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Abstract: Various semi-synthetic derivatives of eugenol have been reported in recent years with improved
bioactivities and a broad mode of action. The main objective of this work is to develop new heterocyclic and
acyclic molecules with potential biological and electrochemical activities from a readily available natural product,
eugenol, known chemically as 4-allyl-2-methoxyphenol with the molecular formula C;oH;20,. It belongs to a class
of natural phenolic monoterpenoids. Here we describe the synthesis of eugenol derivatives and the evaluation of
their biological and electrochemical activities. These new eugenol derivatives were synthesized and characterized
by NMR and FTIR. Electrochemical methods, such as polarisation curves and electrochemical impedance
spectroscopy, were used to evaluate the corrosion inhibition properties of eugenol. Regarding corrosion inhibition
properties, eugenol derivatives have shown that they can be used as organic corrosion inhibitors in aggressive
environments to reduce the corrosion process of metals in industry. According to the results obtained in this work,
several products tested showed significant efficacy against various pathogenic bacteria studied, particularly at
concentrations of 100 pg/mL. Most of them synthesized showed a zone of inhibition greater than 11 mm.
Keywords: Natural Product, Eugenol, Heterocyclic Compounds, Microbiology, and Corrosion activity.

1. Introduction

People have been using plants in phytotherapy, pharmacology, and agri-food for centuries, thanks to their
properties discovered by chance. Nature's biodiversity offers researchers infinite research opportunities,
particularly in the discovery of molecules with interesting chemical and biological properties, whether therapeutic,
phytosanitary, or industrial. Nature's impressive richness, complexity, and beauty are often a source of inspiration
for researchers.

To develop new products based on a natural product with high added value in the biological [1] and electrochemical
fields [2, 3] we turned our attention to eugenol, the main constituent of clove essential oil. Chemically known as
2-methoxy-4(2-propenyl)phenol, eugenol has outstanding olfactory and biological properties and pharmacological
activities such as antioxidant, antiviral anti-inflammatory, anticancer, antiviral, antidiabetic, antiparasitic,
antimicrobial [4, 5, 6, 7, 8,9, 10] and others.

Molecular modification of the structures of naturally occurring biologically active substances is one of the main
strategies for enhancing healthy biological effects and reducing potential side effects. The valorization of these
natural substances involves their functionalization, to enhance the recognized biological activity of the natural
molecule or discover new activities.
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Various semi-synthetic derivatives of eugenol with different acyclic and heterocyclic rings have been reported in
recent years, with improved bioactivities and a broad mode of action [11, 12, 13, 14].

Despite advances in the synthesis of antimicrobial drugs, microbial infections remain a threat to humanity [15].
Increased resistance of pathogenic microbial strains to antimicrobial drugs leads to ineffective treatment and
persistent infections, sometimes resulting in death [16]. It is therefore necessary to develop powerful new
antimicrobial agents for the treatment of resistant pathogenic microbial strains.

Corrosion is a degradation of materials due to chemical or electrochemical reactions with the external environment,
resulting in a progressive loss of materials at the interface with this environment. The impact of corrosion is
widespread in various industrial sectors, and its economic cost is higher [2,3]. HCl is one of the most widely used
acids in industrial applications, precipitating the degradation of metal substrates by electrochemical and chemical
means. Countermeasures against corrosion in this environment include metal coatings, anodic and cathodic
protection, galvanizing, and the deployment of corrosion inhibitors [17]. In acidic environments, the use of
inhibitors is a superior strategy for protecting metallic materials.

In the present study (Figure 1), and as part of our ongoing efforts in the field of hemi-synthesis of new compounds
derived from natural products [18, 19, 3], we have synthesized new eugenol-derived hybrid compounds 2, 3, and
3a-3f combining acyclic or heterocyclic units, via atom-economy reactions, a project which falls within the context
of green chemistry and sustainable development.
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Figure 1. Design strategy, antibacterial activity, and anticorrosive efficacy of eugenol derivatives.

2. Results and Discussion
2.1. Chemistry
The new eugenol derivatives were synthesized using the synthetic route described in Scheme 1.
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Schema 1. Synthetic route for the synthesis of eugenol derivatives.

Firstly, eugenol 1 was extracted from cloves by the hydrodistillation method with a 78% yield. The extracted
product was used as the starting material for the synthesis of compounds 3a to 3f. Intermediates 2 and 3 were
prepared and confirmed by comparing their melting points with the literature [3]. Compound 1 was reacted with
ethyl bromoacetate in the presence of potassium carbonate and anhydrous acetone to give compound 2, which was
then treated with hydrazine monohydrate in ethanol to form compound 3, the key intermediate, in 76% yield. This
compound was used to give the final compounds 3a to 3f. Treatment of 3 with various reagents such as ethyl
acetoacetate, carbon sulfide, hexane-2,5-dione, phenyl isocyanate, acetyl chloride, and chloroacetone in ethanol
under reflux afforded compounds 3a to 3f in 70-96% yields and their structure was confirmed by analytical
techniques such as FTIR, 'H NMR, '*C NMR. Some of these new compounds form crystals and their structure has
been identified by X-ray diffraction [3] Haut du formulaire. The FTIR spectra showed significant signals for all
the compounds synthesized. For example, compound 3a exhibited bands at 1695 and 1665 cm-!, confirming the
presence of the characteristic C=0O functions. Indeed, the 'H NMR of product 3a revealed peaks characteristic of
methyl pyrazolone: a singlet at 3.6 ppm for the methyl group bound to pyrazolone, and a singlet at 3.25 ppm for
the CHz ethyl group of pyrazolone. The '*C NMR of compound 3a reveals several characteristic peaks. In the
strong fields, two peaks appear at 14.8 and 52 ppm; the peak at 14.8 ppm corresponds to the primary methyl carbon
(CH3) bound to the pyrazole ring, while the peak at 52 ppm corresponds to the secondary carbon (CHy)
characteristic of the pyrazole ring structure. In addition, low-field resonances at 168 and 165 ppm were attributed
to the quaternary carbons (C=N) and (C=0) of the pyrazole ring, confirming cyclization and the formation of the
pyrazole ring. When the 'H NMR spectrum of compound 3b was analyzed, various characteristic signals were
identified, including an unshielded singlet at 14.5 ppm corresponding to the proton of the SH function. In the 13C
NMR spectrum of compound 3b, significant signals were identified, including unshielded peaks corresponding to
the quaternary carbons (C-O) and (C), at 178.2 and 160.3 ppm respectively. For compounds 3d, 3e, 3f, H and *C
NMR analysis showed characteristic peaks for each compound. For example, for compound 3d, a signal at 9.9
ppm appears for two protons of the secondary amines NH, as well as a singlet at 1.8 ppm for three protons of the



methyl group (CHs). In addition, a shielded primary carbon peak is present at 20.9 ppm, and unshielded peaks of
the quaternary carbons (C=0) and (C=0) appear at 167.2 and 168.5 ppm, respectively.

2.1. Microbiological Activity

In human and veterinary medicine, the resistance of infectious microorganisms to therapeutics has become a
serious and growing health threat worldwide [20]. According to a WHO report, numerous actions have been
launched to remedy this problem, despite all these efforts, there are still gaps in the excessive use of antibiotics
and the limitation of the emergence of resistance to them (OMS, 2015). Our work consists of assessing the potential
antibacterial properties of the synthesized compounds against several dangerous pathogenic bacteria such as S.
aureus, E. coli, K. pneumonia, P. aeruginosa, and P. mirabilis. The findings required, from tested eugenol products
and its derivatives, showed significant effectiveness against different studied pathogenic bacteria especially for
concentrations of 100ug/mL (Table 1). In general, compounds 2, and 3, revealed an important antimicrobial
activity against all negative and positive gram bacteria used in this study, with inhibition zones ranging from 13
mm (against E. coli) to 34 mm (against S. aureus). Here, the antimicrobial activities showed by compound 3 stay
more courageous and advantageous than those revealed by compound 2 (Table 1).

Concerning compounds 3b and 3c, the final products of compound 3, were also effective against all tested
pathogenic bacteria tested. However, compounds 3a and 3d, final products of compound 3, were only effective
against negative-gram bacteria especially K. pneumonia (19 mm) and P. aeruginosa (22 mm) for compound 3a
and E. coli (14 mm) and P. mirabilis (16mm) for compound 3d (Table 1). The derivative compound 3f was inactive
against all tested pathogenic bacteria tested in this

study; while the derivative compound 3e showed only a moderate antimicrobial activity against S. aureus (positive-
gram bacteria) (Table 1).

To improve activity against bacteria, incorporating the oxadiazole and pyrazole units is suggested to be achieved
from a starting material such as hydrazide, which is considered highly effective. Conversely, some compounds
showed poor activity in our trials. This could be related to low solubility or slow diffusion of the compounds in
the agar.

In general, the absence or the reduced activity was mostly associated with compounds containing electron-
withdrawing groups (NH, NH,, NH-C(S)-NH, C=0, and C=S) or an electron-donating group. The presence of an
electron-donating group (-Cl, -CH3) in the synthesized compounds is considered very important, as it contributes
to increasing their antimicrobial potential. Finally, the best inhibition properties against S. aureus, E. coli, and K.

pneumoniae were observed for the heterocyclic compounds synthesized. According to Lagnika [17], a product is
considered active if it has an inhibition diameter of more than 6 mm. In vitro, most of our compounds showed an
important effectiveness against all dangerous pathogenic bacteria used in this study. Therefore, compounds 2, 3
and their derivatives, 3a, 3b, 3c, 3d, and 3e, could be considered as new active molecules against S. aureus, E. coli,

K. pneumonia, P. aeruginosa, and P. mirabilis. Finally, these findings could be courageous and advantageous to
use in vivo, as some alternative molecules, to treat infections caused by multidrug-resistant bacteria in the future.

Table 1. Zones of inhibition in (mm) for compounds 2, 3, 3a, 3b, 3c, 3d and 3f.
Zones of inhibition in (mm)

Compounds S. aureus E. coli K. pneumoniae P. mirabilis P. aeruginosa
DMSO 0 0 0 0 0

2 13+0.1d 13£0.1 cd 19+0.1 cd 16+0.2 cd 15+0.4 cd

3 33+0.2 f 34+0.2 ¢ 20+0.0 cd 25+0.0 cd 18+0.0 cd

3a Oa 9+0.1b 19+0.1 cd 10£0.3 cd 22+40.1 cd

3b 1240.3 cd 13+0.1 cd 16+0.3 be 18+0.3 be 12+0.3 be

3c 1240.1 cd 12+0.1 be 19+0.1 cd 14£0.3 cd 10£0.1 cd

3d Oa 14+0.1 cd 12+0.0 b 16+0.1b 10+0.0 b

3e 11+0.1 cd Oa Oa Oa Oa

3f 0 0 0 0 0

2.2. Electrochemical

2.2.1. Potentiodynamic Polarization Curves

This section of the research aims to comprehend the dynamics of metal corrosion and to explain the influence of
the substituted heterocyclic compounds as inhibitors on the corrosion kinetics of carbon steel dissolution. Figures



2 show the polarization curves of the CS electrode in 1.0 mol/L. HCI solution at 293 K without and with 10 M of
each substituted heterocyclic compound, as the optimal concentration that corresponds to the maximum inhibition
efficiency n%.

3
2 /
14
NE &
E t
S S 1
o o
- = , —— Blank]
34 ——3.a 21 — 3¢
— 1 —3b
. ——2 3 3d
3.e 3f
-5 4 4
T T T T T T T T T T T T
-0,7 -0,6 -0,5 -0,4 -0,3 -0,2 -0,1 -0,7 -0,6 -0,5 -0,4 -0,3 -0,2 -0,1
E(V/SCE) E (V/SCE)
(a) (b)

Figure 2. Potentiodynamic polarization curves for carbon steel in 1.0 M HCl in the absence and presence of various compounds
3a, 2, 3, 3e, 3¢, 3b, 3d, and 3f.

The corrosion parameters such as corrosion potential (Ecorr), corrosion current density (icorr), anode Tafel slope
(ba), and cathode Tafel slope (bc), as well as the inhibition efficiency (n%), are listed in Table 2. The (%) of the
polarization curve test can be calculated using the formula below [21]:

0 _ Icorr —I' corr
(77 A)) - Icorr =100 (1)

Where Icorr and I’corr are the corrosion current densities in the absence and presence of the inhibitors respectively.
Table 2. Electrochemical parameters for carbon steel in 1.0 M HCI at 293K.

Compounds Icorr (uA/cm?) -Ecorr (mV vs SCE) ba (mV/dec) -bc (mV/dec) n%
Blanc 322.8 536.0 99.4 117.7 -

3a 34.5 468.4 62.7 160.9 89.31
5B 1725 4707 PIY 129.2 94.65
] 15.61 489.3 78.5 1229 95.16
3e 21.3 461.8 65.8 135.5 934
3c 393 480.5 61.0 121.3 87.82
2 12.8 468.6 53.2 110.2

L] 13.36 4729 82.4 97.1 95.8
3f 20.7 489.8 80.7 139.9 93.58

The polarization curves and electrochemical data reveal that when substituted heterocyclic compounds are added
to the acid medium, the densities of the anodic and cathodic currents decrease significantly. This demonstrates that
the existence of these inhibitors affects the surface of CS, implying that it can prevent iron oxidation and H*
reduction during cathodic and anodic processes [22]. Based on the literature, when the displacement of Ecorr of
inhibited solutions in comparison with the blank solution is bigger than 85 mV, the inhibitor is anodic or cathodic,
whereas Ecorr shifts less than 85 mV can be explained by the inhibitor's mixed character [23]. The corrosion
potential values did not fluctuate significantly in this investigation, and the displacement was less than 85 mV,
showing that the substituted heterocyclic compounds acted as mixed-type inhibitors. It is observed that the current
density decreases with inhibitor concentration. It decreases from 322.8 pA.cm? for a blank solution to 12.8
pA.cm 2 in the presence of 102 M of 2. This result revealed that these inhibitors adsorb on the carbon steel surface
and cover its active sites, resulting in the creation of a protective layer that reduces the reactivity of its dissolution.
In actuality, inhibitory performance occurs in the following order: 2 > 3> 3d >3c¢ > 3b > 3f > 3e > 3a. Organic



compounds' inhibitory efficiency is known to be influenced by their size and/or the active centers included within
their structure [24]. As a result, the presence of —CH3 may be responsible for 2 's superior inhibitory efficacy over
other compounds. As a result, the presence of -CH3 can enhance electron densities around the chemisorption center,
whereas the presence of —OH, and —NO, can decrease the electronic density of these compounds [25].

2.2.2. Electrochemical impedance spectroscopy (EIS)

The stationary electrochemical approach is still insufficient for characterizing complex processes with many
reaction steps and varying kinetics. Electrochemical impedance spectroscopy (EIS) is a useful tool for examining
the adsorption process, electrode kinetics, and surface characteristics [21]. The Nyquist diagrams of carbon steel
in 1.0 M HCI without and with the presence of 10> M of each substituted heterocyclic compound at 293K are
represented in Figure 3.

1000

1o ® blank e Blank
e 3a e 3c
soo-| ® 2 a0 ® 30
e 3 e 3d
e 3e o 3f
& 6004 fitting curves 3 00 fitting curves
5 £
S S
S g
NE 400 ’\.F
200 4
0 |
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Z, (Q.cm?) Z, @om?)
(a) (b)

Figure 3. Nyquist diagrams for carbon steel in 1.0 M HCI with the different compounds a (3a, 2, 3, 3e) and b (3f, 3c, 3b, 3d).
The Nyquist diagrams in 1M HCI medium indicate a capacitive loop whose diameter has changed significantly
with the addition of all the inhibitors, with the maximum inhibitory efficiency found at 10> M of compound 2.
The presence of capacitive loops indicates that charge transfer controls steel corrosion [23]. Due to frequency
dispersion and CS inhomogeneities, Nyquist graphs are not perfect capacitive loops [21].

Table 3 lists the different electrochemical parameters: Rs is the solution resistance, Rct is the charge transfer
resistance, and Cdl is the constant-phase element of the double layer, as well as the inhibitory efficiency rate (n
%) of steel corrosion in 1M HCI at 293K. The inhibitory efficiency was calculated according to the following
equation [21]:

(n%) — Ret ;CtRCtO * 100 (2)

Where RctO and Rct represent the charge transfer resistance values in the absence and presence of an inhibitor,
respectively.

Table 3. Inhibition efficiency and electrochemical data values for carbon steel in 1.0 M HCI before and after the addition of
different compounds.

Compounds Rs (Q.cm?) Rct (Q.cm?) Ca (UF.cm?) n Qa (nQ'em28") n%
Blanc 0.58 82.33 253.1 0.88 401.6
3a 1.375 794.5 50 0.86 76.39 89.63
3b 0.952 1220 46.86 0.79 84.5 93.25
3e 1.00 1252 60 0.79 100 93.42
3f 0.811 1041 52.19 0.87 75.93 92.09
2 0.85 1380 50.23 0.87 71.63 94.03
3 0.295 1280 25.48 0.86 40.83 93.56
3d 0.55 1116 43.69 0.861 66.84 92.62
3¢ 1.20 1250 54.27 0.87 75.2 93.41

According to the electrochemical parameters, the addition of inhibitors increases the transfer resistance Rct while
decreasing the value of the double-layer capacitance (Cdl). Indeed, in the presence of 10 M compound 2, the
transfer resistance of the blank solution increases from 82.33 Q.cm? to 1380 Q.cm?. This result can be explained
by the reduction in the number of active sites (reduction of the local dielectric) on the surface of carbon steel due



to the adsorption of heterocycle derivatives on the metal surface [21]. On the other hand, it can be seen that the
inhibition performance at 10 M of each inhibitor follows the tendency: 2> 3> 3f> 3¢> 3b> 3d> 3f> 3a,
confirming the results obtained by the polarization measurements.

It is seen that these ten products are good corrosion inhibitors for carbon steel in 1.0 M HCl, where their inhibition
efficiencies increase with concentration to reach maximum values of 94%, at 107> M of 2.

2.2.3. Effect of temperature on inhibitor performance

The temperature reaction to the corrosion kinetic mechanism can offer information about the electrochemical
characteristics of CS in the measured conditions. Because several inhibitor applications are performed at different
temperatures depending on the steel's field of application, it would be interesting to investigate the effect of
temperature on inhibitor performance [22]. Potentiodynamic polarization was used to determine the influence of
temperature on the inhibition efficiency of carbon steel in 1M HCI containing 10 M of each compound at
temperatures ranging from 293K to 323K (Figure 4).
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Figure 4. Electrochemical parameters of CS in the HCl 1M and HCl 1M + 103 M of each compound at different

temperature ranges.



The electrochemical parameters of polarization curves are summarized in Table 4
Table 4. Electrochemical parameters of CS in the HCl 1M and HCI 1M +1073 M of each compound at different temperature
ranges.

Compounds T (K) Icorr(uA/cm?) -Ecorr(mV vs SCE) ba (mV/dec) -bc (mV/dec) n%
293 322.8 536.0 99.4 117.7 -
Blanc 303 417.6 494.7 106.0 132.9 -
313 557.7 494.4 121.3 145.3 -
323 1419.0 476.5 113.7 160.4 -
293 34.5 468.4 62.7 160.9 89.31
3a 303 30.5 469.0 63.8 136.1 92.69
313 85.4 472.5 64.0 118.3 84.68
323 120.6 486.3 69.3 110.8 91.50
293 17.25 470.7 91.1 129.2 94.65
3b 303 21.52 472.9 89.6 1433 94.84
313 48.6 466.0 73.5 132.2 91.28
323 89.5 475.0 72.3 111.2 93.69
293 15.61 489.3 78.5 122.9 95.16
3d 303 36.22 475.0 71.1 94.5 91.32
313 56.1 472.4 69.0 89.5 89.94
323 1234 470.1 70.7 94.9 91.3
293 213 461.8 65.8 135.5 93.40
3e 303 44.2 461.8 65.4 148.8 89.41
313 59.0 460.8 65.9 142.5 89.4
323 86.8 466.7 67.1 1294 93.88
293 12.8 468.6 53.2 110.2 96.03
2 303 18.80 465.3 71.7 156.3 95.4
313 36.6 467.4 56.3 165.5 93.43
323 51.9 468.6 67.0 140.6 96.34
293 13.36 472.9 82.4 97.1 95.8
3 303 45.7 456.7 66.0 155.1 89.05
313 52.1 459.7 64.7 118.7 90.65
323 62.8 462.7 59.1 107.7 95.57
293 20.7 489.8 80.7 139.9 93.58
303 57.6 491.5 91.5 198.5 86.20
3f 313 82.6 473.9 69.4 164.4 85.18
323 77.5 466.0 59.0 142.0 94.53
293 17.0 455.2 54.3 159.41 94.7
303 34.4 469.7 55.6 150.4 91.76
3c 313 37.9 470.5 52.9 142.5 93.20
323 924 480.0 72.6 154.6 93.48

For all the compounds, it is noticed that the catholic and anodic branches of the polarization curves present a Tafel
region. This discovery indicates that the reduction and oxidation reactions occur according to a kinetic process of
pure activation. The results indicate that higher temperatures did not cause a significant decrease in inhibitory
inhibition in the presence of 107 M of substituted heterocyclic compounds. This shows that the inhibitory
compounds acted on the carbon steel surface via adsorption in HCI. The results obtained showed that the inhibitors
used provide sufficient protection against corrosion even at high temperatures.

2.2.4. Thermodynamic activation parameters

In order to examine the corrosion process and determine the thermodynamic parameters, we will study the effect
of temperature on corrosion current density. The rate of corrosion obeys Arrhenius' law expressed by the corrosion

current density given by the following relationship:
(=Ea)
icorr = A.e RT 3)

Where icorr is the corrosion current density; Ea is the apparent activation energy; A is a constant; R is the universal
perfect gas constant (8.314 J.mol™'. K !); T is the temperature (K).

Semi-logarithmic representations of the corrosion current density as a function of the inverse of the blank
temperature and in the presence of inhibitors are shown in Figures 4 and 5. These representations are straight lines
with slope -Ea/R, enabling the apparent activation energy to be calculated.
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Figure 5. Arrhenius plots generated from the corrosion current density of steel in a 1M HCl environment, with the presence of
inhibitors (2,3, 3a, 3b, 3c, 3d, 3e, 3f).
Comparison of the activation energy values obtained without (Ea) and in the presence of inhibitor (Eai) enables
the mechanism of inhibitor protection to be predicted as a function of temperature. In 1965, Radovici proposed a
classification of inhibitors according to their Ea:
- Eai > Ea: the inhibitor adsorbs to the substrate via electrostatic-type bonds (weak bonds). This type of bond is
sensitive to temperature (physisorption).
- Eai < Ea: the inhibitor's protective power increases with temperature. The inhibitor molecules adsorb to the metal
surface via strong bonds (chemisorption).
- Eai = Ea: the inhibitor has a mixed character (physical and chemical adsorption). Very few compounds fall into
the latter category.
The increase in apparent activation energy in the presence of an inhibitor compared to blank indicates poor
inhibitor performance as T increases. This can be interpreted as an electrostatic adsorption process of the inhibitor
to the steel surface (physisorption).
Other thermodynamic parameters can be determined from the Arrhenius equation, namely enthalpy and entropy

values
AH*)
RT

. RT AS*

icorr = —-exp (T) exp (— (4)

Where h: Planck's constant (6.62607004 x 10* J.s), N is Avogadro's number (6.02 mol™!), AS* is the entropy of
activation, AHx is the enthalpy of activation, T is the temperature; R is the perfect gas constant (8.31 J.mol!. K).
To determine the enthalpy and entropy, simply plot the curve Ln (Icort/T)= f(1000/T) (see Figure 6).
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Figure 6. Arrhenius curves derived from the corrosion current density of steel in a 1M HCI solution, with the addition of
inhibitors (2,3, 3a, 3b, 3c, 3d, 3e, 3f).

The values of the thermodynamic parameters Ea, AH*, and AS* in 1M HCI medium without and in the presence of
the inhibitors are grouped in Table 5.



Table 5. Thermodynamic parameters of steel in 1 M HCI both in the absence and presence of inhibitors.

Compounds Ea (kJ/mol) AH*a (kJ/mol) AS *a (J/mol.K) Ea -AH*a
Blanc 36.86 343 -80.86 2.56
3a 37.37 34.81 -98.32 2.56
3b 45.03 42.48 -77.33 2.55
3d 52.24 49.68 -52.08 2.56
3f 38.58 36.02 -105.79 2.56
2 38.27 35.72 -101.95 2.55
3 38.08 35.52 -99.53 2.56
3e 38.99 36.43 -108.27 2.56
3¢ 40.61 3843 -91.25 2.18

Le signe positif de AH*a refléte la nature endothermique du processus de dissolution de l'acier. Cependant, la
valeur enthalpique en présence d'inhibiteurs est plus élevée que celle obtenue en l'absence d'inhibiteurs (36,86
kJ/mol), une évolution attribuée a l'adsorption physique des molécules d'inhibiteurs sur la surface de l'acier. Les
valeurs négatives de AS*a montrent qu'il y a une augmentation du désordre lors de la formation de réactifs

complexes actifs en solution.
2.2.5. Immersion time effect

The effect of immersion time on the inhibition efficiency of eugenol-based heterocyclic compounds (2, 3, 3a, 3b,
3c, 3d, 3e, 3f) was studied. The Nyquist diagrams of carbon steel in 1M HCI with and without the addition of
heterocyclic compound inhibitors for different immersion times ranging from 30 min to 24 h are presented in

Figure 7. The characteristic parameters of these curves are shown in Table 6.
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Table 6. Electrochemical parameters of heterocyclic compounds and blank (1M HCI) as a function of immersion time.

Compounds Immersion time Rs(Q.cm?) Ret(Q.cm?) Cdl(pF.cm?) n QdI(pQ L. cm™. Sn) 1%
Blank (HCI 1M) 30 min 0.58 82.33 253.1 0.88 401.6 i
1H 0.20 77.86 118.6 0.84 247.6 1
2H 0.95 57.99 261 0.92 363.4 1
4H 1.06 4391 365.2 0.96 4259 )/
8H 0.69 38.64 472.5 0.91 669.6 1
10H 0.70 33.46 569.1 0.95 697.1 "
24 H 0.54 25.36 1510 0.87 2301 1
3a 30 min 1.37 794.5 50 0.86 76.39 89.63
1H 0.65 1035 49.42 0.86 74.53 92,47
2H 0.15 1129 41.97 0.87 61.37 94.86
4H 0.63 1204 43.82 0.87 63.19 96.35
8H 0.14 1255 41.13 0.87 60.34 96.9
10H 0.45 1313 41.72 0.86 62.43 97.45
24 H 0.43 1354 40.75 0.85 61.6 98 .12
2 30 min 0.85 1287 50.23 0.87 71.63 93.60
1H 1.10 1333 26.06 0.87 39.64 94.15
2H 0.64 1319 25.56 0.87 39.89 95.60
4 H 0.32 1291 25.66 0.87 40.53 96.59
8H 0.109 1291 29.66 0.87 44.02 97.00
10 H 0.23 1189 25.9 0.86 41.85 97.18
24 H 0.43 1171 26.86 0.86 44.1 97.83
3 30 min 0.29 1280 25.48 0.86 40.83 93.56
1 H 0.98 1392 26.49 0.87 48.71 94.40
2H 0.34 1266 30.51 0.87 51.63 95.41
4 H 1.14 1263 34.51 0.81 62.15 96.52
8H 0.24 1146 38.85 0.83 65.37 96.62
10H 0.21 1076 66.11 0.85 62.14 96.89
24 H 0.57 1017 37.44 0.86 69.5 97.50
3d 30 min 1.00 1252 60 0.79 100 93.42
1 H 2.05 1355 37.83 0.81 65.5 95.25
2H 1.65 1379 28.47 0.87 43.42 95.79
4H 0.74 1512 28.4 0.85 45.6 97.09
S H 1.6 1179 32.62 0.84 54.55 96.72
10 H 1.57 1081 24.6 0.85 44.18 96.90
24 H 1.5 1035 22.48 0.86 46.51 97.54
3e 30 min 0.81 1041 52.19 0.87 75.93 92.09
1H 0.84 1060 46.53 0.89 65.34 92.65
2H 0.85 1009 50.12 0.88 71.86 94.25
4 H 0.52 969.6 65.9 0.88 74.45 95.47
8H 0.51 922.8 68.8 0.88 76.85 95.8
10 H 0.46 882.6 75.2 0.88 82.45 96.20
24 H 0.76 874.8 75.9 0.86 83.78 97.10
3c 30 min 1.20 1250 54.27 0.87 75.2 93.41
1 H 2.26 1261 57.22 0.810 77.3 93.82
2H 1.94 1377 43.79 0.81 73.54 95.78
4 H 1.5 1399 37.94 0.83 61.1 96.86
8 H 2.03 1614 32.14 0.80 55.48 97.60
10H 1.8 1569 45.15 0.82 66.12 97.86
24 H 1.11 1098 42.13 0.85 66.87 97.69
3b 30 min 1.156 710 55.64 0.91 73.06 88.40
1H 0.71 698.2 75.51 0.86 89.58 88.84
2H 0.88 873.8 73.93 0.86 88.45 93.36
4H 1.07 1066 60.59 0.86 87.78 95.88
8 H 1.19 1188 54.35 0.86 78.74 96.74
10 H 1.21 1206 53.57 0.86 77.6 97.22
24 H 0.74 734 88.01 0.86 99.64 96.51

The results revealed that immersion time had a considerable impact on the size of the impedance spectrum, as
illustrated in Figure 7. The capacitive loops were the same shape in both uninhibited and inhibited solutions,
indicating that carbon steel corrosion was mainly controlled by the charge transfer process over time.

The results obtained from this study showed that the compounds have a stable long-term inhibition effect.
According to Chafiq et al., this is mainly due to a large number of unoccupied or vacant sites[26].

3. Experimental

3.1. Experimental details of chemicals

Melting points were measured using a capillary tube on the Buchi-Tottoli apparatus. IR spectra were measured
using a Fourier transform infrared spectrophotometer (JASCO FT/IR 4600 Type A) fitted with an ATR accessory.
FTIR spectra were recorded in the 4000-500 cm! region with a resolution of 4 cm™. 'H and '3C NMR spectra were
recorded in DMSO-ds using a Bruker AC 500 MHz instrument for 'H and 120 MHz for '*C. Chemical shifts are
given in ppm relative to tetramethylsilane (TMS) taken as the internal reference.



3.1.1. Preparation of ethyl 2-(4-allyl-2-methoxyphenoxy) acetate (2)

Anhydrous potassium carbonate (5.21g, 0.045mol) and eugenol (5g, 0.03mol) were mixed in acetone (150 mL) in
a (200 mL) flask with stirring at room temperature. After 15 min ethyl bromoacetate (5.01 g, 0.03 mol) was added
to the mixture and the solution refluxed for 24 hours. The mixture was cooled to room temperature and the solvent
was removed under reduced pressure. The residual mass was triturated with ice-cold water to remove potassium
carbonate and extracted with ether (3 x 50 mL), then dried over anhydrous sodium sulfate and evaporated to
dryness to give a brown oil. The synthesized product was purified by silica gel column chromatography using a
hexane/ethyl acetate (8/2) solvent mixture as the eluent and recrystallized in ethanol. The brown oily product
obtained in 90% yield. C14H;304. MW=250.12g/mol. IR (n, cm™!, KBr) : 1731(C=0). 'H NMR (500 MHz, DMSO-
de, ppm) : 8 6.82 ('H, d, C-H, J= 4.4 Hz), 6.80 ('H, d, C-H, J= 4.4 Hz), 6.70 ('H, s, C-H), 5.90 (‘H, m, C-H), 5.01-
4.95 (*H, m, CH>), 4.6 (2H, s, C-H), 4.26 (2H, q, C-H, J=7.8 Hz), 3.7 (3H, s, CH3), 3.29 (2H, d, J= 6.73Hz, CH,),
1.16 (3H, t, CHs, J=7.8Hz). *C NMR (125 MHz, DMSO-ds, ppm) : § 169.17 (C=0), 149.9 (C), 146.2 (C), 138.8
(CH), 134.5 (C), 122. 5 (CH), 115.5 (CH»), 115.2 (CH), 113.8 (CH), 65.7 (O-CH»), 61.11(CH>), 56.1 (O-CH3),
39.8 (CHy), 14.1 (CH3).

3.1.2. Preparation of 2-(4-allyl-2-methoxyphenoxy) acetohydrazide (3)

The compound ethyl 2-(4-allyl-2-methoxyphenoxy) acetate (4.5 g, 0.017 mol) was combined with 98% hydrazine
monohydrate (2 mL, 0.04 mol) and absolute ethanol (30 mL) in a 100 mL flask and heated under reflux for 24
hours. The reaction mixture was cooled, and the solid formed was filtered, dried, and recrystallized from acetic
acid, giving compound 3. Purification of the synthesized product was carried out by silica gel column
chromatography, using a mixture of solvents (chloroform/dichloromethane) as the eluent. The product obtained
was a white solid with a 76% yield. C12H;sN203. MW = 236.12 g/mol. m p: 142-143 °C. IR (n, cm™!, KBr) :
3411.18 (-NHNH,), 1680.66 (C=0). 'H NMR (500 MHz, DMSO-ds, ppm) : 3 9.01 (1H, s, NH), 6.82 (1H, d, CH,
J=4.4Hz), 6.80 (1H, d, CH, J=4.4 Hz), 6.70 (1H, s, CH), 5.80 (1H, m, CH), 5. 01-5.02 (2H, m, CH), 4.9ppm (2H,
s, NHz), 4.39 (2H, s, CH»), 3.7 (3H, s, CH3), 3.2 (2H, d, J = 6.8 Hz, CH,). 1*C NMR (125 MHz, DMSO-d¢, ppm)
: 0 167.9(C=0), 150(C), 146.2 (C), 138 (CH), 134 (C), 121.9(CH), 115.9 (CH»), 115 CH), 113 (CH), 68 (CH>),
56.01 (O-CHs), 40.01 (CHb).

3.1.3. Preparation of 2-(2-(4-allyl-2-methoxyphenoxy) acetyl)-5-methyl-1,2-dihydro-3H-pyrazole-3-one (3.a)
The compound 2-(4-allyl-2-methoxyphenoxy) acetohydrazide (0.7 g, 0.003 mol) was heated with ethanol (50 mL)
and ethyl acetoacetate (0.40 g, 0.003 mol) in a 100 mL flask at reflux for 6 hours. The cooled solution was subjected
to evaporation of the solvent by rotary steaming. The synthesized product was purified by silica gel column
chromatography using a hexane/ethyl acetate (9/1) solvent mixture and recrystallized in ethanol. The product
obtained is a yellow solid with a 70% yield. C16HisN2Os. MW = 302.13 g/mol. m p: 275-276 °C. IR (n, cm™}, KBr):
1695 et 1665 (C=0). "H NMR (500 MHz, DMSO-ds, ppm) : 8 6.83(1H, d, CH, J =4.6 Hz), 6.81(1H, d, CH, J =
4.6 Hz), 6.74 (1H, s, CH), 5.90 (1H, m, CH), 5.0-5.01 (2H, m, CH>), 4.6 (2H, s, CH>), 3.7 (3H, s, CH3), 3. 6 (3H,
s, CH3), 3.26 (2H, d, CH,, J = 8.6 Hz). '3C NMR (125 MHz, DMSO-ds, ppm) : § 170(C=0), 168(C), 165(C=0),
150(C), 145.9(C), 139(CH), 134(C), 121.9(CH), 116(CH>), 115(CH), 113(CH), 66(CH>), 56(0-CH3s), 52(CH>),
39(CH>), 14.8(CH3).

3.1.4. Preparation of 5-((4-allyl-2-methoxyphenoxy) methyl)-1,3,4-oxadiazole-2-thiol (3.b)

A solution of 2-(4-allyl-2-methoxyphenoxy) acetohydrazide (2.1 g, 0.008 mol) in 50 ml ethanol, in the presence
of potassium hydroxide (0.45 g, 0.008 mol) and excess carbon disulfide (0.61g, 0.08 mol), was heated under reflux
for 12 hours. After the concentrated solution had cooled, it was poured over ice-cold water (50 mL), and acidified
with 2 mL acetic acid. Liquid-liquid extraction with dichloromethane (3 times 50 mL) was followed by evaporation
of the solvent by rota steam, resulting in a powder product. The synthesized product was purified by
chromatography on silica gel, using a mixture of hexane/ethyl acetate solvents (9/1) recrystallized in ethanol. The
product obtained as a yellow powder in RT yield: 89%. Ci3H14N2O3S. MW=278.07g/mol. m p: 208-209°C. IR
(n, cm™!, KBr) : 3460 (NH), 1656.7 (C=N), 1580 (C=C), 1560.3 (C=N). 'H NMR (500 MHz, DMSO-ds, ppm) : &
14.5 (1H, s, SH), 6.90 (1H, d, CH, J = 4.5 Hz), 6.88 (1H, d, CH, J =4.5 Hz), 6.76 (1H, s, CH), 5.90 (1H, m, CH),
5.01-5.08 (2H, m, CH»), 5.08 (2H, s, CH»), 3.7 (3H, s, CH3), 3.2 (2H, d, CH», J =6.8 Hz). *C NMR (125 MHz,
DMSO-ds, ppm): 6 178.2(C-S), 160.3 (C), 150.2 (C), 145.02 (C), 138.1 (C), 135.9 (CH), 121.5 (CH), 116.2 (CH),
115.9 (CH»), 113.1 (CH), 61.9 (CHb»), 56.03 (CH3), 39.8 (CH>).

3.1.5. Preparation of 2-(4-allyl-2-methoxyphenoxy) - N-(2,5-dimethyl-1H-pyrrole-1-yl)acetamide (3.c)

A solution of 2-(4-allyl-2-methoxyphenoxy) acetohydrazide (0.6g, 0.0025mol) and hexane-2,5-dione (0.43g,
0.0037mol) in a 100 mL flask containing ethanol was heated under reflux for 24 hours. The cooled solution was



concentrated by rotary evaporation of the solvent. The synthesized product was purified by silica gel column
chromatography, using a hexane/ethyl acetate (9/1) solvent mixture, and crystallized in ethyl acetate. The product
was obtained as a White Crystal with a 96% yield. C1sH22N,03. MW=314.16g/mol. m p: 251-252°C. IR (n, cm™,
KBr) : 3460 (NH), 1710 (C=0), 3157 (C=CH), 2960 (CH3), 1616 (C=C), 1503 (C=C). 'H NMR (500 MHz,
DMSO-dg, ppm) : 610.8 (1H, s, NH), 6.88 (1H, d, CH, J =4.5 Hz), 6.86 (1H, d, CH, J =4.5 Hz), 6.78 (1H, s, CH),
5.90 (1H, m, CH), 5.59 (2H, s, CH, CH), 5. 01-5.02 (2H, m, CH), 4.67 (2H, s, CH>), 3.68 (3H, s, CH3), 3.30 (2H,
d, CHy, J = 6.7Hz), 1.91 (6H, s, CH3, CH3). *C NMR (125 MHz, DMSO-ds, ppm): §169.8 (C), 150.1 (CH), 147.1
(O), 139.1 (CH), 135.8 (C), 127.9 (C, ©), 121.5 (CH), 116.2 (CH>), 116 (CH), 113 (CH), 104.7 (CH, CH), 68.1
(CH»), 10.2 (CH3, CH3).

3.1.6. Preparation du N'-acetyl-2-(4-allyl-2-methoxyphenoxy)acetohydrazide (3.d)

A solution of 2-(4-allyl-2-methoxyphenoxy) acetohydrazide (0.67g, 0.003 mol) in 50ml ethanol, in the presence
of acetyl chloride (0.22 g, 0.003 mol) in a 100 mL flask, was heated under reflux for 6 hours. The cooled solution
was then concentrated by rotary evaporation of the solvent. The synthesized product was purified by
chromatography on a silica gel column, using a mixture of hexane/ethyl acetate solvents (9/1). The product was
obtained as a white solid with a 90% yield. Ci4H;sN2Os. PM 278,13 g/mol. m p: 256-257°C. IR (n, cm™, KBr) :
3314 (NH), 1528 (C=0), 1183 (N-N) ,1082 (N-C). 'H NMR (500 MHz, DMSO-d6, ppm): 5 9.9 (2H, s, NH-NH),
6.84 (1H, d, CH, ] = 4.5 Hz), 6.82 (1H, d, CH, J = 4.5 Hz), 6.76 ppm (1H, s, CH), 5.89 (1H, m, CH), 5.01-5.03
(2H, m, CHy), 4.6 (2H, s, CH»), 3.7 (3H, s, CH3), 3.25 (2H, d, CH2, J =6.8 Hz), 1.8 (3H, s, CH3).'3C NMR (125
MHz, DMSO-ds, ppm) : & 168.5 (C=0) ; 167.2 (C=0) ; 149.1 (C) ; 146.4 (C) ; 138.3 (CH2) ; 134.2 (C) ; 120.6
(CH), 116.1 (CH2) ; 114.6 (CH) ; 112.6 (CH) ; 67.8 (CH2) ; 56.9 (O-CH3) ; 39.6 (CH) ; 20.9 (CHs).

3.1.7. Preparation of (Z)-2-(4-allyl-2-methoxyphenoxy)-N'-(1-chloropropan-2-ylidene) acetohydrazide (3.e)

A solution of 2-(4-allyl-2-methoxyphenoxy) acetohydrazide (3.06 g, 0.012 mol) in 50ml ethanol, combined with
chloroacetone (1.11 g, 0.012 mol) in a 100 mL flask, was heated under reflux for 6 hours. After cooling, the solvent
was concentrated by vacuum evaporation using a steam rota. The synthesized product was purified by silica gel
column chromatography using a hexane/ethyl acetate (9/1) solvent mixture and recrystallized in methanol. The
product was obtained in the oily yellow form with an 80% yield. C13H;sCIN,O3;. MW=282.08g/mol. IR (n, cm™,
KBr): 1760 (C=N), 1638 (C=0), 840 (C1-C). 'H NMR (500 MHz, DMSO-ds, ppm): 5 9.95 (1H, s, NH) ; 6.86 (1H,
d, CH, J =4.5Hz), 6.88 (1H, d, CH, J = 4.5 Hz), 6.78 (1H, s, CH), 5.90 (1H, m, CH), 5.02-5.04 (2H, m, CH»), 4.6
(2H, s, CHy), 4.2 (2H, s, CH»), 3.74 (3H, s, CH3), 3.25 (2H, d, CH», J =6.8 Hz), 1.1 (3H, s, CH3). *CNMR (125
MHz, DMSO-de, ppm) : 3 169.3 (C=0), 163.3 (C), 149.2 (C), 146.4 (C), 136.4 (CH), 133.9 (C), 120.4 (CH),
116.07 (CHy), 114.9 (CH), 113.9 (CH), 66.07 (CH3), 61.01 (CH»), 56.01 (CH3), 39.7 (CH»), 14.5 (CHy).

3.1.8. Preparation of 2-(2-(4-allyl-2-methoxyphenoxy)acetyl)-N-phenyl hydrazine-1-carboxamide (3.f)

A solution of 2-(4-allyl-2-methoxyphenoxy) acetohydrazide (0.67 g, 0.003 mol) in 50ml ethanol, in the presence
of phenyl isocyanate (0.33 g, 0.003 mol) in a 100 mL flask, was heated under reflux for 8 hours. The cooled
solution was concentrated by rotary evaporation of the solvent. Purification of the synthesized product was carried
out by silica gel column chromatography, using a hexane/ethyl acetate (9/1) solvent mixture. The product was
obtained as a White Solid with a 92% yield. Ci9H2iN30s .PM=355.15 g/mol. m p: 280-281°C. IR (n, cm’!, KBr)
:3179, 3299 and 3316 (NH), 1644 (C=0), 1547 (C-N). '"H NMR (500 MHz, DMSO-ds, ppm) : 5 11.2 (1H, s, NH),
10.5 (1H, s, NH), 9.75 (1H, s, NH), 7.50 (2H, d, CH, CH, J=10 Hz), 7.37 (2H, dd, CH, CH, J=10 Hz), 7.07 (1H,
dd, CH, J=10 Hz), 6.88 (1H, d, CH, J =4.5 Hz), 6.85 (1H, d, CH, J = 4.5 Hz), 6.76 (1H, s, CH), 5.90 (1H, m, CH),
5.06-5.04 (2H, m, CHy), 4.5 (2H, s, CH»), 3.73 (3H, s, O-CH3), 3.29 (2H, d, CH>, J = 6.8Hz). 3CNMR (125 MHz,
DMSO-ds, ppm) : 6168.32 (C=0), 162.8 (C=0), 150.4 (C), 145.87 (C), 139.4 (C), 138.46 (CH), 133.9 (C), 128
(CH), 128 (CH), 127.1 (CH), 121.6 (CH), 121.6 (CH), 121.58 (CH), 115.6(CH>), 113.3 (CH), 114.8 (CH), 68.11
(CH>), 56.09 (CCH3), 39 (CHb).

3.2. Experimental details of microbiological activity

The antibacterial activity of the synthesized compounds was tested against three pathogenic bacterial strains:
Staphylococcus aureus (ATCC-29213), Escherichia coli (ATCC-25922), and Klebsiella pneumoniae (ATCC-
700603). The in vitro antimicrobial activity of eugenol derivatives was estimated using the well diffusion method
[27]. After solidification of the nutrient agar plates, 1 ml of each bacterial solution was poured and spread in the
Petri dish. Next, we drilled wells (8 mm diameter) in the agar plates using a sterile cork borer to pour 100 pL of
each test compound into each well. Petri plates were incubated at 36°C for 24 h. After incubation, the diameter of
growth inhibition zones was measured after 24 h for all pathogenic microorganisms. For each sample and bacterial
species, three duplicates were kept.



3.3. Electrochemical Measurements

3.3.1. Materials and Electrolyte Preparation

In the present investigation, carbon steel (CS) specimens with the following composition (weight%): 0.07 C, 0.19
Mn, 0.03 Si, 0.05 Cr, 0.02 Al, and balance Fe were utilized. Before starting each electrochemical test, the CS
electrode was meticulously polished with emery papers ranging in roughness from N° 180 to N° 2500. Then the
polished electrode was washed with distilled water, degreased with acetone, and dried with heated air. The
aggressive 1 M HCI solution was prepared by diluting HCI grade 37% (purchased from LOBA Chemie Company)
with distilled water. Each test was carried out with a freshly obtained solution.

3.3.2. Electrochemical Measurements

Electrochemical methods were utilized to assess the immediate rate of corrosion and explain the effect of the
inhibitors on the CS corrosion process. All electrochemical experiments were conducted using Potentiostat type
OrigaStat 100, controlled by Origamaster5 software. The cell used three electrodes consisting of a working
electrode (carbon steel), a platinum electrode as a counter electrode, and a saturated calomel electrode (SCE) as a
reference electrode. The working electrode surface area exposed to the electrolyte was 0.64 cm2. Open circuit
potential (OCP) surveillance was performed by immersing the working electrode in the corrosive medium in the
absence and existence of inhibitors for 30 min. The potentiodynamic polarization (PDP) curves of the CS electrode
in 1.0 M HCl, without and with inhibitors, were recorded in the potential range from -750 to -100 mV/SCE, at the
scan rate of 1 mV/s. Electrochemical impedance spectroscopy investigations were carried out by applying a signal
amplitude perturbation of 10 mV, in the frequency range of 1kHz to 100 mHz. The temperature effect on the
inhibitor performance was evaluated in the range from 293 to 323 K.

4. Conclusion

In conclusion, six compounds were successfully synthesized by structural modification of eugenol. The derivatives
were spectroscopically characterized by FTIR, 'H NMR, and *C NMR and prepared in good yields. Most of the
derivatives used in this study demonstrated antibacterial activity against S. aureus, E. coli, K. pneumoniae, P.
mirabilis, and P. aeruginosa, with zones of inhibition ranging from 11 mm to 34 mm. Among them, compound 3
showed the highest activity, which correlates with the presence of an amine group in its molecular structure. In
this electrochemical study, we demonstrated that eugenol derivatives can reduce or stop the corrosion process in
hydrochloric acid. Potentiodynamic polarization tests and electrochemical impedance spectroscopy revealed that
the inhibitors (2, 3, 3a, 3b, 3c, 3d, 3e, 3f) can effectively protect carbon steel against corrosion in 1.0 M HCI
solution, with optimal performance at moderately higher concentrations and temperatures. Adsorption and
immersion time allow the inhibitors to form a dense, stable layer on mild steel over the long term.
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