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Abstract

Cyclic voltammetry (CV) assays were performed to measure superoxide anion radical (O7)
scavenging activities of six novel N-ferrocenylmethyl-N-(nitrophenyl)-acetamides and N-fer-
rocenylmethyl-N-(cyanophenyl)acetamides (FMA1-FMAG®6), followed by molecular docking
simulations and in silico toxicity prediction. The obtained values of ICso from CV assays
indicated that all studied compounds showed promising scavenging activity against O
radicals, with the compounds FMA1, FMA3, and FMA4 possessing the most significant
potency. A molecular docking study revealed that all compounds interact with amino acid
residues of glutathione reductase via hydrogen bonding and hydrophobic interactions.
The compound FMA4 was the most inactive compound against the glutathione reductase
enzyme having the highest inhibitory concentration of 2.61 uM and the lowest docking
score of -31.85 kJ/mol. Toxicity studies demonstrated that among six studied compounds,
FMA4, FMAS5, and FMAG6 are predicted to be nontoxic.
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Introduction

Recently, ferrocene derivatives have been widely studied because of their versatile potential appli-
cations in many research fields such as medicinal chemistry [1-7], material sciences [8], and diagnostic
applications fields [9]. N-ferrocenylmethylamines and their derivatives, in particular, N-ferrocenyl-
methyl-N-(nitrophenyl)- and -N-(cyanophenyl)aniline, have shown important biological activities due
to their promising biological potential as anticancer properties [10,11], antimicrobial agents [12],
antioxidants [13,14], and anti-proliferative agents against MCF-7 human breast cancer cell lines [15].
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Most of ferrocenylmethylaniline derivatives scavenge superoxide free radicals, and this reaction
is useful in the inhibition of cancer growth [16]. The superoxide radical scavenging activities of ferro-
cenylmethylanilines are mainly due to the presence of functionalized aniline in the ferrocene moiety
that could donate protons to the superoxide anion radical to form the corresponding radical species.
The mechanism might be described by a first proton transfer (Eq. (1)), followed by the electron
transfer (Eq. (2)). With a second proton transfer (Eq. (3)) the overall reaction is a two-electron
reduction of oxygen (Eq. (4)). In our experimental conditions with ferrocene derivatives, we did not
observe the increase of oxygen current reduction, which is expected in the hypothesis of a proton
donating mechanism [17].

O’y + FcH — HO; +FC (2)
HO; + Oy — HOy + 03 (2)
HOy + FcH — Hy0; +Fc” (3)
02 + 2e +FcH — H,0;, + 2Fc (4)

Glutathione, a tripeptide protein naturally produced by the body, is made up of three amino acids:
glutamic acid, cysteine, and glycine. It plays an essential antioxidant intracellular role [18], since it is
involved in the elimination of reactive oxygen species and acts as a scavenger for various oxygen
radicals. The enzyme glutathione reductase (GR), also called glutathione-disulfide reductase, reduces
the oxidized form of glutathione disulfide (GSSG) to the reduced glutathione form (GSH). Elevated
levels of GSSG/GSH ratio lead to intracellular signal transduction, elimination of free radicals and
reactive oxygen species, and the preservation of intracellular redox status [19]. Thus, inhibition of
glutathione reductase results in a decrease in GSH, an increase in GSSG, and consequently a high
GSSG/GSH ratio. Studying the glutathione reductase inhibition by potentially antioxidant compounds
could serve for choosing antioxidants candidates. A good antioxidant candidate should inhibit
glutathione reductase enzyme less.

In this work, we describe the synthesis and the scavenging activity against O;” of six novel N-fer-
rocenylmethyl-N-(nitrophenyl)- and N-ferrocenylmethyl-N-(cyanophenyl)acetamides using cyclic vol-
tammetry assays. Further, the compounds were scrutinized through toxicity study and molecular
docking to predict the median lethal dose (LDso) and the toxicity class (TC) to afford an insight into the
inhibition and binding partialities of the most potent compounds with glutathione reductase.

Experimental

Chemicals

All starting materials and solvents used for the synthesis of N-ferrocenylmethyl-N-(nitrophenyl)-
and N-ferrocenylmethyl-N-(cyanophenyl)acetamides were of analytical grade and obtained from
different commercial sources and used as received. Tetrabutylammonium tetra-fluoroborate
(BuaNBF4) (electrochemical grade 99 %) was from Sigma-Aldrich. Oxygen gas (research-grade 99.99 %)
was supplied by Linde Gaz Algérie.

Materials and methods

CV experiments were run on a PGZ301 potentiostat (Radiometer Analytical SAS, France)
connected to an electrochemical cell having a volume of 15 mL and equipped with three electrodes:
a glassy carbon working electrode of an area equal to 0.013 cm?, a platinum wire auxiliary electrode,
and a Hg/HgxCl, reference electrode. The reaction medium was saturated with high-purity com-
mercial oxygen for 15 min before each experiment. *H NMR spectra were obtained on a Bruker
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Avance DPX 300 MHz spectrometer. All 'H NMR spectra are reported in ppm relative to the central
line of the singlet for CDCls at 7.28 ppm.

Structure optimization was run using density functional theory implemented in Gaussian 09
package [20]. All calculations were carried out with the unrestricted Becker’s three-parameter
hybrid exchange functional [20] combined with Lee-Yang-Parr nonlocal correlation function, abbre-
viated as B3LYP [22-24] with combined basic sets, LanL2DZ [25—-27] for optimizing iron atom and 6-
311G+(d) for the rest of atoms [28—30].

The in silico toxicity study was performed using the ProTox-1l web server [31].

Molecular docking simulations were performed using AutoDock 4.2 docking software [32,33],
executed on a Pentium 2.7 GHz and 8 GB Ram microcomputer MB memory with windows 8 operat-
ing system.

Synthesis

N-ferrocenylmethyl-N-(nitrophenyl)- and N-ferrocenylmethyl-N-(cyanophenyl)acetamides coded
as FMA1-FMA6 were synthesized by coupling the well-known quaternary salt (ferrocenylmethyl)-
trimethyl-ammonium iodide [34] with the corresponding substituted anilines, following our previously
reported procedure [35,36]. The obtained products were then acetylated using acetic anhydride and
their molecular structures are shown in Figure 1. The antioxidant activities of the synthesized
compounds against superoxide anion radicals were measured using CV assays.

X

S
K FMA1, X = 2-NOy; FMA2, X = 3-NO; FMA3, X =4-NOy;
‘ FMA4, X = 2-CN; FMAS, X = 3-CN; FMA6, X = 4-CN

@ Figure 1. Chemical structures of N-ferrocenylmethyl-N-(nitrophenyl)-
acetamide and N-ferrocenylmethyl-N-(cyanophenyl)acetamide

General procedure for the synthesis of compounds (FMA1-FMAG6)

The corresponding N-ferrocenylmethyl-N-(nitrophenyl)aniline (500 mg, 1.49 mmol) or N-ferro-
cenylmethyl-N-(cyanophenyl)aniline (500 mg, 1.58 mmol) was dissolved in acetic anhydride 160 ml
(1.7 mmol) and the reaction mixture was heated at 65 °C for 30 minutes under an atmosphere of
nitrogen. Then it was allowed to cool to room temperature and poured on 140 ml 0.1 M of an
aqueous solution of sodium carbonate and extracted three times with dichloromethane. The
combined extracts were evaporated and the obtained residue was recrystallized from a mixture of
methanol/water (30/70) to yield a red/orange yellowish solid.

Results and discussion

Antioxidant activity assays against superoxide anion radicals

Superoxide anion radicals (O72’) scavenging activity assays were used to measure the antioxidant
activity of N-ferrocenylmethyl-N-(nitrophenyl)- and N-ferrocenylmethyl-N-(cyanophenyl)-acetami-
des. The O’ was electrochemically generated in situ by one-electron reduction of commercial
molecular oxygen dissolved in DMF containing 0.1 M tetrabutylammonium tetra-fluoroborate
(BuaNBF4) as a supporting electrolyte. Increased concentrations of each studied compound were
then added to the electrochemical cell containing a solution of the generated O, and the cyclic
voltammograms were recorded after each addition of the test compounds, in the potential window
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from -0.0to -1.6 V at the scan rate of 0.1 V s'.. Obtained voltammograms of oxygen-saturated DMF
containing 0.1 M of BusNBF4 in the absence and presence of gradually increasing concentrations of
the compounds FMA1-FMAG in the same solvent are shown in Figure 2.
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Figure 2. Cyclic voltammograms of oxygen-saturated DMF in the absence and presence of
gradually increased concentrations of FMA1-FMAG. Inset plots of [(io—1i) /o vs. c]

All voltammograms showed a decrease in the anodic peak current density of the O;/0, redox
couple upon addition of gradually increasing concentration of test compounds, and this decrease
was used for the calculation of the half-maximal inhibitory concentration (/Cso).

The inhibition of O°;” was calculated using the following equation [17,37,38]

0', scavenging activity = =" 100 (5)

lo
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where ip and i are the anodic peak current densities of the superoxide anion radical in the absence
and presence of the test sample, respectively.

The half-maximal inhibitory concentration (/Cso) values were obtained from the plot of O*>'sca-
venging activity against different compound concentrations (inset plots of Figure 2). The antioxidant
activity has been expressed as ICso. The ICso value was defined as the concentration of the compound
that inhibits the formation of O’ by 50 %.

Obtained values of ICso shown in Figure 3 indicate that all N-ferrocenylmethyl-N-(nitrophenyl)-
and N-ferrocenylmethyl-N-(cyanophenyl)acetamides showed promising scavenging activity against
Oy radicals, with the activity of compounds FMA1, FMA3, and FMA4 almost comparable to that of
the standard a-tocopherol (7.058 mM) used as a positive control.
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Tested compounds

Molecular docking study

A molecular docking study was carried out to afford an insight into the inhibition and binding para-
meters of N-ferrocenylmethyl-N-(nitrophenyl)- and N-ferrocenylmethyl-N-(cyanophenyl)-acetamides
with the enzyme glutathione reductase. The enzyme glutathione reductase (GR), also called gluta-
thione-disulfide reductase, reduces glutathione disulfide (GSSG) to glutathione (GSH), which is
involved in the elimination of reactive oxygen species and acts as a scavenger for various oxygen
radicals. Glutathione exists in reduced (GSH) and oxidized (GSSG) forms, the reaction symbolized by
the equation (6):

2GHS + NADP* <> GSSG + NADPH + H* (6)

Inhibition of glutathione reductase results in a decrease in reduced glutathione (GSH) and an
increase in glutathione disulfide (GSSG) using nicotinamide adenine dinucleotide phosphate (NADPH),
particularly from the pentose phosphate pathway in bacteria, plants, and animals to regenerate
glutathione, a molecule essential for resistance against oxidative stress and the preservation of
intracellular pH. So, studying glutathione reductase inhibition could serve as a good means for the
selection of antioxidants candidates. A good antioxidant candidate should reduce the inhibition of the
glutathione reductase enzyme.

Rigid receptor and flexible ligand molecular docking models were carried out to study the inhibition
of glutathione reductase by N-ferrocenylmethyl-N-(nitrophenyl)- and N-ferrocenylmethyl-N-(cyano-
phenyl)acetamides, and to understand how strong the interactions are between them. The crystal 3D
structure of the glutathione reductase target involved in this study was retrieved from the online data
bank, RCSB PDB (https://www.rcsb.org/pdb, ID: 1XAN) [40], Figure 4.
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Figure 4. UCSF chimera ribbons chemical structure view of human
glutathione reductase in complex with a xanthene inhibitor (ID: 1xan)

Receptor preparation

The receptor was first imported into the AutoDockTools interface. Missing atoms were inserted
in incomplete residues, alternate conformations were deleted, all water molecules and ligands were
removed, and polar hydrogen atoms and charges were added to the receptor structure.

Receptor-ligand docking

In silico molecular docking simulations studies were executed by using the AutoDock 4.2 software
[32,33]. Lamarckian genetic algorithms were utilized with the grid box size set at 60x60x60 A in the
x, y, and z directions and the coordinates were fixed at x=69.46, y =-17.32, and z=55.62. All docking
experiments consisted of 50 docking runs while the other parameters were left to their default
values. The best conformation was selected with the lower docking energy for further docking
analysis. The visualization of the interaction was generated with the PLIP webserver (protein-ligand
interaction profiler) [41,42].

Results from the molecular docking suggest that hydrogen bonding, hydrophobic forces, and -
cation interactions are involved in the binding process. Figure 5 illustrates the interactions of
compounds FMA1, FMA2, FMA3, FMA4, FMAS5, and FMAG with the nearby residues in the active site
of glutathione reductase.

Interacting residues and their corresponding bond types and length are summarised in Table 1.

Table 1. Interaction types between ligands FMA1, FMA2, FMA3, FMA4, FMA5, FMAG6 and glutathione reductase

Molecule Bond type Amino acid (number of bonds/interactions) Distance, A
H-bonds THR339 (2) 2.25,2.00
. . 3.89, 3.95, 3.27,
FMA1 Hydrophobic interactions ILE198(2), LEU338, PRO340, THR369, PHE372 3.79,3.41, 3.47
ni-Stacking interactions TYR197 5.25
H-bonds THR339 (2) 2.62,1.95
FMA2 . . 3.57,3.55, 3.34,
Hydrophobic interactions THR369(2), TYR197, ILE198, LEU338, PHE372 3.62,3.04, 3.45
H-bonds THR339 1.94
FMA3 Hydrophobic interactions TYR197, LEU338, PRO340, THR369, PHE372 3.88,3.21, 3.81, 3.41, 3.35
ni-stacking interactions TYR197 5.42
H-bonds TYR197, THR339 (2) 3.10, 2.65, 2.01
. . 3.82,3.71, 3.85,
FMA4 Hydrophobic interactions |THR57, TYR197, ILE198, LEU338, THR369, PHE372 3.25, 3.47, 3.30
ni-stacking interactions TYR197 5.25
H-bonds SER177, THR339 (2) 3.04, 3.29, 2.96
FMAS . . 3.58, 3.49, 3.86,
Hydrophobic interactions |THR57, TYR197, ILE198, LEU338, THR369, PHE372 3.10,3.51, 3.37
EMAG H-bonds THR339 (2) 2.55,1.93
Hydrophobic interactions THR57, TYR197, LEU338, THR369, PHE372 3.79, 3.56, 3.16, 3.44, 3.37
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THR3384

FMA2-GR

FMAS5-GR FMA6-GR

Figure 5. Best docking poses for glutathione reductase interacting with FMA1, FMA2, FMA3,
FMA4, FMAS, and FMAG illustrating H-bonds, hydrophobic, and 7-cation interactions

It can be seen from this table that besides hydrophobicinteractions, compounds FMA4 and FMA5
formed with the GR three hydrogen bonds. Compounds FMA1, FMA2, and FMA®6, however, reacted
via two hydrogen bonds, while the compound FMA3 interacts only via one hydrogen bond beside
one 7m-stacking interaction.

Obtained binding free energy and inhibitory concentration from molecular docking study for the
compounds FMA1-FMAG6 are summarised in Table 2.
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Table 2. Binding free energies and inhibitory concentration obtained from molecular docking study

Adduct FMA1-GR FMA2-GR FMA3-GR FMA4-GR FMA5-GR FMAG6-GR
AG / k) mol? -34.90 -34.82 -33.36 -31.85 -33.94 -33.56
ICs0 / UM 0.76 0.79 1.42 2.61 1.11 1.31

In silico toxicity study

In silico toxicity study aims to help in optimizing compounds regarding their toxicity proprieties. The
study could offer an important improvement to the awareness of the full perspective of virtual screening
for the identification of target compounds with negligible or no toxicity, which may open a path for the
selection of novel nontoxic ferrocenylmethylaniline derivatives with high antioxidant activity.

In silico toxicity study of the compounds FMA1-FMA6 was performed using the ProTox-Il web
server [31]. It aims to predict hepatotoxicity (Dili), carcinogenicity (Carcino), immunotoxicity
(Immuno), mutagenicity (Mutagen), cytotoxicity (Cyto), median lethal dose (LDso), and toxicity class
(TC). According to in silico toxicity profiles presented in Table 3, the toxicity class of all compounds
was detected to be equal to 3. FMA4, FMAS5, and FMAG6 were predicted to be nontoxic. FMA1, FMA2,
and FMA3 were predicted to be toxic in mutagenicity.

Table 3. In silico toxicity profiles of the studied compounds

Molecule Dili Carcino Immuno Mutagen Cyto LDso / mg kg TC
FMA1 inactive active inactive inactive 237 3
FMA2 inactive active inactive 237 3
FMA3 inactive active inactive 237 3
FMA4 inactive | inactive 256 3

inactive inactive 237 3
inactive inactive 256 3

Based on the obtained results from the antioxidant study, molecular docking simulations and
toxicity prediction, the compounds FMA2, FMA5, and FMAG6 cannot be accepted as antioxidant
candidates because they have the lowest antioxidant activity (Figure 1), the highest binding
affinities, and the highest inhibitory activities towards the enzyme glutathione reductase (Table 2).
Furthermore, the compound FMA1 possesses the highest antioxidant activity (Figure 1), but it
cannot be the best antioxidant candidate because it has the highest binding affinity towards the
enzyme glutathione reductase and also possesses the lowest inhibitory concentration of 0.76 uM
that is necessary to reduce the rate of glutathione reductase enzyme reaction by 50 %. The
compounds FMA4 and FMA3 possess the highest antioxidant activities, the lowest binding free
energy of -31.85 and -33.36 kJ/mol, and the highest inhibitory concentration of 2.61 and 1.42 uM
against glutathione reductase enzyme reaction, respectively, these values indicate weak binding
affinity towards the enzyme glutathione reductase compared to the other compounds. Thus, the
compounds FMA4 and FMA3 are weaker inhibitors of glutathione reductase. However, although
compound FMA3 has higher antioxidant activity than FMA4, it cannot be a good antioxidant
candidate because it is predicted as mutagenic (Table 3). Finally, based on what is cited above, the
compound FMA4 can be chosen as the best antioxidant candidate.

Detailed procedure for the synthesis of compounds (FMA1-FMAG6)

N- ferrocenylmethyl-N-(2-nitrophenyl)acetamide (FMA1)

N- ferrocenylmethyl-N-(2-nitrophenyl)acetamide (275 mg, 49 %) was obtained, as described
above, m.p. 148 °C, orange solid.
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IR (KBr:) v=3381 cm™(C-H), 1658 cm™ (C=0), 1610 cm™ (C=C), 1506 and 1572 cm™ (C-NO;)

UV-Vis: Amax (CH3CN) =230 and 278 nm (n—>1t*, Fc, Ar), 431 nm (n—>m*, NO,, CO),

CV (V=100 mV s, CHsCN): ipa = 26.02 A €M™, ipe = -25.09 PA €M, ipa/ inc = 1.04, Epa = 508 mV vs. SCE, Epc
=445 mV vs. SCE, AE=63 mV, E1/2=476.5 mV vs. SCE,

NMR *H (300 MHz, CDCls): & = 1.91 ppm (3H, s, H1), 4.16 ppm (2H, m, H2), 4.23 ppm (2H, m, H3), 4.30
ppm (5H, s, H4), 4.64 ppm (2H, s, H5); 6.70 ppm (1H, dd, J = 11.03 Hz, H9), 6.92 ppm (1H, d, J = 11.37 Hz, H8),
7.49 ppm (1H, m, J = 22.18 Hz, H7), 8.24 ppm (1H, dd, J = 13.49 Hz, H6).

N- ferrocenylmethyl-N-(3-nitrophenyl)acetamide (FMA2)

N- ferrocenylmethyl-N-(3-nitrophenyl)acetamide (478 mg, 85 %) was obtained, as described

above, m.p. 132 °C, orange leaflet.

IR (KBr:) v =3058 cm™ (C-H), 1656 cm™ (C=0), 1612 cm™ (C=C) 1350 and 1531 cm™ (C-NO),

UV-Vis: Amax (CH3CN) ) = 232 and 325 nm (n->1t*, Fc, Ar), 423 nm (n—->1t*, NO,, CO),

CV (100 mV s?, CHsCN): ipa =8.06 HA cm?, ipc = -8.18 WA cm?, ipa/ ipc = 0.98, Epa= 534 mV vs. SCE,
Epc =468 mV vs. SCE, AE =66 mV, E1, =501 mV vs. SCE,

NMR H (300 MHz, CDCl3): 6 = 1.87 ppm (3H, s, H1), 4.00 ppm (2H, m, H2), 4.07 ppm (2H, m, H3), 4.10
ppm (5H, s, H4), 4.67 ppm (2H, s, H5), 7.29 ppm (1H, t, J = 6.28Hz, H6), 7.53 ppm (1H, t, J = 8.94 Hz, H7), 7.90
ppm (1H, s, H9), 8.18 ppm (1H, d, /= 7.76 Hz H8).

N- ferrocenylmethyl-N-(4-nitrophenyl)acetamide (FMA3)

N- ferrocenylmethyl-N-(4-nitrophenyl)acetamide (461 mg, 82 %) was obtained, as described above, m.p.
158°C, red needles.

IR (KBr:) v=3075 cm™ (C-H), 1659 cm™ (C=0), 1602 cm™ (C=C), 1593 cm™ (C-NO,),

UV-Vis: Amax (CH3CN) ) = 232 nm (n—>1t*, Fc, Ar), A = 380 nm (n—>1t*, NO,, CO),

CV (100 mV s, CHsCN): ipa = 9.62 PA cm2, ipc = -9.73 PA €M, ipa/ ipc = 0.99, Epa = 494 mV vs. SCE,
Epc =431 mV vs. SCE, AE=63 mV, Ey1=462.5 mV vs. SCE,

NMR *H (300 MHz, CDCls): 6 = 1.87 ppm (3H, s, H1), 4.01 ppm (2H, m, H2), 4.07 ppm (2H, m, H3), 4.12
ppm (5H, s, H4), 4.69 ppm (2H, s, H5), 7.17 ppm (2H, d, J = 8.92Hz, H6), 8.22 ppm (2H, d, J = 8.94Hz, H7).

N-ferrocenylmethyl-N-(2-cyanophenyl)acetamide (FMA4)

N-ferrocenylmethyl-N-(2-cyanophenyl)acetamide (FMA4) (311 mg, 55 %) was obtained, as described
above, m.p. 146°C, orange reddish solid.

IR (KBr:) v=3304 cm™*and 3081 cm™ (C-H), 2210.6 cm™ (CN), 1602.3 cm™ (C=0),

UV-Vis: Amax (CH3CN) ) = 337 nm (n->nt*, Fc, Ar), A = 444 nm (n—>1t*, CO),

CV (100 mV s, CHsCN): jpa = 100.61 pA cm?, ipc = -102.13, ipa/ jpc = 1.015, Epa= 525 mV vs. SCE,
Epc =421 mV vs. SCE, AE = 99 mV, Ey,= 475 mV vs. SCE,

NMR H (300 MHz, CDCl3): 6 = 2.13 ppm (3H, s, H1), 4.02 ppm (2H, m, H2), 4.20 ppm (2H, m, H3), 4.22
ppm (5H, s, H4), 4.26 ppm (2H, s, H5), 7.12-7.19 ppm (3H, m, J = 8.92Hz, H7,H8,H9), 7.55 ppm (2H, d,
J = 18.95Hz, H6).

N-ferrocenylmethyl-N-(3-cyanophenyl)acetamide (FMAS5)

N-ferrocenylmethyl-N-(3-cyanophenyl)acetamide (FMA4) (345 mg, 61 %) was obtained, as described
above, m.p. 162°C, orange reddish solid.

IR (KBr:) v=3081 cm™ (C-H), 2214.2 cm™ (CN), 1636.1 cm™ (C=0),

UV-Vis: Amax (CH3CN) ) =433.5 nm (n—>mt*, CO),

CV (100 mV s?, CH3CN): ipa = 10.71, pA cm™?, ipc = -11.09 pA cm?, ipa/ fpc = 1.03, Epa = 598 mV vs. SCE,
Epc =463 mV vs. SCE, AE =99 mV, E1/=531 mV vs. SCE,

NMR *H (300 MHz, CDCls): 6 = 1.77 ppm (3H, s, H1), 3.99 ppm (2H, m, H2 ), 4.07 ppm (2H, m, H3), 4.10
ppm (5H, s, H4), 4.63 ppm (2H, s, H5),7.21 ppm (1H, d, J = 7.74Hz, H6), 7.29 ppm (1H, s, H7), 7.48 ppm (1H, t,
J=7.75Hz, H9), 7.61 ppm (1H, d, J = 7.74 Hz, H8).
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N-ferrocenylmethyl-N-(4-cyanophenyl)acetamide (FMAG)

N-ferrocenylmethyl-N-(4-cyanophenyl)acetamide (FMA4) (385 mg, 68 %) was obtained, as described
above, m.p. 155°C, yellow solid.

IR (KBr:) v= 3081 cm™ (C-H), 2214.2 cm™ (CN), 1636.1 cm* (C=0),

UV-Vis: Amax (CH3CN) ) = 265.5 nm (->1t*, Fc, Ar),

CV (100 mV s, CH3sCN): ipa = 18.61, HA cm?, jpc = - 18.76 PA cM?, ipa/ ipc =1, Epa= 488 mV vs. SCE,
Epc =426 mV vs. SCE, AE =62 mV, E1/,=457 mV vs. SCE,

NMR *H (300 MHz, CDCls): & = 1.82 ppm (3H, s, H1), 4.01 ppm (2H, s, H2), 4.08 ppm (2H, m, H3), 4.12 ppm
(5H, s, H4), 4.66 ppm (2H, s, H5), 7.13 ppm (2H, d, J = 8.39 Hz, H6),7.67 ppm (2H, d, J = 8.36 Hz, H7).

The *H NMR spectra of all the synthesized compounds presented in Figure 6 reveal one downfield
singlet at 0=1.77-2.13 ppm which is ascribed to methyl protons.

7
6 8
2 5 9 ~ :
= R g
3 2
2

3 ke No, Fe /Ko
4 4 °

4 4

FMAL FMA2

FMA3 EMA4

8 7 6 5 4 3 2 1 8 7 6 5 4 3 2 1
6/ ppm 6/ ppm

- AQ 3_‘:;21@

4@441 °© 4@4‘ °

) FMAS FMA6

m | “l s

8 7 6 5 4 3 2 18 7 6 5 s 3 2 1
&/ ppm 6/ ppm

Figure 6. 'H NMR spectra of FMA1, FMA2, FMA3, FMA4, FMAS5, and FMA6 compounds

The a- and B-protons of the substituted ring of ferrocene CsHs appeared as a multiplet at 3.99-
4.16 and 4.07-4.23 ppm respectively, the unsubstituted protons of the CsHs ring of ferrocene
appeared as a singlet at 4.10 to 4.30 ppm. A singlet appeared at ¢ = 4.26-4.69 ppm was due to
methylene protons, this downfield shift of the methylene protons was observed due to electro-
negativity of the nitrogen atom. The aromatic protons appeared in the range of 6= 6.70-8.24 ppm.
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Conclusions

In this work, in vitro and in silico studies have been carried out to evaluate the scavenging activity
against O;" and the antioxidant activity of six novel N-ferrocenylmethyl-N-(nitrophenyl)acetamides
and N-ferrocenylmethyl-N-(cyanophenyl)acetamide using cyclic voltammetry assays. The obtained
values of ICsg indicated that all derivatives showed promising scavenging activity against O’2’, with the
compounds FMA1, FMA3, and FMA4 possessing the most significant potency. A molecular docking
study and an in silico toxicity prediction revealed that compound FMA4 is the most inactive compound
against glutathione reductase enzyme, having an inhibitory concentration of 2.61 uM and a docking
score of -31.85 kJ molt, which make the best good antioxidant candidate. The obtained in vitro and in
silico results correspond with one another and give room for the design of novel antioxidant
ferrocenylmethylaniline derivatives with less activity against glutathione reductase. The in silico
toxicity study allowed us to predict the toxicity, the median lethal dose (LDso), and the toxicity class
(TC) of the studied compounds.
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