosive agent emphasizes its possible use in the 
metals industry,and this compound is a promising anti-oxidant and anti- 
corrosive agent. Therefore, enlarged experiments applied to more 
complex chemical and biological systems are required in order to 
establish the mechanisms of action and other eventual targets and 
properties related to its molecular structure. Corrosion inhibition po
tentials of the title compound have been investigated using quantum 
chemical calculations at ωB97XD with 6–311+g(d) basis set in gas and 
solvents. Our results show that the title compound exhibit high chemical 
hardness and chemical potential in gas than that in the solvent. The 
number of transferred electrons from III to the low-lying vacant d-or
bitals of iron indicates good corrosion mitigation potentials. The Fukui 
indices, local philicity index and dual descriptor suggest that the C7 
atom is the nucleophilic sites on the inhibitor for effective interaction on 
the metal surface. On the other hand, TD-DFT calculations show an 
excellent correlation with the UV–vis absorption assigned to π→π* and 
n→π* transitions. 
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[32] R.G. Parr, L.V. Szentpály, S. Liu, Electrophilicity index, J. Am. Chem. Soc. 121 (9) 
(1999) 1922–1924, https://doi.org/10.1021/ja983494x. 

[33] M. Galván, A. Vela, J.L. Gázquez, Chemical reactivity in spin-polarized density 
functional theory, J. Phys. Chem. 92 (22) (1988) 6470–6474, https://doi.org/ 
10.1021/j100333a056. 

[34] F. Méndez, J.L. Gázquez, Chemical reactivity of enolate ions : the local hard and 
soft acids and bases principle viewpoint, J. Am. Chem. Soc. 116 (1994) 9298–9301, 
https://doi.org/10.1021/ja00099a055. 

[35] L. Meneses, W. Tiznado, R. Contreras, P. Fuentealba, A proposal for a new local 
hardness as selectivity index, Chem. Phys. Lett. 383 (2004) 181–187, https://doi. 
org/10.1016/j.cplett.2003.11.019. 

[36] P.K. Chattaraj, B. Maiti, U. Sarkar, Philicity: a unified treatment of chemical 
reactivity and selectivity pratim, J. Phys. Chem. A 107 (25) (2003) 4973–4975, 
https://doi.org/10.1021/jp034707u. 

[37] C. Morell, A. Toro-labbe, New dual descriptor for chemical reactivity, J. Phys. 
Chem. A 109 (2005) 205–212, https://doi.org/10.1021/jp046577a. 

[38] R.K. Roy, S. Krishnamurti, P. Geerlings, S. Pal, Local softness and hardness based 
reactivity descriptors for predicting intra- and intermolecular reactivity sequences: 
carbonyl compounds, J. Phys. Chem. A 102 (1998) 3746–3755, https://doi.org/ 
10.1021/jp973450v. 

[39] M.S. Blois, Antioxidant determinations by the use of a stable free radical, Nature 
181 (4617) (1958) 1199–1200, https://doi.org/10.1038/1811199a0. 

[40] A. Szydłowska-Czerniak, C. Dianoczki, K. Recseg, G. Karlovits, E. Szłyk, 
Determination of antioxidant capacities of vegetable oils by ferric-ion 

spectrophotometric methods, Talanta 76 (4) (2008) 899–905, https://doi.org/ 
10.1016/j.talanta.2008.04.055. 
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