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ABSTRACT

This thesis reports the design, synthesis, physicochemical characterization, and biological
evaluation of three ferrocenyl acetylaniline derivatives, namely FcMe2Ac, FcMe3Ac, and
FcMe4Ac, with the aim of exploring their potential as dual antidiabetic and anti-inflammatory
agents. The compounds were synthesized through a nucleophilic substitution approach, affording
moderate to high yields (48-80%0). Their structures were confirmed by FT-IR, UV—Visible, and
one- and two-dimensional NMR spectroscopy, which verified the successful incorporation of
both ferrocenyl and acetylaniline moieties. Electrochemical studies using cyclic voltammetry
revealed quasi-reversible Fe(l1)/Fe(I11) redox behavior for all derivatives, highlighting the
influence of substitution patterns on electron-transfer properties. Biological assays demonstrated
significant inhibition of the carbohydrate-hydrolyzing enzymes a-amylase and a-glucosidase,
with ICso values ranging from 8.06 to 10.39 ug-mL™'. Among the tested compounds, FcMe4Ac
exhibited the strongest antidiabetic activity, outperforming the reference drug acarbose. The
derivatives also displayed notable anti-inflammatory activity through inhibition of bovine
serum albumin denaturation, with ICso values between 4.22 and 7.29 pg-mL™, where FcMe4Ac
again showed superior efficacy compared with diclofenac. Density functional theory (DFT)
calculations provided insight into the electronic properties of the molecules, indicating moderate
stability and favorable reactivity. Molecular docking studies revealed strong binding affinities
toward a-amylase and a-glucosidase, supported by hydrophobic interactions, hydrogen bonding,
and m—n contacts within the active sites. Molecular dynamics simulations confirmed the stability
of the ligand-enzyme complexes over time. Furthermore, ADMET predictions suggested
favorable pharmacokinetic and safety profiles, including high gastrointestinal absorption,
balanced lipophilicity, and low predicted toxicity. Overall, the results identify FcMe4Ac as a
promising lead compound for the development of multifunctional agents targeting diabetes and

inflammation.

Keywords: Ferrocenyl acetylaniline derivatives; Antidiabetic activity; Anti-inflammatory
activity; a-Amylase inhibition; Molecular docking; ADMET prediction.
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RESUME

Cette these présente la conception, la synthése, la caractérisation physicochimique et
I’évaluation biologique de trois dérivés ferrocenyl-acétylaniline, a savoir FcMe2Ac, FcMe3Ac et
FcMe4Ac, dans le but d’explorer leur potentiel en tant qu’agents a double activité antidiabétique
et anti-inflammatoire. Les composés ont été synthétisés par une stratégie de substitution
nucléophile, permettant d’obtenir des rendements modérés a élevés (48-80 %0). Leurs structures
ont été confirmées par les techniques spectroscopiques FT-IR, UV—Visible et RMN mono- et
bidimensionnelle, démontrant 1’incorporation réussie des fragments ferrocenyle et acétylaniline.
Les études electrochimiques réalisées par voltammeétrie cyclique ont révélé un comportement
rédox quasi réversible Fe(11)/Fe(111) pour I’ensemble des dérivés, mettant en évidence 1’influence
du mode de substitution sur les propriétés de transfert électronique. Les essais biologiques ont
montré une inhibition significative des enzymes a-amylase et a-glucosidase, avec des valeurs
d’ICso comprises entre 8,06 et 10,39 pg-mL™'. Parmi les composés étudiés, FcMe4Ac a présenté
I’activité antidiabétique la plus élevée, surpassant 1’acarbose utilis€ comme référence. Les dérivés
ont également manifesté une activité anti-inflammatoire notable par inhibition de la dénaturation
de I’albumine sérique bovine, avec des valeurs d’ICso comprises entre 4,22 et 7,29 pg-mL™",
FcMe4Ac montrant une efficacité supérieure a celle du diclofénac. Les calculs basés sur la
théorie de la fonctionnelle de la densité (DFT) ont permis de mieux comprendre les propriétés
électroniques des molécules, indiquant une stabilit¢ modérée et une réactivité favorable. Les
études de docking moléculaire ont révélé de fortes affinités de liaison envers I’a-amylase et 1’a-
glucosidase, soutenues par des interactions hydrophobes, des liaisons hydrogéne et des contacts
n—7 au sein des sites actifs. Les simulations de dynamique moléculaire ont confirmé la stabilité
des complexes ligand—enzyme au cours du temps. De plus, les prédictions ADMET ont mis en
évidence des profils pharmacocinétiques et toxicologiques favorables, caractérisés par une
absorption gastro-intestinale élevée, une lipophilie équilibrée et une faible toxicité prédite. Dans
I’ensemble, les résultats désignent FcMe4Ac comme un composé chef de file prometteur pour le
développement de nouveaux agents multifonctionnels destinés a la prise en charge du diabete et

de I’inflammation.

Mots-clés : Dérivés ferrocenyl-acétylaniline ; Activité antidiabétiqgue ; Activité anti-

inflammatoire ; Inhibition de I’a-amylase ; Docking moléculaire ; Prédiction ADMET.
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General introduction

General introduction

Ferrocene derivatives have recently attracted considerable attention in modern medicinal
chemistry due to their remarkable structural stability, reversible redox properties, and diverse
biological activities. In addition, organometallic systems containing ferrocene are under
continuous investigation because the presence of the iron atom within the structure can modify
the physical and chemical properties, as well as the pharmacological activity, of organic
compounds. (Patra, Gasser, 2017).

The organometallic compound ferrocene consists of an iron atom sandwiched between
two cyclopentadienyl rings, which gives it a highly stable aromatic structure. Since its discovery,
ferrocene has become one of the most extensively studied metallocene compounds due to its
remarkable thermal stability, its ability to undergo reversible redox reactions, its lipophilic
nature, and its excellent electron-transfer capability. (Togni, Hayashi, 1995). These unique
properties make ferrocenyl derivatives attractive candidates in several scientific fields, including

catalysis, electrochemistry, materials science, and pharmaceutical research.

In medicinal chemistry, ferrocenyl groups have been introduced into different
biologically active molecules to obtain compounds with interesting pharmacological effects.
Several ferrocenyl derivatives were reported to show antimicrobial, anticancer, antimalarial,
anti-inflammatory, and antidiabetic activities (Jaouen, Vessieres, Top, 2015). Their activity is
mainly linked to their redox properties and to their ability to interact with biological
macromolecules through hydrophobic interactions, hydrogen bonds, and n—n interactions. The
lipophilic nature of the ferrocenyl moiety may also help these compounds cross biological

membranes more easily and interact with enzyme active sites.

Diabetes mellitus is among the most common metabolic disorders and is characterised by
long-term hyperglycaemia caused by insufficient insulin secretion or insulin resistance. One
method used to reduce postprandial hyperglycaemia is the inhibition of carbohydrate-digesting
enzymes such as o-amylase and a-glucosidase (Saleem et al., 2021). These enzymes are
involved in the breakdown of carbohydrates and the release of glucose. Their inhibition can

therefore slow glucose absorption and contribute to better control of blood sugar levels.



General introduction

Inflammation is another important process associated with several pathological
conditions, including cardiovascular diseases, metabolic disorders, and chronic degenerative
diseases. Oxidative stress and protein denaturation are known to contribute to inflammatory
damage. Because of this, many studies have focused on the development of compounds able to
stabilise proteins and reduce oxidative processes linked to inflammation (Vessieres, Top, Beck,
Hillard, Jaouen, 2006).

Computational chemistry is now widely used in the study of biologically active
compounds. Techniques such as Density Functional Theory (DFT), molecular docking,
molecular dynamics simulations, and ADMET prediction can provide useful information about
molecular geometry, electronic distribution, chemical reactivity, ligand—protein interactions, and
pharmacokinetic behaviour (Cramer, 2013). These methods are often used together with

experimental studies to better understand structure—activity relationships.

The present work deals with the synthesis, structural characterisation, biological
evaluation, and computational study of new ferrocenyl acetylaniline derivatives. The aim was
to examine how molecular structure and electronic properties may influence biological activity
using both experimental and theoretical methods. The synthesised compounds were characterised
using FT-IR, UV-Visible spectroscopy, and one- and two-dimensional NMR analyses. Their
biological activity was evaluated by a-amylase and a-glucosidase inhibition assays together with
bovine serum albumin (BSA) denaturation tests. DFT calculations, molecular docking,
molecular dynamics simulations, MM-PBSA analysis, and ADMET prediction were also carried

out to support the experimental results and identify the derivative showing the best activity.

Despite the promising biological properties of ferrocenyl derivatives, the relationship
between their structural and electronic characteristics and their antidiabetic and anti-
inflammatory activities remains not yet fully understood, particularly in terms of how substitution
patterns influence redox behaviour, enzyme inhibition, and overall pharmacological
performance. This raises the question of whether ferrocenyl acetylaniline derivatives can act as
effective dual antidiabetic and anti-inflammatory agents and how their biological behaviour can

be rationalized through combined experimental and computational approaches.



General introduction

This combined experimental and computational study gives additional information about
the behaviour of ferrocenyl derivatives and suggests that these compounds may have potential
in the treatment of metabolic and inflammatory disorders.
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1.1. Overview

Organometallic chemistry has become a very active area at the boundary between inorganic
and organic chemistry with numerous applications in catalysis, material science and medicinal
chemistry. Of all types of organometallic compounds, ferrocene is particularly remarkable and
extensively investigated system due to greatly stability, unique electronic structure, and broad
chemical reactivity (Togni & Hayashi, 1995).

Since ferrocene was serendipitously discovered in 1951, it has been a central compound in
the evolution of modern organometallic chemistry. Its unique structure and related bonding, an
iron atom sandwiched between two cyclopentadienyl rings, posed problems to classical bonding
theories and stimulated development of new concepts like metal-ligand =-interactions and

electron delocalisation (Kealy & Pauson, 1951).

Over the past years, the use of ferrocene with biologically active compounds has raised
new hopes or perspectives in medicinal chemistry. Ferrocenyl derivatives were found to exhibit
numerous biological activities such as anticancer, antimicrobial, antimalarial, anti-inflammatory
and antidiabetic activities (Patra & Gasser, 2017). The addition of the ferrocenyl group to
organic frameworks increases lipophilicity of the conjugates, improves membrane permeability
and promotes strong interactions with biological targets, for example enzymes and proteins. In
addition, the redox active ferrocene can also take part in electron transfer processes, which are
largely a part of biological processes including oxidative stress metabolism and enzyme
inhibition. This is particularly important for the development of drugs for treatment of metabolic

and inflammatory diseases where the redox balance serves as a key factor (Astruc, 2011).
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1.2. Structural and Electronic Properties of Ferrocene

1.2.1. Molecular Structure and Bonding

Ferrocene is an arene complex in which a Fe(l1) cation lies between two Cp rings. Since
the two Cp rings each contribute five n-electrons, the Fe atom has 18 valence electrons (8 from
Fe plus 5 m-electrons from each Cp ring), fulfilling the 18-electron rule which makes the

molecule highly stable (Togni, Hayashi, 1995).

The metal-arene interactions involve delocalised m-bonding, resulting in a highly
symmetric structure with exceptional thermal and chemical stability. The Fe—Cp interaction is
strongly covalent due to the efficient overlap between Fe d-orbitals and ligand m-orbitals
(Astruc, 2007).

1.2.2. Electrochemical and Redox Properties

One of the most important properties of ferrocene is its reversible Fe(11)/Fe(l11) redox
behaviour, which explains its wide use in electrochemistry and contributes to its biological

activity, especially in antioxidant and enzyme inhibition processes (Bard, Faulkner, 2001).

The electronic properties of ferrocenyl derivatives are strongly affected by the nature of
their substituents. Electron-donating groups increase electron density and lower oxidation

potentials, while electron-withdrawing groups produce the opposite effect. These modifications

influence both electrochemical behaviour and biological activity, as illustrated in Figure 1.1.

Figure 1.1: Structural representations of ferrocene: a) Formula and tube structure; b) ball-
and-stick (left) and space-filling (right) side views; c) ball-and-stick (left) and space-filling
(right) top views. Adapted from (Holub et al., 2022).
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1.3. synthesis and functionalisation of ferrocenyl derivatives

1.3.1. Synthetic Approaches for Ferrocenyl Derivatives

The preparation of ferrocenyl derivatives is accessible via a multitude of routes, such as
electrophilic substitution, nucleophilic substitution, and cross-coupling reactions. Among them,
nucleophilic substitutions of ferrocenylmethyl intermediates are especially significant because of

their generality and efficiency (Stepnicka, 2008), as illustrated in Figure 1.2.
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Figure 1.2: General pathways for the nucleophilic substitution of ferrocenylmethyl
intermediates. Adapted from (Zubair et al., 2023).

1.3.2. Nucleophilic Substitution Mechanism of Ferrocenylmethyl Intermediates

Ferrocenylmethyl derivatives act as reactive intermediates capable of undergoing SN2-
type reactions, in which a nucleophile attacks an electrophilic carbon atom. This strategy allows
the introduction of a wide variety of functional groups, including pharmacologically active

moieties (Togni, 1995), as presented in Figure 1.3.
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Figure 1.3: Structural representation and transition states of ferrocenyl

derivatives. Adapted from (Zubair et al., 2023). Page | 5
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The efficiency of such reactions depends on several factors, including steric hindrance,
electronic effects, and the nature of the leaving group. In general, reactions involving primary
carbon centres and good leaving groups proceed more readily, resulting in high yields and

selectivity (see Figure 1.3.3 for examples of core structures).
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Figure 1.4: Chemical structures of core ferrocenyl derivatives (I and I1). Adapted from (Zubair
et al., 2023).
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1.3.3. Functionalisation and Biological Relevance of Ferrocenyl Derivatives

Functionalisation of ferrocene is of particular importance in medicinal chemistry, as it
enables the fine-tuning of physicochemical properties such as lipophilicity, polarity, and
electronic distribution. These modifications directly influence biological activity and
pharmacokinetic behaviour (Patra & Gasser, 2017), as depicted in the reaction mechanism in

Figure L.5.
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Figure 1.5: Proposed mechanism for the functionalization and ether formation of ferrocene

derivatives. Adapted from (Zubair et al., 2023).
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I.4 Electrochemical Behaviour of Ferrocene Compounds

1.4.1. Cyclic Voltammetry of Ferrocene Derivatives

The electrochemical properties of ferrocene derivatives are among their most distinctive
features. These properties are typically studied using cyclic voltammetry, which provides
valuable information about redox potentials, electron transfer kinetics, and reversibility of

electrochemical processes (Bard, Faulkner, 2001) as representative cyclic voltammograms are
illustrated in Figure 1.6.
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Figure 1.6: Representative cyclic voltammograms illustrating the quasi-reversible
Fe(I1)/Fe(l11) redox behavior of ferrocene derivatives at different scan rates. Adapted from
(Bouterfit et al., 2013).

1.4.2. Redox Behaviour and Electronic Effects

Ferrocene shows a well-defined and reversible Fe(lIl)/Fe(ll1l) redox process,
characterized by narrow peak separation and high reproducibility, which makes it a standard
reference in electrochemical studies. Substituents on the cyclopentadienyl rings significantly
influence this redox behaviour, where electron-donating groups lower oxidation potentials and
electron-
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withdrawing groups increase them, reflecting changes in electron density and molecular
structure (Astruc, 2007).

1.4.3. Biological Relevance of Redox Activity

The redox activity of ferrocene is closely linked to its biological properties. In particular, it
can contribute to antioxidant activity by participating in electron transfer processes that neutralise
reactive oxygen species. Additionally, redox behaviour may influence interactions with enzymes
and proteins, affecting binding affinity and biological efficacy (Astruc, 2011).

The voltammograms display oxidation and reduction peaks associated with the reversible
electron-transfer process between ferrocene and ferrocenium species. This electrochemical
behaviour reflects the remarkable redox stability and electronic properties of ferrocenyl
compounds (Bard & Faulkner, 2001).

1.5 Biological and Pharmacological Relevance of Ferrocene Derivatives

1.5.1. Biological Importance of Ferrocenyl Derivatives

Ferrocenyl derivatives have gained significant interest in medicinal chemistry due to their
broad biological activities. They are known to interact with various biological targets such as
enzymes, proteins, and nucleic acids, resulting in diverse pharmacological effects (Patra,
Gasser, 2017).

1.5.2. Enzyme Inhibition and Antidiabetic Activity

One of the most important applications of ferrocenyl derivatives is in the inhibition of
enzymes involved in metabolic processes. In particular, a-amylase and a-glucosidase are key
enzymes responsible for the breakdown of carbohydrates into glucose. Inhibition of these
enzymes is an effective strategy for controlling postprandial hyperglycaemia in diabetic patients
(Kim et al., 2005), as visually demonstrated by the molecular docking interactions in Figure
1.7.
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Figure 1.7: Three-dimensional (3D) representation illustrating the docking conformation and
Stability of the ferrocene derivative within the active site pocket of the a -amylase enzyme.
Adapted from (McDougall et al., 2005).

1.5.3. Interaction Mechanisms with Biological Targets

Ferrocenyl derivatives have demonstrated strong inhibitory activity against these
enzymes, often exhibiting lower ICso values compared to conventional drugs. This enhanced
activity is attributed to multiple interaction mechanisms, including hydrogen bonding,
hydrophobic interactions, and n—n stacking with amino acid residues in the enzyme active Sites
(McDougall et al., 2005).
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Figure 1.8: Two-dimensional (2D) interaction map showing the types of interactions
(hydrogen bonds and 7—r interactions) between the ferrocene derivative and amino acid

residues of the target metabolic enzyme, adapted from (Bouterfit et al., 2013).
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1.5.4. Anti-Inflammatory Properties of Ferrocenyl Compounds

In addition to antidiabetic activity, ferrocenyl compounds have shown promising anti-
inflammatory properties. These properties are commonly evaluated using protein denaturation
assays, such as bovine serum albumin (BSA). In these assays, compounds that stabilise protein
structure and prevent denaturation are considered to have anti-inflammatory potential
(Mizushima, Kobayashi, 1968).

1.5.5. Structure—Activity Relationships of Ferrocenyl Derivatives

The biological activity of ferrocenyl derivatives is strongly influenced by their
molecular structure. Factors such as substituent position, electronic distribution, and steric
effects play a crucial role in determining interaction strength and selectivity toward biological
targets. This relationship is often described in terms of structure—activity relationships (SAR),
which provide valuable insights for drug design and optimisation (Patra, Gasser, 2017) as

illustrated by the calculated energy profiles in Figure 1.9.
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Figure 1.9: Electronic distribution of the molecular orbitals (HOMO-LUMO) of
the ferrocene derivative, illustrating the electron cloud density and its potential

biological reactivity. Adapted from (Patra & Gasser, 2017).
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11.1 Overview

Metabolic diseases, such as diabetes mellitus, and inflammatory disorders represent some
of the most significant health challenges facing humanity in the modern era (World Health
Organization, 2016; Hotamisligil, 2006). This necessitates an urgent need to develop
pharmaceutical compounds that are more effective and possess fewer side effects. Ferrocene
emerges as a unique chemical scaffold due to its exceptional chemical stability and distinctive
electronic properties, making it an ideal candidate for developing organometallic derivatives with
enhanced biological activity. (Biot & Dive, 2010; Gasser et al., 2011)

This study aims to design and synthesize a series of ferrocenyl acetylaniline
derivatives(Kaminski et al., 2022), accompanied by a rigorous investigation of their physical and
chemical properties. This thesis transcends traditional laboratory boundaries by adopting an "in
silico to in vitro™ methodology(Sliwoski et al., 2014). By integrating Density Functional Theory
(DFT) calculations, molecular docking, and molecular dynamics (MD) simulations, we aim to
elucidate how these molecules interact with target enzymes at the atomic level. Such an approach
opens new horizons in the design of innovative drugs for the management of diabetes and

inflammation.
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11.2. Density Functional Theory (DFT) and Electronic Descriptors

11.2.1. Theoretical Foundations of DFT

DFT is extremely helpful in explaining the electronic structure of atoms and molecules. It
considers electron density as the most important quantity. Due to the work of Hohenberg, Kohn,
and Sham, DFT easily handles complex many-electron systems with reduced computational
effort, and therefore is widely popular amongst the computational chemists. The applications of
DFT, as the name suggests, are used for the prediction of structures. Due to the development of
electronic descriptors in DFT, it is also used to assess chemical reactivity and understand it in a

more analytical sense(Geerlings et al., 2003; Chatwaraj, 2009)
11.2.2. Conceptual DFT and Global Reactivity Descriptors

In conceptual DFT, many electronic descriptors are defined. Among the most important are
chemical hardness (n) and softness (S) as well as electronegativity (y). Electronic descriptors
assess systems based on the attractiveness of systems to receive more electrons, and therefore,
can be used to assess the hardness of a system with respect to a change in electron density.
Systems with high chemical hardness are less polarizable and thus less reactive, while those with
high softness are easier to reorganize. Soft systems are more reactive due to the lower hardness
and thus, the lower resistance to polarizability.Such descriptors are relevant to practical cases,
specifically when energies for the Highest Occupied and the Lowest Unoccupied Molecular
Orbital are used(Zhan et al., 2003). In this sense, the energy for the Highest Occupied Molecular
Orbital is a measure of the ability for the system to donate electrons while the energy for the
LUMO is a measure of the ability to accept them.The energy gap in these orbitals can be a very
first approximation of the kinetic stability and reactivity of the molecular system (Mendez et al.,
2003). However, it can be misleading if analyzed in a more general sense as it neglects a number
of environmental and dynamic factors, as visually exemplified by the calculated molecular orbital
profiles in Figure 2.1
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Figure 11.1: Spatial distribution of the Highest Occupied Molecular Orbital (HOMO) and the
Lowest Unoccupied Molecular Orbital (LUMO) of the ferrocenyl derivatives, illustrating the

orbital symmetries and energy gap. Adapted from (El-Sayed et al., 2022).

11.2.3. Local Reactivity Indicators and Fukui Functions

In addition to global descriptors, DFT provides local reactivity indicators such as the
Fukui function, which describes changes in electron density upon electron gain or loss. It is used
to identify the molecular regions most susceptible to nucleophilic or electrophilic attack,

especially in complex systems with uneven reactivity distribution. (Roy et al., 2006)
11.2.4. Molecular Electrostatic Potential (MEP) Mapping

The molecular electrostatic potential (MEP) map is widely used to visualize charge
distribution and polarity within a molecule. It highlights electron-rich (nucleophilic) and electron-
deficient (electrophilic) regions, helping to predict chemical reactivity and interactions with
biological targets. In Figure 2.2, red regions represent electron-rich sites, while blue regions
indicate electron-deficient sites. ( EI-Sayed et al., 2022).
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Figure 11.2: Molecular electrostatic potential (MEP) map of the synthesized derivative,
illustrating the relative polarity, nucleophilic (red), and electrophilic (blue) regions. Adapted
from (El-Sayed et al., 2022).

11.2.5. Applications in Computer-Aided Drug Design (CADD)

Total DFT combined with all of its electronic, software and molecular descriptors advance
reasoning by combining electronic structure and molecular reactivity and are especially
promising for the design of new compounds in medicinal chemistry (drugs) and in materials
design (El-Sayed et al., 2022).

11.3. Molecular Docking and Ligand—Protein Interactions

11.3.1. Fundamental Principles of Computational Docking

Molecular docking is an in silico technique used to predict the binding orientation and
conformation of small molecules within the active site of macromolecular receptors. It provides
valuable information about ligand positioning, binding affinity, and molecular recognition,

supporting structure-based drug design. (Parr & Yang, 1984).
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11.3.2. Conformational Sampling and Scoring Functions

During docking, different ligand conformations and orientations are explored within the
receptor active site. Scoring functions estimate the binding free energy, and the lowest-energy
conformation is generally considered the most stable and biologically relevant binding mode.
(Langenaeker et al., 1995).

11.3.3. Intermolecular Driving Forces and Complex Stabilization

Ligand—protein complex stability is mainly governed by non-covalent interactions,
particularly hydrogen bonds and hydrophobic contacts. Electrostatic and van der Waals

interactions may also contribute depending on the molecular system, as illustrated in Figure 2.3.

H-Bonds

Donor

Acceptor

Figure 11.3: Three-dimensional (3D) binding pose of the synthesized compound within the
active site of the target enzyme, showing key hydrogen bonds and hydrophobic interactions with
catalytic residues. Dennington, R., Keith, T., & Millam, J. (2016).

The 3D docking conformation presented in Figure 2.3 details the stabilization of the

ligand-protein complex through specific non-covalent interactions, such as hydrogen bonding
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with key catalytic residues and hydrophobic contacts, as visually demonstrated by the dual

conformation profiles in Figure 11.4.

Acceptor I Acceptor il
Figure 11.4: A comparative visualization of different ligand conformations and derivatives
within the active binding pocket, illustrating the variations in binding affinity and structural
features. Lu, T., & Chen, F. (2012)

The comparative analysis presented in Figure 11.4 evaluates the binding affinity and
identifies the structural features that contribute to the superior inhibitory activity of the most

potent candidates.

11.3.4. Three-Dimensional (3D) Spatial Configurations of Enzyme-Ligand

Complexes

To gain a deeper insight into the site-specific binding modes, the three-dimensional (3D)
spatial orientations of the synthesized ligands within the catalytic pockets of all target systems

(Enzyme 1-8 complexes) are systematically displayed in Figure 2.5
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Figure 11.5: Three-dimensional (3D) visualization of the docking configurations for Enzyme

1-8 complexes, showing the spatial orientation of the ligand within the catalytic pockets and
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emphasizing the close proximity to key residues required for enzyme inhibition. . Lu, T., &

Chen, F. (2012).

To complement the 3D conformational analysis, the 2D binding interactions of all

synthesized compounds with the enzyme complexes were systematically illustrated in Figure 11.6.
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Figure 11.6: Two-dimensional (2D) binding site interaction diagrams of the Enzyme 1-8
complexes, illustrating the specific hydrogen bonds, hydrophobic interactions, and amino acid
residues involved in stabilizing the synthesized derivatives. . Lu, T., & Chen, F. (2012).

The 2D interaction plots presented in Figure 2.6 detail the precise non-covalent networks,
highlighting the key amino acid residues and close contacts that govern the binding affinities
observed across all synthesized candidate complexes.

11.4. Molecular Dynamics Simulation

11.4.1. Theoretical Principles and Governing Mechanics

Molecular Dynamics (MD) simulation is a computational technique used to study the
time-dependent behavior and structural evolution of macromolecular systems in a simulated
biological environment. Unlike molecular docking, which provides a static binding model, MD
simulations describe atomic movements and conformational changes over time. Atomic
trajectories are calculated using Newton’s equations of motion, while molecular interactions are
governed by empirical force fields, including bonded and non-bonded interactions such as
electrostatic and van der Waals forces. Raza, S., et al. (2023)

11.4.2. Post-Docking Validation and Structural Convergence

MD simulations are widely used to validate the stability of ligand—protein complexes after
molecular docking. By monitoring nanosecond-scale trajectories, it is possible to determine
whether the ligand remains stably bound within the active site. Hospital, A., et al. (2015)
Structural stability and convergence are commonly evaluated using Root-Mean-Square Deviation
(RMSD) profiles, as illustrated in Figure 2.7 for the eight enzyme-ligand complexes during the

30 ns simulation.

Page | 20



PART I: BIBLIOGRAPHIC STUDY

Chapter 02: Computational Approaches in Molecular

RMSD (Ligand-Protein) (nm) RMSD (Ligand-Protein) (nm) RMSD (Ligand-Protein) (nm)

RMSD (Ligand-Protein) (nm)

2.0

1.8
1.6
1.4—-
1.2
1.0
0.8

©-2 s miom el ead IS ey

+ T T r -
o s 1c 1s 20 25 30
Simulation Time (ns)
20
Enzyme - 3 complex
1.6
1.2
0.8 +
0.4~ A
4
0.0

0.0

Enzyme - 1 complex

v T T - T
o S 10 1S 20 25 30
Simulation Time (ns)

Enzyme - 5 compilex

A/WMMMWM

o s 10 15 20 o5 20

Simulation Time (ns)
Enzyme - 7 complax

o 5 10 15 20 25 30
Simulation Time (ns)

RMSD (Ligand-Protein) (nm) RMSD (Ligand-Protein) (nm)

RMSD (Ligand-Protein) (nm)

RMSD (Ligand-Protein) (nm)

20
Enzyme - 2 complex
1.6 -
1.2+
0.8 4
| PSSO W
0.4

*"ﬁM‘N’

o s 10 15 20 25 30
Simulation Time (ns)
Enzyme - 4 complex
e e
o 5 10 1s 20 25 30
Simulation Time (ns)
Enzyme - 6 complex

’ (
. HWW

0.4 - QM.W
A
2l
o0 ¥ T T T T
a s 10 1S 20 25 20
Simulation Time (ns)
20
Enzyme - 8 complex
1.6
124
0.8
0.4 i w A T iMﬁ1
00 - T L3 & T 1
o S 10 15 20 2s 20

Simulation Time {(ns)

Figure 11.7: Root-Mean-Square Deviation (RMSD) profiles for the eight enzyme—ligand

complexes recorded over a 30 ns molecular dynamics simulation trajectory. Schrodinger, LLC.

(2020).
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The RMSD trajectories presented in Figure 2.7 demonstrate that the molecular systems
achieved steady-state equilibrium and structural convergence, confirming that the ligands

remained securely docked within the catalytic pockets throughout the simulation period.

The RMSD plots of the eight enzyme—ligand complexes over the 30 ns simulation were
used to evaluate structural stability and convergence, confirming stable ligand binding within the
catalytic pockets. In addition, the Radius of Gyration (Rg) was calculated to investigate protein

compactness and structural integrity during the simulation, as shown in Figure 2.8.
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Figure 11.8: Radius of Gyration (Rg) profiles for the eight enzyme—ligand complexes plotted
as a function of the 30 ns simulation time. Raza, S., et al. (2023).
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The Radius of Gyration (Rg) profiles compiled in Figure 2.8 represent the structural
compactness and folding integrity of the proteins during the interaction with the ligands. The
highly steady and unfluctuating nature of these plots indicates that the host protein structures did
not undergo significant conformational distortions or unfolding throughout the 30 ns simulation
window.

Despite its advantages, MD simulation requires significantly higher computational
resources and longer simulation times compared to molecular docking. For this reason, MD is
generally used as a complementary approach to validate and refine docking results rather than as

a standalone method. (Roy et al., 2006)

11.5. ADMET Prediction and Drug-Likeness Evaluation

11.5.1. Pharmacokinetic Profiling in Drug Discovery

After evaluating binding affinity, ADMET profiling (Absorption, Distribution,
Metabolism, Excretion, and Toxicity) becomes an essential step in drug discovery. It provides
important information about the pharmacokinetic behavior and potential toxicity of candidate
molecules. Early in silico ADMET screening helps eliminate compounds with unfavorable
properties, allowing only promising drug candidates to proceed to further experimental studies.
(Pearson, 1993).

11.5.2. Model Applicability Domains and Physicochemical Space

To ensure the reliability of the computational models and define the structural limitations
of candidate selection, a comprehensive applicability domain analysis was performed, as
illustrated in Figure 2.9.
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Figure 11.9: Model Applicability Domains, Physicochemical Space Distributions, and
Structural Rule Evaluations(Humphrey, W., Dalke, A., & Schulten, K. (1996).
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e Calibration Curve: Validates the predictive accuracy of the hERG toxicity model,
correlating predicted probabilities against empirical toxicity datasets

e Chemical Space Visualization: Two-dimensional scatter plot documenting the distribution
of the training, test, and validation sets mapped against Molecular Weight and Lipophilicity
(Log P)

e Prevalent Scaffolds: Structural representation of the top 10 chemical scaffolds identified
within the Blood-Brain Barrier Penetration (BBBP) modeling dataset

e Applicability Domain Mapping (ADMETPred): Comprehensive color-coded distribution
of critical drug-likeness parameters, including

e Molecular Weight: Highlighting the ideal "Recommended"” chemical range versus restricted
"Avoid" zones.

e Molecular Log P: Defining the lipophilicity boundaries required for optimal membrane
permeability.

e Topological Polar Surface Area (TPSA): Calculating parameters critical for oral
bioavailability and passive Blood-Brain Barrier (BBB) permeation.

e Structural Rule Constraints: Quantification of ring counts, hydrogen-bond donors (HBD),
and hydrogen-bond acceptors (HBA) in strict compliance with Lipinski’s Rule of Five and
associated structural heuristics.

e Computational ADMET evaluation meticulously analyzes individual phase boundaries:

e Absorption: Focuses on the passive or active transport of the compound across cellular and
intestinal membranes.

e Distribution: Details how the compound is transported through the systemic circulation,
including its specific binding affinity to plasma proteins and its capacity to cross restrictive
biological barriers such as the Blood-Brain Barrier (BBB).

e Metabolism: Determines the biotransformation pathways of the core scaffold, evaluating its
interaction with metabolic enzymes, primarily the hepatic Cytochrome P450 (CYP)

isoenzymes.
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e Excretion: Evaluates the clearance pathways of the parent drug and its hydrophilic
metabolites from the systemic circulation, typically via renal filtration or biliary clearance.
e Toxicity: Predicts critical safety endpoints, managing hazards such as hepatotoxicity,

mutagenicity (Ames test), and acute cardiac toxicity (hERG channel inhibition).

Concurrently with ADMET profiling, global drug-likeness evaluations match the structural
and physicochemical traits of novel candidates against established benchmarks of successful
commercial therapeutics. Lipinski's Rule of Five serves as a foundational heuristic rule, setting
specific thresholds for molecular weight (<500 Da), lipophilicity (Log P<5) , hydrogen-bond
donors (<5) , and hydrogen-bond acceptors (<10).

Chemical entities that adhere to these parameters generally exhibit superior oral
bioavailability and predictable pharmacokinetic behavior. Nonetheless, these guidelines are

applied flexibly as bounding heuristics to optimize early-stage structural refinement.

In summary, the in silico prediction of ADMET networks and drug-likeness parameters
acts as a high-efficiency filter. By eliminating structurally flawed candidates prior to resource-
intensive experimental and clinical trials, this digital validation fundamentally improves the

overall efficiency of the drug discovery process(Zhan et al., 2003).
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1. General Introduction

This chapter outlines the experimental protocols and computational strategies adopted
for the synthesis, structural elucidation, in vitro biological evaluation, and in silico
investigation of ferrocenyl acetylaniline derivatives. The overall methodology integrates
synthetic organometallic chemistry with advanced spectroscopic, electrochemical, biological,
and molecular modelling techniques in order to establish a comprehensive correlation
between molecular structure, electronic properties, and biological activity, particularly in

relation to anti-inflammatory and antidiabetic potential.

The synthesis of the target compounds was carried out at the Laboratory of
Valorisation and Technology of Saharian Resources (VTRS), Faculty of Technology,
University of El Oued, under controlled laboratory conditions. The same research facility was
used to perform all computational investigations, including density functional theory (DFT)
calculations, molecular docking, molecular dynamics simulations, and MM-PBSA analyses,

thereby ensuring methodological consistency between experimental and theoretical results.

Spectroscopic characterisation was conducted in collaboration with the Centre de
Recherche Scientifique et Technique en Analyses Physico-Chimiques (CRAPC), University
of Ouargla. A combination of FT-IR, UV-—Visible spectroscopy, and one- and two-
dimensional NMR techniques was employed to confirm the molecular structures of the
synthesised derivatives. In addition, cyclic voltammetry was used to explore the redox
properties of the ferrocenyl core, which are directly related to its electronic behaviour and

potential antioxidant contribution to biological activity.

The biological potential of the synthesised compounds was evaluated through in vitro
assays targeting inflammation and glucose metabolism. The anti-inflammatory activity was
assessed using the bovine serum albumin (BSA) denaturation method, which reflects the
ability of the compounds to inhibit protein denaturation associated with inflammatory
processes. The antidiabetic activity was investigated through a-amylase and a-glucosidase
inhibition assays, which are key enzymes involved in carbohydrate digestion and glucose

release.
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In parallel, computational investigations were conducted to support and rationalise the
experimental findings. Molecular docking and molecular dynamics simulations were
performed to explore the interaction of the synthesised compounds with relevant biological
targets associated with inflammation (COX-2) and diabetes (a-amylase and a-glucosidase),
providing insight into binding affinity, interaction mechanisms, and stability of the ligand-—

protein complexes.

Furthermore, in silico ADMET predictions were carried out to assess
pharmacokinetic properties, drug-likeness, and potential toxicity, enabling a preliminary

evaluation of the suitability of the synthesised compounds as bioactive agents.

Overall, this integrated approach, combining synthesis, in vitro biological evaluation,
and advanced computational modelling, provides a robust framework for understanding the
structure—activity relationships of ferrocenyl derivatives and highlights their potential as
promising candidates for the development of novel anti-inflammatory and antidiabetic

agents.

Despite the comprehensive nature of the adopted methodology, a key challenge
remains in fully correlating subtle structural variations within ferrocenyl acetylaniline
derivatives with their observed biological activities, particularly in terms of enzyme
selectivity, redox behaviour, and binding stability. This raises an important question
regarding how effectively combined experimental and computational approaches can predict
and rationalize the bioactivity of these organometallic systems.
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2. Chemicals and Reagents

All reagents and solvents used in this study were of analytical grade and employed without
further purification unless otherwise specified. The selection of chemicals was guided by their
suitability for organometallic synthesis, spectroscopic and electrochemical characterisation, as
well as their compatibility with subsequent in vitro anti-inflammatory and antidiabetic assays.

Ferrocene (Fc, 99%) and orthophosphoric acid (85%) were obtained from Alfa Aesar. The
0-, m-, and p-aminoacetophenone isomers (99%), together with tetrabutylammonium
tetrafluoroborate (BusNBF., electrochemical grade, 99%) used as supporting electrolyte, were
purchased from Sigma-Aldrich. lodomethane and anhydrous magnesium sulfate (97%) were
supplied by Acros Organics, while acetic acid (99-100%0) and ethanol (95%) were provided by
Biochem Chemopharma.

For the anti-inflammatory evaluation, bovine serum albumin (BSA) and diclofenac sodium
(reference drug) were procured from Sigma-Aldrich. Phosphate buffer solutions were prepared
using sodium dihydrogen phosphate and disodium hydrogen phosphate in double-distilled water,
with pH adjusted according to assay requirements. (Lanez & Henni, 2025)

For the antidiabetic studies, human pancreatic a-amylase and o-glucosidase (from
Saccharomyces cerevisiae) were obtained from Sigma-Aldrich and used without further
purification. Acarbose was employed as the reference inhibitor in both enzyme assays. Soluble
starch was used as substrate for the a-amylase assay, while p-nitrophenyl-a-D-glucopyranoside
(PNPG) was used for the a-glucosidase assay. The a-amylase reaction was terminated using 3,5-
dinitrosalicylic acid (DNS) reagent. (Laraoui et al., 2023)

The ferrocenylmethyl quaternary ammonium intermediate was synthesised according to
previously reported procedures and used directly without additional purification. (Khand et al.
1989) All aqueous solutions were prepared using double-distilled water, and solvents used for
analytical and biological measurements were of appropriate purity to ensure reproducibility.

Stock solutions of the synthesised compounds were freshly prepared, stored under
controlled conditions (4 °C when required), and used within a limited time frame to prevent
degradation. All experimental procedures were conducted under standard laboratory conditions to

ensure reliability and consistency of the obtained results.
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3. Instrumentation and Experimental Conditions

3.1. Spectroscopic Analysis

3.1.1. FT-IR Spectroscopy

Fourier-transform infrared (FT-IR) spectra were recorded using a Shimadzu 8000S
spectrophotometer over the spectral range of 4000—400 cm™. Solid samples were prepared as
KBr pellets under standard conditions.

This technique enabled the identification of characteristic functional groups, including N-H
stretching vibrations, carbonyl (C=0) bands, and aromatic C—H modes, thereby confirming the
successful formation of the ferrocenyl acetylaniline framework. In addition, the observed
vibrational features provided insight into intermolecular interactions, such as hydrogen bonding,
which are relevant to protein-ligand interactions in anti-inflammatory assays and enzyme
binding in antidiabetic systems. (Lanez et al., 2020)

3.1.2. UV-Visible Spectroscopy

Electronic absorption spectra were recorded using a Shimadzu UV-1800 spectrophotometer
within the wavelength range of 200900 nm. Measurements were performed in dimethyl
sulfoxide (DMSO) using quartz cuvettes with a 1 cm optical path length.

The spectra provided information on the electronic transitions of the compounds, including
n—n*, n—n* and metal-centred transitions, reflecting the degree of conjugation between the
ferrocenyl core and the substituted aromatic system.

Furthermore, UV-visible spectroscopy was employed in biological interaction studies,
including:

e monitoring compound-protein interactions in the BSA denaturation assay (anti-
inflammatory activity),

e evaluating compound—-enzyme binding with a-amylase and a-glucosidase (antidiabetic
activity),

allowing determination of binding constants and thermodynamic parameters. (Lanez et al., 2020)
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3.2. Nuclear Magnetic Resonance (NMR)

3.2.1. 'H NMR Analysis
'H NMR spectra were recorded on a Bruker ARX-500 spectrometer operating at 400 MHz

using DMSO-ds as solvent. Chemical shifts (8) are reported in parts per million (ppm) relative to
tetramethylsilane (TMS) as internal reference.

The spectra enabled precise identification of proton environments corresponding to the
ferrocenyl rings, aromatic moiety, methylene bridge, and acetyl group, thereby confirming the
expected molecular structures and substitution patterns. (Lanez et al., 2023)

3.2.2. BC NMR Analysis

13C NMR spectra were obtained under similar experimental conditions, allowing detailed
assignment of carbon environments, including carbonyl carbons, aromatic carbons,
cyclopentadienyl carbons, and methylene carbons.

These data provided further confirmation of the successful functionalisation of the
ferrocenyl scaffold and contributed to the validation of the molecular architecture. (Benamara
et al., 2020)

3.2.3. Two-Dimensional NMR (HSQC/HMBC)

Two-dimensional NMR experiments, including HSQC and HMBC, were performed to
establish proton—carbon correlations and confirm structural connectivity.

HSQC spectra provided direct one-bond correlations between protons and carbons, whereas
HMBC experiments revealed long-range interactions, enabling unambiguous assignment of
substitution patterns and verification of the linkage between the ferrocenylmethyl fragment and

the acetylaniline moiety. (Lanez et al., 2019)
3.3. Electrochemical Measurements (Cyclic Voltammetry)

Electrochemical characterisation was carried out using a PGZ301 potentiostat/galvanostat
(Radiometer Analytical, France) in dimethyl sulfoxide (DMSO) under an inert nitrogen
atmosphere at 298 K.

A conventional three-electrode system was employed, consisting of a glassy carbon
working electrode (0.013 cm?), a platinum wire counter electrode (0.05 cm?), and a saturated
Hg/Hg:Cl. reference electrode. Tetrabutylammonium tetrafluoroborate (0.1 M) was used as the

supporting electrolyte.
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Prior to each measurement, the solution was purged with nitrogen to remove dissolved
oxygen and ensure stable electrochemical conditions.

Cyclic voltammetry experiments were conducted within an appropriate potential window to
investigate the Fe(lIl1)/Fe(l11) redox behaviour of the ferrocenyl derivatives. The resulting
electrochemical parameters, including formal potentials, peak separations, and current ratios,
provided valuable insight into electron-transfer kinetics and intrinsic electronic properties.

Importantly, these electrochemical characteristics are closely related to the redox-active
nature of the ferrocenyl core, which may contribute to biological activity, particularly through
modulation of oxidative processes involved in inflammatory pathways and metabolic enzyme
function. (Lanez et al., 2020)

4. synthesis of Ferrocenyl Acetylaniline Derivatives

This section describes the synthetic strategy employed for the preparation of ferrocenyl
acetylaniline derivatives, designed as potential bioactive compounds for anti-inflammatory and
antidiabetic applications. The adopted methodology is based on a nucleophilic substitution
reaction involving a ferrocenylmethyl quaternary ammonium intermediate, enabling efficient
formation of the C—N bond under mild and environmentally compatible conditions.

This synthetic approach offers high selectivity, operational simplicity and reproducibility,
while allowing structural modulation through positional substitution on the aromatic ring, which
is expected to influence enzyme inhibition capacity and protein interaction behaviour.

The overall synthetic pathway is illustrated in Figure 1, highlighting the formation of the
ferrocenylmethyl intermediate followed by its coupling with the corresponding

aminoacetophenone isomers.

Y e = N, = i
2.(CH;C0),0 N\ aminoacetophenone
Fe

Fe —_— | » Fe
@ 3. H;PO, @ H,O 100°C @
2. CH,l

Figure 1.1. Synthetic route for the preparation of N-[(ferrocenyl)methyl]acetylaniline
derivatives (FcMe2Ac, FcMe3Ac and FcMe4Ac).
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4.1. General Synthetic Procedure

The target compounds were synthesised via a nucleophilic substitution reaction between
trimethylferrocenylmethylammonium iodide and the corresponding aminoacetophenone isomers
(ortho, meta and para), as presented in Figure 1.

In a typical procedure, aminoacetophenone (3.84 mmol) was gradually added to a stirred
aqueous solution of trimethylferrocenylmethylammonium iodide (2.56 mmol) dissolved in
distilled water (60 mL). The reaction mixture was maintained under reflux for 4 h to ensure
complete conversion.

After cooling to room temperature, a precipitate formed and was isolated by vacuum
filtration. The crude product was thoroughly washed with distilled water to remove residual salts
and unreacted species.

Purification was achieved by recrystallisation from a 90% ethanol/water mixture. In the
case of the meta derivative, additional purification by column chromatography
(chloroform/methanol, 99:1 v/v) was required to obtain analytically pure material.

The use of an aqueous medium, combined with mild reaction conditions, represents a
sustainable and efficient synthetic protocol. Moreover, this approach yields compounds with
appropriate purity and structural integrity suitable for subsequent biological evaluation, including
enzyme inhibition (e-amylase and a-glucosidase) and protein denaturation assays (BSA).
(Lanez et al. 2019b)

4.2. synthesis of Individual Compounds

4.2.1. N-[(ferrocenyl)methyl]-2-acetylaniline (FcMe2Ac)

Yield: 650 mg (77%o).

— Appearance: Yellow crystalline solid.

— Melting point: 148-150 °C.

— 1H NMR (500 MHz, DMSO-de): & 2.60 (3H, m, CHs), 3.40 (2H, t, a-CsHa), 4.05 (2H, t, B-
CsH.), 4.15 (5H, s, CsHs), 4.30 (2H, d, CH:N), 6.62 (1H, m, Ar-H), 6.84 (1H, d, Ar-H),
7.40 (1H, m, Ar-H), 7.85 (1H, d, Ar-H), 9.01 (1H, s, NH).

— 13C NMR (500 MHz, DMSO-ds): § 29 (CHs), 42 (CH.N), 67, 68 (CsHa), 69 (CsHs), 87

(ipso-C), 112, 116, 118, 134, 138, 150 (aromatic carbons), 210 (C=0).
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FT-IR (KBr, v, cm™): 3426, 3291 (N-H), 3082 (Ar-C-H), 1647 (C=0), 1566, 1516
(C=C), 1454, 1416, 1146, 1003, 617.

UV-Vis (DMSO): Amax = 259 nm (7—r*), 380 nm (d-d).

Cyclic voltammetry (DMSO, Fc'/Fc): Ipa = 29.13 pA, Ipc = —28.52 pA, Epa = 2.17 mV,
Epc =—-85.60 mV, AE =87.8 mV, E° =43.9 mV, Ipa/Ipc = 1.02.

4.2.2. N-[(ferrocenyl)methyl]-3-acetylaniline (FcMe3Ac)

Yield: 480 mg (48%).

Appearance: Yellow—orange crystalline solid.

Melting point: 138-140 °C.

1H NMR (500 MHz, DMSO-ds):  2.45 (3H, s, CHs), 3.42 (2H, t, a-CsHa), 4.08 (2H, ¢, B-
CsH.), 4.18 (5H, s, CsHs), 4.32 (2H, d, CH:N), 6.70-7.20 (3H, m, Ar-H), 7.65 (1H, d, Ar-
H), 8.95 (1H, s, NH).

13C NMR (500 MHz, DMSO-de¢): 6 28 (CHs), 43 (CH:N), 66, 68 (CsHa), 69 (CsHs), 86
(ipso-C), 114, 118, 125, 131, 136, 152 (aromatic carbons), 205 (C=0).

FT-IR (KBr, v, cm™): 3432, 3338 (N-H), 2925, 1650 (C=0), 1582, 1510, 1450, 1365,
1170, 820.

UV-Vis (DMSO): Amax = 268 nm, 402 nm.

Cyclic voltammetry (DMSO, Fc*/Fc): Ipa =52.4 pA, Ipc =—51.9 pA, Epa=10 mV, Epc =
-92 mV, AE =102 mV, E° =51.0 mV, Ipa/lpc = 1.01.

4.2.3. N-[(ferrocenyl)methyl]-4-acetylaniline (FcMe4Ac)

Yield: 690 mg (80%b).

Appearance: Deep yellow crystalline solid.

Melting point: 162-164 °C.

1H NMR (500 MHz, DMSO-de): & 2.35 (3H, m, CHs), 3.41 (2H, t, 0-CsHs), 4.10 (2H, t, -
CsH.), 4.20 (5H, s, CsHs), 4.31 (2H, d, CH:N), 6.65 (2H, d, Ar-H), 6.78 (1H, t, NH), 7.76
(2H, d, Ar-H).

13C NMR (500 MHz, DMSO-ds): 5 28 (CHs), 43 (CH2N), 66 (CsHs), 68 (CsHs), 87 (ipso-
C), 112, 125, 132, 154 (aromatic carbons), 194 (C=0).

FT-IR (KBr, v, cm™): 3445, 3345 (N-H), 2932, 1651 (C=0), 1589, 1562, 1369, 1281,
1173, 822.
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— UV-Vis (DMSO): Amax = 432 nm.
— Cyclic voltammetry (DMSO, Fc*/Fc): Ipa = 71.07 pA, Ipc = —71.66 pA, Epa =16 mV, Epc
=-99mV, AE =115 mV, E° =57.5mV, Ipa/lpc = 0.99.

5. Computational Methodology

Computational investigations were conducted to elucidate the electronic properties and
interaction potential of the synthesised ferrocenyl acetylaniline derivatives in relation to their
anti-inflammatory and antidiabetic activities. The adopted in silico framework integrates density
functional theory (DFT), molecular docking, molecular dynamics (MD) simulations, and MM-
PBSA free energy calculations, complemented by ADMET prediction tools.

This integrated approach enables the establishment of correlations between molecular
structure, electronic distribution, and binding behaviour towards biologically relevant targets,
particularly a-amylase and a-glucosidase enzymes, as well as proteins involved in inflammatory
processes. These analyses provide mechanistic insight into ligand—protein recognition, enzyme
inhibition, and stability of the formed complexes.

5.1. Electronic Structure Calculations (DFT)

Quantum chemical calculations were performed using Gaussian 16 (Frisch et al., 2009) to
investigate the electronic properties of FcMe2Ac, FcMe3Ac and FcMe4Ac.

Geometry optimisation was carried out at the B3LYP level of theory using the 6-
311++G(d,p) basis set for light atoms (C, H, N and O), while the Stuttgart-Dresden (SDD)
effective core potential was applied to the iron centre (Andersson & Uvdal, 2005). Frequency
calculations were performed at the same level to confirm that all optimised structures correspond
to true minima, characterised by the absence of imaginary frequencies.

The optimised geometries were subsequently used to determine frontier molecular orbitals
(HOMO and LUMO), energy gaps and global reactivity descriptors, including electronegativity
(%), chemical hardness (1), softness (S) and electrophilicity index (®). These parameters provide
valuable insight into the reactivity and interaction potential of the compounds with biological
targets such as digestive enzymes and inflammatory proteins.

In addition, molecular electrostatic potential (MEP), electron localisation function (ELF),
localised orbital locator (LOL) and reduced density gradient (RDG) analyses were performed to

characterise charge distribution, reactive sites and weak intramolecular interactions. These
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descriptors are particularly relevant for understanding hydrogen bonding, electrostatic
interactions and van der Waals contributions involved in enzyme inhibition and protein
stabilisation mechanisms.

Visualisation and analysis of the calculated properties were carried out using GaussView and
Multiwfn software. (Lu & Chen, 2012).

5.2. Molecular Docking Simulations

Molecular docking simulations were carried out to investigate the binding affinity and
interaction mechanisms of the synthesised ferrocenyl acetylaniline derivatives toward key
enzymes involved in antidiabetic and anti-inflammatory activities. In particular, the study
focused on a-amylase (PDB ID: 1HNY) and a-glucosidase (PDB ID: 3TOP), which are well-
established targets in the management of postprandial hyperglycaemia. These enzymes play a
crucial role in carbohydrate digestion, making them relevant biological targets for enzyme
inhibition studies.

5.2.1. Receptor Preparation

The three-dimensional structures of the selected enzymatic targets are illustrated in Figure
1.2, highlighting the structural organisation of their catalytic domains and active sites.

Figure 1.2. Three-dimensional structures of target enzymes used in docking studies: (a) a-
amylase (PDB ID: 1HNY) and (b) a-glucosidase (PDB ID: 3TOP).
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The crystallographic structures were retrieved from the Protein Data Bank
(https://www.rcsb.org/) (Rose et al., 2017) and prepared using AutoDock Tools (ADT 1.5.7).

(Steffen et al., 2010) All crystallographic water molecules, co-crystallised ligands, and non-

essential heteroatoms were removed to avoid interference with ligand binding. Polar hydrogen
atoms were added, and Kollman charges were assigned. The prepared receptors were then
converted into PDBQT format.
5.2.2. Ligand Preparation

The optimised geometries of FcMe2Ac, FcMe3Ac, and FcMe4Ac were used as input

structures Figure 1.3.

Figure 1.3. Optimised molecular structures of ferrocenyl derivatives used as ligands: FcMe2Ac
(@), FcMe3Ac (b), and FcMe4Ac (c).
Ligands were prepared using AutoDock Tools by assigning Gasteiger charges and defining

rotatable bonds, followed by conversion into PDBQT format.
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5.2.3. Docking Protocol and Validation

The docking workflow is presented in Figure 1.4, summarising receptor preparation,
ligand preparation, grid generation and docking analysis.

Stepl:
Retrieval of ligand and

Step 3:
Lead/Hit Identification

target proteins

Step 6: Step 5: Step 4:
Post-docking analysis Protein-ligand docking Active site prediction

Figure 1.4. Molecular docking workflow illustrating protein and ligand preparation, grid

generation, docking execution and interaction analysis.

Docking simulations were performed using AutoDock 4.2 with the Lamarckian genetic
algorithm. A grid box of 60 x 60 x 60 A with a spacing of 0.375 A was centred on the catalytic
active sites of the enzymes, encompassing key residues responsible for substrate recognition and
catalysis.

For each ligand—target system, 100 independent docking runs were carried out. The most
stable binding conformation was selected based on the lowest binding energy and the highest
cluster population.

Validation of the docking protocol was performed by redocking the co-crystallised ligand
into the active site of each enzyme. The accuracy of the docking procedure was assessed by
calculating the root-mean-square deviation (RMSD) between the crystallographic and predicted
conformations. RMSD values below 2.0 A confirmed the reliability and robustness of the adopted
docking parameters and ensured the validity of subsequent interaction analyses. (Lanez et al.,
2024)

5.3. Molecular Dynamics (MD) Simulations

Molecular dynamics (MD) simulations were performed to evaluate the stability and

dynamic behaviour of the selected ligand—enzyme complexes involving a-amylase and o-
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glucosidase, which are key targets in antidiabetic activity, as well as their relevance in
inflammation-related metabolic pathways. Simulations were carried out using GROMACS.
(Lanez et al., 2023)

5.3.1. System Setup and Solvation

The solvated systems are illustrated in Figure 1.5, showing the enzyme—ligand complexes
embedded in an explicit aqueous environment.

Figure 1.5. Solvated protein—ligand complex showing the explicit water box used for molecular

dynamics simulations.

The CHARMMS36 force field was employed for protein parameterisation, (Huang &
Mackerell, 2013) while ligand parameters were generated using the CGenFF protocol
(Vanommeslaeghe & MacKerell, 2012). Each system was placed in a cubic simulation box with
a minimum distance of 10 A between the protein surface and the box boundary and solvated
using the TIP3P water model. Counter ions were added to neutralise the system and ensure
electrostatic stability.

5.3.2. Energy Minimisation and Equilibration

The general molecular dynamics simulation protocol, including minimisation, equilibration,

and production stages, is summarised in Figure 1.6.
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Figure 1.6. Molecular dynamics simulation workflow including system preparation, energy
minimisation, equilibration and production phases.

Energy minimisation was performed using the steepest descent algorithm to eliminate steric
clashes and optimise the system geometry. The system was subsequently equilibrated under NVT
conditions (300 K, 500 ps), followed by NPT conditions (1 atm, 500 ps), using the V-rescale
thermostat and Parrinello—Rahman barostat.

5.3.3. Production Run Parameters

Production simulations were conducted for 100 ns with a time step of 2 fs. Periodic
boundary conditions were applied in all directions, and long-range electrostatic interactions were
treated using the Particle Mesh Ewald (PME) method. Covalent bonds involving hydrogen atoms

were constrained using the LINCS algorithm.
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Trajectory analyses were carried out using GROMACS built-in tools, including RMSD,
RMSF, radius of gyration (Rg), and solvent surface accessibility area (SASA).

5.4. MM-PBSA Binding Free Energy Calculations

Binding free energy calculations were performed using the g_mmpbsa tool. (Kumari et al.,
2014) Snapshots extracted from the last 20 ns of equilibrated trajectories were used.

The total binding free energy (AG_bind) was estimated as the sum of van der Waals,
electrostatic, polar solvation and non-polar solvation contributions.

5.5. ADMET Prediction

Pharmacokinetic and toxicity properties were predicted using ADMET]Iab 2.0 (Dong et al.,
2018) and ProTox-Il (Banerjee et al., 2018) to evaluate the drug-likeness and safety profile of
the synthesised compounds.

The assessed parameters included:

e (gastrointestinal absorption

e blood-brain barrier permeability

e cytochrome P450 interactions

e plasma protein binding

e toxicity indicators (hepatotoxicity, mutagenicity, and LDso)

These predictions provide an initial evaluation of the suitability of the compounds as
potential antidiabetic and anti-inflammatory agents, ensuring that favourable biological activity

is not compromised by poor pharmacokinetic behaviour or toxicity risks.
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General Introduction

This chapter presents a detailed analysis of the experimental and computational results
obtained for the synthesised ferrocenyl acetylaniline derivatives, with particular emphasis
on their anti-inflammatory and antidiabetic activities. The primary objective is to establish
clear correlations between molecular structure, electronic properties, and biological

behaviour through the integration of in vitro assays and in silico investigations.

The discussion begins with an evaluation of the synthetic outcomes, including
reaction efficiency, yield variation, and the influence of substitution pattern. This is followed
by comprehensive structural characterisation using FT-IR, UV-visible spectroscopy, nuclear
magnetic resonance (*H, 3C and 2D NMR), and cyclic voltammetry. These complementary
techniques provide reliable confirmation of molecular structures and offer insight into the
electronic features of the ferrocenyl core, which are closely related to its redox activity and

potential biological performance.

Subsequently, the in vitro biological results are presented and discussed in detail. The
anti-inflammatory activity is assessed through protein denaturation inhibition assays, while
the antidiabetic potential is evaluated via a-amylase and a-glucosidase inhibition studies.
These experimental findings allow the identification of the most active derivative and provide
initial structure—activity relationships.

To further rationalise these observations, computational investigations are conducted.
Density functional theory calculations are employed to analyse electronic descriptors and
reactive sites, while molecular docking and molecular dynamics simulations are used to
explore the interaction mechanisms of the synthesised compounds with relevant enzymatic
targets. In addition, MM-PBSA calculations and ADMET predictions are discussed to
evaluate binding stability, interaction energetics, and pharmacokinetic suitability.

Overall, this integrated experimental-computational approach enables a
comprehensive understanding of the behaviour of ferrocenyl derivatives and highlights the

interplay between molecular design and biological activity.
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Despite the strong agreement between experimental and computational findings,
certain discrepancies and limitations remain, particularly regarding the precise contribution of
electronic effects and substitution patterns to binding affinity and inhibitory potency. These
aspects suggest that further investigation is required to fully elucidate the structure—activity
relationships governing the observed biological effects.
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1. synthesis of Ferrocenyl Acetylaniline Derivatives

The ferrocenyl acetylaniline derivatives (FcMe2Ac, FcMe3Ac and FcMe4Ac) were
successfully obtained through a nucleophilic substitution strategy involving a ferrocenylmethyl
quaternary ammonium intermediate and the corresponding aminoacetophenone isomers. The
adopted synthetic route demonstrated high reliability and reproducibility, affording the desired
products as yellow to orange crystalline solids under relatively mild experimental conditions.

The reaction pathway is depicted in Figure I1.7, which outlines the key mechanistic steps

leading to the formation of the C—N bond at the ferrocenylmethyl position.

Figure 11.7. Proposed reaction mechanism for the formation of N-

[(ferrocenyl)methyl]acetylaniline derivatives via nucleophilic substitution.

As illustrated in Figure 11.7, the transformation proceeds via a bimolecular nucleophilic
substitution (SN2) mechanism, where the lone pair of the amino group attacks the electrophilic
methylene carbon bonded to the quaternary ammonium centre. This process results in the
displacement of trimethylamine as a leaving group and the formation of the
ferrocenylmethylamine linkage (Ouennoughi et al., 2017).

The efficiency of this reaction can be rationalised by both electronic and structural factors.
The ferrocenyl moiety exhibits electron-donating properties, which facilitate stabilisation of the
transition state and enhance the reactivity of the methylene carbon (Chebbah et al., n.d). In
parallel, the quaternary ammonium group acts as an excellent leaving group, enabling smooth
bond cleavage under aqueous conditions. Such behaviour is consistent with previously reported

reactivity patterns of ferrocenylmethyl derivatives, where favourable electronic delocalisation
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and structural flexibility promote nucleophilic substitution processes. (Hanane et al.,
2023Adaika et al., 2025)

The chemical structures of the obtained compounds are presented in Figure 11.8,
highlighting the positional variation of the acetyl substituent on the aromatic ring.

o O
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Figure 11.8. Chemical structures of the synthesised ferrocenyl acetylaniline derivatives: (a)
FcMe2Ac (ortho), (b) FcMe3Ac (meta), and (¢) FcMe4Ac (para).

As shown in Figure 11.8, the three derivatives differ solely by the position of the acetyl
group, which significantly influences steric accessibility and electronic distribution within the
molecule. These factors are known to play a critical role in modulating the nucleophilicity of the
amino group and, consequently, the efficiency of the substitution reaction. (Lanez et al., 2025)

To further evaluate the synthetic performance, the yields and physical characteristics of the

obtained compounds are summarised in Table 1.

Table 1. Yields and physical properties of the synthesised ferrocenyl acetylaniline derivatives.

Compound Substituent Yield Appearance Melting Point
Position (%) °C)
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FcMe2Ac Ortho 77 Yellow crystalline 148-150
solid

FcMe3Ac Meta 48 Yellow—orange solid 138-140

FcMe4Ac Para 80 Deep yellow solid 162-164

As shown in Table 1, the reaction yields follow the order: FcMe4Ac > FcMe2Ac > FcMe3Ac

This trend can be rationalised by considering both steric and electronic effects, which are
known to govern nucleophilic substitution reactions in aromatic amines. The para-substituted
derivative (FcMe4Ac) exhibited the highest yield (80%b), reflecting minimal steric hindrance and
favourable resonance interaction between the acetyl group and the amino functionality. This
electronic delocalisation enhances the nucleophilicity of the amine, thereby facilitating the
substitution process. (Lanez et al., 2025)

In contrast, the meta derivative (FcMe3Ac) showed a significantly lower yield (48%0),
which can be attributed to the absence of resonance interaction between the substituents. In the
meta position, the acetyl group exerts mainly an inductive electron-withdrawing effect, reducing
the electron density on the amino group and consequently its nucleophilicity.

The ortho derivative (FcMe2Ac) presented intermediate behaviour (77%), where steric
hindrance between adjacent substituents partially limits the accessibility of the nucleophilic site,
despite favourable electronic effects.

These observations are in good agreement with previously reported studies on substituted
aniline derivatives, where both steric congestion and electronic factors significantly influence
reactivity. Furthermore, the results confirm that the adopted synthetic strategy is robust and well
adapted for the preparation of ferrocenyl derivatives with controlled structural variation.
(Benine et al., 2025)

2. FT-IR Spectral Analysis

The structural features of the synthesised ferrocenyl acetylaniline derivatives were
initially investigated by Fourier-transform infrared (FT-IR) spectroscopy. The recorded spectra
for FcMe2Ac, FcMe3Ac and FcMe4Ac are presented in Figure 11.9, while the principal

absorption bands and their corresponding assignments are summarised in Table 2.
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Figure 11.9. FT-IR spectra of the synthesised ferrocenyl acetylaniline derivatives.

Table 2. Characteristic FT-IR absorption bands (em™) and their assignments for the synthesised

compounds.
Assignment FcMe2Ac FcMe3Ac FcMe4Ac Description
(em™) (em™) (em™)
N—H stretching 3426, 3291 3432, 3338 3445, 3345 Secondary amine
vibration
Ar—C-H stretching 3082 — — Aromatic C-H
C=0 stretching 1647 1650 1651 Acetyl carbonyl group
C=C (aromatic) 1566, 1516 1582, 1510 1589, 1562 Aromatic ring
vibrations
C-N stretching 1146 1170 1173 Amine linkage
C-H bending 1454, 1416 1450, 1365 1369 Methyl/aromatic
bending
Out-of-plane C-H 1003, 617 820 822 Aromatic substitution

pattern
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As shown in Figure 11.9, all compounds display closely related spectral profiles,
confirming the preservation of the ferrocenyl acetylaniline framework across the series. Minor
variations in band positions and intensities are observed and can be attributed to the different
substitution patterns on the aromatic ring. (Tlili et al., 2024)

Broad absorption bands in the region 3445-3291 c¢cm™ are assigned to N-H stretching
vibrations, confirming the presence of secondary amine functionality formed during the
nucleophilic substitution reaction. The slight shifts observed between the derivatives reflect
variations in hydrogen bonding interactions and local electronic environments. (Tlili et al., 2025)

The strong and well-defined bands located at 1651-1647 cm™ correspond to the stretching
vibration of the carbonyl (C=0) group of the acetyl substituent. The consistency of this band
across all compounds confirms that the carbonyl functionality remains intact during synthesis.

Aromatic C=C stretching vibrations are observed in the region 1589-1510 cm™!, providing
clear evidence for the presence of the substituted benzene ring. Additionally, the bands detected
between 1173-1146 cm™ are attributed to C—N stretching vibrations, confirming the successful
formation of the ferrocenylmethyl-aniline linkage.

Particularly informative are the out-of-plane C—H bending vibrations observed between 820
and 617 cm™, which are highly sensitive to substitution patterns. The differences in these bands
among the ortho, meta and para derivatives provide strong evidence for the positional variation
of the acetyl group on the aromatic ring.

Overall, the FT-IR data provide clear confirmation of the successful synthesis of the target
compounds. The observed spectral features are fully consistent with the proposed structures and
align well with reported data for related ferrocenyl and substituted aniline systems. (Khamouli
et al., 2022)

3. UV-Visible Spectral Analysis

The electronic absorption properties of the synthesised ferrocenyl acetylaniline
derivatives were investigated using UV-visible spectroscopy in DMSO. The corresponding
spectra are presented in Figure 11.10, and the absorption maxima are summarised in Table 3.
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Figure 11.10. UV-visible absorption spectra of the synthesised ferrocenyl acetylaniline

derivatives.

Table 3. UV-visible absorption maxima (Amax) of the synthesised ferrocenyl acetylaniline

derivatives.
Compound | Amax (nm) Assignment
FcMe2Ac 259 n — * (aromatic
system)
380 d—d (Fe?** centre)
FcMe3Ac 268 n— ¥
402 d—d transition
FcMe4Ac 432 d—d / charge transfer
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As illustrated in Figure 11.10, all compounds exhibit characteristic absorption bands
associated with both the aromatic system and the ferrocenyl moiety. Intense bands in the
ultraviolet region (259-268 nm) are attributed to m — m* transitions within the conjugated
aromatic system, corresponding to electronic excitation within the benzene ring. (Zouaghi et al.,
2025)

In the visible region, absorption bands between 380 and 432 nm are observed,
corresponding to transitions involving the ferrocenyl iron centre. These transitions can be
assigned to metal-centred d—d transitions and, in some cases, ligand-to-metal charge transfer
(LMCT), reflecting the interaction between the iron centre and the surrounding m-electron
system. (Zegheb et al., 2021)

A pronounced bathochromic shift is observed from FcMe2Ac (380 nm) to FcMe4Ac (432
nm), indicating an increase in electronic delocalisation in the para-substituted derivative. This
behaviour arises from enhanced conjugation between the acetyl substituent and the aromatic
system, which lowers the energy gap between molecular orbitals and facilitates lower-energy
electronic transitions.

The meta derivative (FcMe3Ac) exhibits intermediate behaviour due to the absence of
effective resonance interaction between substituents, limiting electron delocalisation. In contrast,
the ortho derivative (FcMe2Ac), although capable of resonance interaction, may experience
steric effects that slightly distort molecular planarity and reduce conjugation efficiency.

These observations highlight the significant influence of substituent position on the
electronic structure of ferrocenyl derivatives. Such variations in electronic distribution are
expected to play a key role in modulating molecular recognition and interaction behaviour with

biological targets (Ben Amor et al., 2025)
4. NMR Spectral Analysis

The structural elucidation of the synthesised ferrocenyl acetylaniline derivatives was
comprehensively achieved using one-dimensional (*H and **C) and two-dimensional (HSQC
and HMBC) NMR techniques. These complementary analyses enabled precise assignment of all
proton and carbon environments and provided unambiguous confirmation of the molecular
structures. To facilitate interpretation, the spectra are presented individually for each compound,

allowing direct correlation between spectral features and structural elements.
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4.1. 'H NMR Analysis
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Figure 11.11. *H NMR spectra of the synthesised ferrocenyl acetylaniline derivatives: (a)
FcMe2Ac, (b) FcMe3Ac, and (c) FcMe4Ac.

As illustrated in Figure 11.11, all compounds exhibit well-resolved signals consistent with
the proposed molecular structures.

The methyl group of the acetyl functionality (-COCHs) appears as a singlet in the region
2.35-2.60 ppm, confirming its isolated chemical environment. The methylene bridge (-CH>—N-),
linking the ferrocenyl unit to the aromatic ring, is observed as a doublet at approximately 4.30
ppm, providing clear evidence for the formation of the C—N bond. (Rebiai et al., 2014)
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The ferrocenyl moiety displays its characteristic spectral features. The unsubstituted
cyclopentadienyl ring (CsHs) appears as a sharp singlet around 4.15-4.20 ppm, reflecting its high
symmetry. In contrast, the substituted cyclopentadienyl ring (CsHa) gives rise to multiplet signals
in the region 3.40-4.10 ppm, indicative of reduced symmetry upon substitution. This splitting
pattern is a well-established signature of monosubstituted ferrocenyl systems.

Aromatic protons are detected between 6.6 and 7.8 ppm, exhibiting distinct splitting
patterns depending on the substitution position. The ortho, meta and para isomers can be clearly
differentiated based on their coupling patterns and signal multiplicity, reflecting differences in
electronic distribution and proton—proton interactions within the aromatic ring.

The NH proton appears as a downfield singlet around 8.9-9.0 ppm for FcMe2Ac and
FcMe3Ac, suggesting involvement in intermolecular or intramolecular hydrogen bonding. In
FcMe4Ac, a slight upfield shift is observed, which may be attributed to enhanced electronic
delocalisation in the para-substituted system, reducing deshielding effects. (Ben Amor et al.,
2025)

4.2. BC NMR Analysis

The 13C NMR spectra of the synthesised compounds are shown in Figure 11.12.

136,74
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1]) o

Figure 11.12. 13C NMR spectra of the synthesised ferrocenyl acetylaniline derivatives: (a)
FcMe2Ac, (b) FcMe3Ac, and (¢) FcMe4Ac.

As illustrated in Figure 11.12, the spectra provide clear evidence for the carbon framework
of the compounds.

The carbonyl carbon (C=0) is observed in the downfield region between 194 and 210 ppm,
confirming the presence of the acetyl group. The variation in chemical shift among the three
derivatives reflects differences in electronic environment due to substituent position.

The methylene carbon (CH2>—N) appears consistently around 42-43 ppm, confirming the
linkage between the ferrocenyl moiety and the aromatic system.

The ferrocenyl carbons are detected in the range 66-69 ppm, corresponding to the
cyclopentadienyl rings. The ipso carbon bonded to the substituent appears slightly downfield due
to its distinct electronic environment.

Aromatic carbons are distributed between 112 and 154 ppm, with slight variations
depending on substitution pattern, which is consistent with substituted benzene derivatives.
(Khamouli et al., 2019)

4.3. Two-Dimensional NMR Analysis (HSQC and HMBC)

Two-dimensional NMR spectroscopy was employed to achieve unambiguous structural
assignment and to confirm the connectivity within the synthesised ferrocenyl acetylaniline
derivatives. The HSQC and HMBC spectra are presented separately to allow a clear
interpretation of both direct and long-range correlations.
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The HSQC spectra of FcMe2Ac, FcMe3Ac and FcMe4Ac are shown in Figure 11.13, while
the corresponding HMBC spectra are presented in Figure 11.14.
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Figure 11.13. HSQC spectra of the synthesised ferrocenyl acetylaniline derivatives: (a)

FcMe2Ac, (b) FcMe3Ac, and (¢) FcMe4Ac.
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Figure 11.14. HMBC spectra of the synthesised ferrocenyl acetylaniline derivatives: (a)
FcMe2Ac, (b) FcMe3Ac, and (¢) FcMe4Ac.

As illustrated in Figure 11.13, the HSQC spectra provide direct one-bond correlations
between proton and carbon nuclei (:JCH), allowing precise assignment of all protonated carbon
atoms. The methylene protons (-CH>—N-), observed around 4.30 ppm in the *H NMR spectra,
show clear cross-peaks with their corresponding carbon signals at approximately 42-43 ppm,
confirming the presence of the ferrocenylmethyl linkage.

Similarly, the signals corresponding to the cyclopentadienyl rings exhibit well-defined
correlations. The unsubstituted Cp ring (CsHs) shows a single correlation pattern consistent with
its symmetry, whereas the substituted Cp ring (CsHs) displays multiple correlations reflecting the
loss of equivalence upon substitution. These observations are characteristic of monosubstituted
ferrocenyl systems and further confirm the structural integrity of the organometallic core.

The aromatic proton signals also show distinct HSQC correlations with their corresponding
carbon atoms in the region 112-140 ppm, enabling clear assignment of the benzene ring protons.
The differences observed between the ortho, meta and para derivatives further support the

positional variation of the acetyl substituent. (Mouada et al., 2024) (Lanez et al., 2015)
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In contrast, the HMBC spectra Figure 11.14 provide long-range correlations (2JCH and
3JCH), which are essential for confirming the connectivity between different fragments of the
molecule. In particular, strong correlations are observed between the methylene protons (-CH:—
N-) and the aromatic carbons, confirming the formation of the C—N bond linking the ferrocenyl
unit to the aniline moiety.

Additional long-range correlations between aromatic protons and the carbonyl carbon
(C=0) are observed, allowing precise localisation of the acetyl group on the aromatic ring. These
correlations are especially important for distinguishing between the regioisomers, as the HMBC
patterns differ significantly depending on the substitution position (ortho, meta or para).

Furthermore, correlations involving the ferrocenyl carbons provide additional confirmation
of the substitution pattern on the cyclopentadienyl ring. The combined HSQC and HMBC data
therefore establish a complete mapping of proton—carbon connectivity within the molecules.
(Bekkar et al., 2025) (Bekkar et al., 2025)

Overall, the two-dimensional NMR analysis provides definitive structural confirmation of
the synthesised ferrocenyl acetylaniline derivatives. The observed correlation patterns are fully
consistent with the proposed structures and are in excellent agreement with literature reports on
related ferrocenyl compounds, where HSQC and HMBC techniques are commonly used to

validate substitution patterns and molecular connectivity.
5. Cyclic Voltammetry Characterization

5.1. Redox Properties and Voltammetric Response

The electrochemical properties of FcMe2Ac, FcMe3Ac and FcMe4Ac were investigated by
cyclic voltammetry in DMSO (1 mM) containing 0.1 M BusNBF. as supporting electrolyte,
using Hg/Hg.Cl. as reference electrode. Measurements were performed within a potential
window of —0.60 to +0.60 V at a scan rate of 100 mV-s™!, with the Fc/Fc* redox couple used as
an internal reference.

The corresponding voltammograms are presented in Figure 11.15, where the responses of

the substituted derivatives are compared with that of ferrocene.
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Figure 11.15. Cyclic voltammograms of Fc, FcMe2Ac, FcMe3Ac and FcMe4Ac recorded in
DMSO containing 0.1 M Bu«NBF+ at a scan rate of 100 mV-s™' (referenced to Fc*/Fc).

As shown in Figure 11.15, all derivatives exhibit a single well-defined redox couple
corresponding to the Fe(ll1)/Fe(l111) transition, confirming that the ferrocenyl unit retains its
electroactivity after functionalization. (Lanez et al., n.d.)

A systematic anodic shift in formal potential is observed following the order:
FcMe2Ac (43.9 mV) < FcMe3Ac (51.0 mV) < FcMe4Ac (57.5 mV)

This trend reflects the influence of the acetylaniline substituent on the electronic
environment of the ferrocenyl centre. The positive shift indicates a decrease in electron density
at the iron centre, suggesting that oxidation becomes progressively less favourable. This
behaviour can be attributed to the electron-withdrawing nature of the acetyl group, which
modulates the electron-donating ability of the ferrocenyl moiety through inductive and resonance
effects. (Nacer and Lanez ,2013)

The anodic-to-cathodic peak current ratios (Ipa/Ipc = 1) indicate that the redox process is
chemically reversible. However, the observed peak-to-peak separation (AEp = 87.8-115 mV)
exceeds the theoretical value expected for an ideal reversible one-electron process (59 mV),
indicating a quasi-reversible electron transfer. (Nacer and Lanez ,2013)

This deviation suggests the presence of kinetic limitations, which may arise from:
o finite heterogeneous electron-transfer rates
e uncompensated ohmic resistance in the non-aqueous medium
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e structural reorganisation accompanying oxidation of the ferrocenyl unit
5.2. Scan Rate Dependence and Mass Transport Regime

The influence of scan rate on the electrochemical response was examined in the range 100—
500 mV-s™'. The resulting voltammograms are shown in Figure 11.16, while the dependence of

anodic peak current on the square root of scan rate is presented in Figure 11.17.
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Figure 11.16. Cyclic voltammograms of Fc, FcMe2Ac, FcMe3Ac and FcMe4Ac at different scan
rates (100-500 mV-s™).
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Figure 11.17. Linear variation of anodic peak current (i,,) as a function of the square root of

scan rate (v?%).

As illustrated in Figure 11.16, increasing the scan rate results in a proportional increase in
both anodic and cathodic peak currents, without significant distortion of peak shape. This
behaviour indicates that the redox process is not governed by adsorption phenomena.

A linear relationship between anodic peak current (ia) and v'/2 is clearly observed in
Figure 11.17 for all compounds. The corresponding linear regression equations Table 4 exhibit
high correlation coefficients (R2 = 0.980-0.994), confirming excellent linearity. (Khelef and
Lanez 2015)

The high R? values demonstrate that the experimental data closely follow the Randles—
Sevéik model, thereby confirming that the electron transfer process is diffusion-controlled. Slight
deviations from ideal linearity, particularly for FcMe3Ac (RZ = 0.980), may reflect minor

contributions from kinetic limitations or increased solution resistance. (Zaiz & Lanez, 2015)
5.3. Diffusion Coefficients and Transport Properties

The diffusion coefficients of the electroactive species were determined using the Randles—
Sev¢ik Equation 1 for a reversible system, which relates the peak current to the square root of
the scan rate:

ip, = 2.69x10° (V) SCVD\W
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Equation 1: where i, is the peak current (A), nis the number of electrons transferred, A is the
electrode surface area (cm2), C is the concentration of the electroactive species (mol.cm™), D is

the diffusion coefficient (cm*s~), and v is the scan rate (V-s™).

The diffusion coefficients (D) were calculated using the Randles—Sevéik equation, and the
results are presented in Table 4.

Table 4. Diffusion coefficients and linear regression parameters obtained from Randles—Sev¢ik

analysis.
Compound Equation Rz | D x 107 (cm?s™)
Fc y =3.321x + 14.727 | 0.987 6.952
FcMe2Ac | y=2.328x +7.539 | 0.993 1.108
FcMe3Ac |y =5.298x + 16.578 | 0.980 5.738
FcMe4Ac |y =5.831x + 16.638 | 0.994 2.255

As shown in Table 4, the diffusion coefficients of the substituted derivatives are
significantly lower than that of ferrocene. This decrease can be attributed to several
physicochemical factors:

e Increased molecular volume, leading to reduced translational mobility
e Enhanced solute—solvent interactions in polar DMSO medium
e Greater structural complexity and conformational flexibility

FcMe2Ac exhibits the lowest diffusion coefficient (1.11 x 107 cm?-s™), suggesting
stronger intermolecular interactions and possibly a more hindered diffusion pathway. In contrast,
FcMe3Ac retains a relatively higher diffusion coefficient, which may be associated with a more
favourable molecular geometry and reduced steric constraints. (Lanez & Hemmami, 2016)
(Benyza et al., 2022)

5.4. Electron Transfer Kinetics

The heterogeneous electron-transfer rate constants were estimated using Nicholson’s
method, which relates the peak-to-peak separation to the kinetic parameter ¥ and the standard

rate constant as described in Equation 2:
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Equation 2: where k; is the standard heterogeneous electron-transfer rate constant (cm.s™), D
is the diffusion coefficient (cm?2s~), n is the number of electrons transferred, F is the Faraday
constant (96,500 C.mol™), v is the scan rate (V.s™), R is the gas constant (8.314 J.mol.K™),

and T is the absolute temperature (K).

The heterogeneous electron-transfer rate constants (ks) were estimated using Nicholson’s

method, and the results are summarised in Table 5.

Table 5. Nicholson kinetic parameters (¥, AEp) and heterogeneous electron-transfer rate

constants (ks).

Compound | ¥ | AEp (mV) | k% 10° (cm*s™)
Fc 1.51 73 2.88
FcMe2Ac | 0.323 124 0.62
FcMe3Ac | 0.074 263 0.14
FcMed4Ac | 0.100 223 0.19

The obtained kinetic parameters clearly indicate a decrease in electron-transfer rates upon
substitution. The order: Fc > FcMe2Ac > FcMe4Ac > FcMe3Ac, reflects the increasing
complexity of the molecular structure and its impact on electron-transfer dynamics. (Lanez et
al., 2024)

The relatively high k, value for ferrocene confirms its well-known fast and reversible
electron-transfer behaviour. In contrast, the substituted derivatives exhibit slower kinetics, which
can be explained by:

e Increased steric hindrance, limiting effective interaction with the electrode surface
e Higher reorganisation energy associated with structural changes during oxidation
e Reduced electronic coupling between the ferrocenyl centre and the electrode
The particularly low ks value for FcMe3Ac suggests that the meta substitution pattern is least
favourable for efficient electron transfer, likely due to suboptimal electronic communication
within the molecule. (Filote et al., 2022)
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6. In Vitro Biological Evaluation

The biological potential of the synthesised ferrocenyl acetylaniline derivatives was
systematically investigated through complementary antidiabetic and anti-inflammatory assays,
in order to evaluate their multifunctional therapeutic relevance. These assays were selected to
probe two closely related pathological processes, namely carbohydrate metabolism
dysregulation and inflammation, both of which are strongly interconnected in metabolic
disorders.

The experimental approach combines enzyme inhibition studies, protein denaturation
assays, and spectroscopic binding analyses, allowing a comprehensive evaluation of both activity
and mechanism. Particular emphasis was placed on correlating the observed biological effects
with structural features of the ferrocenyl derivatives, thereby establishing a detailed structure—

activity relationship (SAR).
6.1. Antidiabetic Activity

6.1.1. Enzyme Inhibition Studies

The inhibitory effects of FcMe2Ac, FcMe3Ac and FcMe4Ac against carbohydrate-
hydrolysing enzymes were evaluated and compared with acarbose, a clinically used a-
glucosidase inhibitor. The concentration—response curves Figure 11.18 clearly demonstrate that
all compounds exhibit a progressive increase in inhibition with increasing concentration,

confirming a typical dose-dependent behaviour.
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Figure 11.18. Concentration—response curves for a-amylase inhibition by ferrocenyl derivatives

and acarbose.

The ICso values, obtained from non-linear regression fitting, are summarised in Table 6.

The high correlation coefficients (R2

Table 6. ICso values for enzyme inhibition.

Compound Regression equation R2 | ICso (ug mL™)

FcMe2Ac y=62.55—28.43 0.973 | 10.39+0.31
exp(—34.16x)

FcMe3Ac y =62.66 —26.76 0.987 | 8.93+0.27
exp(—36.42x)

FcMedAc y=63.71 -26.16 0.981 8.06 £0.24
exp(—34.81x)

Acarbose y=061.65—-31.41 0.965 | 12.48£0.37
exp(—34.53x)

0.965-0.987) confirm the excellent fitting of the

experimental data and validate the applied kinetic model. Importantly, all ferrocenyl derivatives

exhibited significant inhibitory activity, with ICso values lower than that of acarbose under the

same experimental conditions. (Singirala et al. 2025)
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The observed activity order: FcMe4Ac > FcMe3Ac > FcMe2Ac > acarbose, strongly
indicates that the ferrocenyl scaffold contributes positively to enzyme inhibition.

From a mechanistic perspective, inhibition of a-amylase and a-glucosidase involves
interaction with catalytic residues responsible for glycosidic bond cleavage. The enhanced
activity of FcMe4Ac can be attributed to several structural and electronic factors:

e Para substitution allows a more extended and planar molecular conformation, facilitating
optimal accommodation within the enzyme active site.

e Improved electronic delocalisation enhances polarizability, promoting stronger
intermolecular interactions.

e The ferrocenyl moiety, being highly lipophilic and redox-active, contributes to

stabilising enzyme—ligand complexes through hydrophobic contacts and z-interactions.

In contrast, the reduced activity of FcMe2Ac may be associated with steric hindrance
induced by ortho substitution, which can restrict proper orientation within the catalytic pocket.
The meta derivative (FcMe3Ac) displays intermediate behaviour, consistent with its limited
resonance interaction compared to the para isomer (Cifkova et al. 2025). These results suggest
that enzyme inhibition is not solely governed by binding strength but also by the ability of the

ligand to adopt a favourable conformation within the catalytic environment. (Chajed et al. n.d.)
6.1.2. Binding Constant and Thermodynamic Analysis

To gain further insight into the interaction mechanism, UV-visible titration experiments

were performed, and the corresponding Benesi—Hildebrand plots are presented in Figure 11.19.
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Figure 11.19. Benesi—Hildebrand plots for interaction between ferrocenyl derivatives and target

enzymes.

The calculated binding constants (K) and thermodynamic parameters are summarised in Table 7.

Table 7. Binding constants and thermodynamic parameters for enzyme interaction.

Compound Equation R? KM™) | AG (kJ mol™?)
FcMe2Ac | y=-1.687—0.010x | 0.974 | 1.66 x 10° | —35.51 £ 0.85
FcMe3Ac | y=-1.672—-0.008x | 0.961 | 2.09 x 10° | —36.08 = 0.90
FcMedAc | y=-1.659—-0.007x | 0.948 | 2.37 x 10° | —36.39 £ 0.92
Acarbose | y=-1.697 —0.006x | 0.991 | 2.83 x 10° | —=36.83 £0.95

The excellent linearity confirms the validity of the applied model and supports the

reliability of

the calculated parameters.

All compounds exhibit high binding affinities (10° M range), indicating strong interaction

with the enzyme. Although acarbose shows the highest binding constant, the ferrocenyl

derivatives remain within the same order of magnitude, demonstrating comparable interaction

capability. (Pifieiro et al. 2025)
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The negative Gibbs free energy values confirm that all interactions are thermodynamically
spontaneous. The slightly more negative AG values observed for FcMe4Ac indicate a more
favourable binding process, which is consistent with its superior inhibitory activity.

The interaction mechanism likely involves a combination of:
e Hydrogen bonding with catalytic residues
e 77 stacking interactions with aromatic amino acids
e Hydrophobic interactions mediated by the ferrocenyl core

The strong correlation between ICso values and binding constants suggests that binding

affinity is a key determinant of inhibitory activity, reinforcing the validity of the proposed

mechanism. (Aispuro-Pérez et al., 2025)
6.2. Anti-Inflammatory Activity

6.2.1. Inhibition of BSA Denaturation

The anti-inflammatory activity was evaluated using the BSA denaturation assay, which
mimics protein destabilisation processes occurring under inflammatory conditions. The inhibition

profiles are shown in Figure 11.20.
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Figure 11.20. Concentration-dependent inhibition of BSA denaturation by ferrocenyl derivatives

and diclofenac.
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All compounds exhibited a sigmoidal dose—response behaviour, characteristic of protein

stabilisation processes. The ICso values are summarised in Table 8.

Table 8. ICso values for inhibition of BSA denaturation.

Compound Regression equation R2 | ICso (ug mL™)
FcMe2Ac y=68.12 —35.45 0996 | 7.29+1.22
exp(—39.96x)
FcMe3Ac y=69.50 — 34.51 0976 | 5.83+0.85
exp(—42.53x)
FcMedAc y=73.87 —33.13 0975 | 4.22+0.79
exp(—33.74x)
Diclofenac y=61.83 —40.15 0.956| 9.01+0.78
exp(—58.92x)

The activity order: FcMe4Ac > FcMe3Ac > FcMe2Ac > diclofenac, indicates that all
ferrocenyl derivatives exhibit superior protein stabilisation compared to the reference drug.

This behaviour can be interpreted in terms of protein—ligand interaction mechanisms.
During thermal denaturation, proteins undergo conformational changes leading to loss of
structure. The tested compounds appear to stabilise the native conformation by forming non-
covalent interactions with the protein surface. (Fahmy et al. 2025), (Sargsyan et al. 2025)

The enhanced activity of FcMe4Ac suggests:
e stronger interaction with hydrophobic domains of the protein
e improved electronic distribution facilitating binding

e optimal steric accessibility for interaction with key residues
6.2.2. Binding Interaction with BSA

The interaction between the compounds and BSA was further analysed spectroscopically,

and the corresponding plots are presented in Figure 11.21.
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Figure 11.21. Binding plots for interaction between ferrocenyl derivatives and BSA.

The calculated parameters are summarised in Table 9.

Table 9. Binding constants and thermodynamic parameters for BSA interaction.

Compound Equation R? KM™) | AG (kJ mol™)
FcMe2Ac | y=-1.499—-0.011x | 0.985 | 1.36 x 10° | —35.02 + 3.45
FcMe3Ac | y=-1.441-0.010x | 0.986 | 1.42 x 10° | —35.12 £4.66
FcMed4Ac | y=-1.420—-0.007x | 0.971 | 1.81 x 10° | —35.72 £2.22
Diclofenac | y=-1.406 —0.020x | 0.988 | 6.79 x 10° | —33.29 +£4.31

The ferrocenyl derivatives exhibit significantly higher binding constants than diclofenac,
confirming stronger affinity towards BSA. (Bahsi et al. 2025)
The interaction is spontaneous (AG < 0) and likely driven by:

e hydrophobic interactions

e 7T stacking

e electrostatic contributions

The higher affinity of FcMe4Ac confirms the formation of a more stable complex, which

directly correlates with its superior anti-inflammatory activity. (Chroho et al., 2022), (Papada
et al., 2023)
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6.3. Overall Structure—Activity Relationship

The combined analysis reveals a consistent trend across both biological assays: FcMe4Ac >
FcMe3Ac > FcMe2Ac, This confirms that:
e para substitution enhances biological performance
e electronic delocalisation improves interaction capability

e steric hindrance reduces activity

The ferrocenyl core plays a central role by:
e enhancing lipophilicity
e promoting interaction with biological targets

e contributing to stabilisation of ligand—protein complexes
7. Density Functional Theory (DFT) Analysis

Density functional theory (DFT) calculations were performed to gain detailed insight into
the electronic structure, reactivity and physicochemical properties of the synthesised ferrocenyl
acetylaniline derivatives. These theoretical investigations provide a molecular-level
interpretation of electronic distribution and complement the experimental findings, allowing a

more comprehensive understanding of structure—property relationships. (Boutarfaia et al., 2019)
7.1. Frontier Molecular Orbitals and Electronic Structure

The frontier molecular orbitals (HOMO and LUMO) are key descriptors governing the
reactivity of molecular systems, as they define electron-donating and electron-accepting
capacities. The calculated orbital energies are summarised in Table 6, while their spatial

distributions are presented in Figure 11.18.
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Figure 11.22. Frontier molecular orbitals of ferrocenyl acetylaniline derivatives: HOMO and
LUMO surfaces.

Table 10. Frontier molecular orbital energies (eV) of the synthesised compounds.

Compound | EHOMO (eV) | ELUMO (eV) | AE (eV)
FcMe2Ac —5.8306 —1.5453 4.285
FcMe3Ac —5.7421 —-1.7521 3.990
FcMe4dAc —5.6752 —1.4882 4.187

The results reveal a gradual increase in HOMO energy from FcMe2Ac (—5.8306 eV) to
FcMed4Ac (-5.6752 eV), indicating an enhancement of electron-donating character across the
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series. This trend reflects the influence of the substitution pattern on the electronic density of the
ferrocenyl core, where improved conjugation promotes electron delocalisation.

The HOMO-LUMO energy gap (AE) ranges between 3.990 and 4.285 eV, suggesting that
all compounds possess moderate chemical stability combined with sufficient electronic
flexibility. Among the derivatives, FcMe3Ac exhibits the lowest energy gap (3.990 eV),
indicating increased softness and higher reactivity, whereas FcMe2Ac displays the highest gap,
reflecting comparatively greater stability. (Yahiaoui et al. 2023)

The orbital distribution Figure 11.18 shows a clear donor—acceptor separation within the
molecular framework. The HOMO is predominantly localised over the ferrocenyl moiety and
partially extends towards the amine bridge, identifying this region as the principal electron donor.
In contrast, the LUMO is mainly distributed over the aromatic ring and the carbonyl group,
designating these sites as electron-accepting regions.

This spatial separation suggests an intramolecular charge-transfer character, whereby
electron density is transferred from the ferrocenyl unit towards the aromatic substituent. Such
donor—acceptor behaviour is particularly relevant for molecular recognition processes, as it
facilitates electronic adaptation upon interaction with biological macromolecules. (Kedadra et
al., 2022)

7.2. Global Reactivity Descriptors and Thermodynamic Parameters

To further quantify molecular reactivity, global descriptors derived from frontier orbital

energies were calculated and are summarised in Table 7.

Table 11. Global reactivity descriptors and thermodynamic parameters of the synthesised
derivatives at 298.15 K.

Parameter FcMe2Ac | FcMe3Ac | FcMedAc
Hardness, n (eV) 2.143 1.995 2.094
Electronegativity, y (eV) 3.688 3.747 3.582
Chemical potential, p (V) | —3.688 —3.747 —3.582
Softness, S (eV™) 0.233 0.251 0.239
Electrophilicity, o (V) 3.174 3.519 3.064
Nucleophilicity, N 2.829 2.918 2.985
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Dipole moment (D) 3.82 4.46 5.12
Polarizability (A3) 38.5 42.7 47.3
Enthalpy (kJ-mol™) ~1245.6 | —13882 | —1531.4
Entropy (J-mol™*-K™) 412.5 448.9 486.7
Heat capacity (J-mol*-K™) 236.4 258.7 281.3

The hardness (n) values confirm that all compounds exhibit moderate stability, consistent
with their HOMO-LUMO gaps. FcMe3Ac presents the lowest hardness (1.995 eV) and highest
softness (0.251 eV™), reinforcing its greater electronic flexibility and reactivity.

The electrophilicity index (w) follows the order: FcMe3Ac > FcMe2Ac > FcMe4Ac,
indicating that FcMe3Ac has the strongest electron-accepting capability. In contrast, FcMe4Ac
exhibits the highest nucleophilicity index, suggesting enhanced electron-donating potential. This
duality reflects the delicate balance between donor and acceptor characteristics within the series.

The negative values of chemical potential (n) for all compounds indicate thermodynamic
stability and a natural tendency towards charge redistribution. Additionally, a progressive
increase in dipole moment from FcMe2Ac to FcMe4Ac is observed, reflecting enhanced
molecular polarity and asymmetry. (Khennoufa et al. 2021)

Similarly, polarizability increases across the series, indicating that the electronic cloud
becomes more easily deformable. This property is particularly important for intermolecular
interactions, as it enhances the ability of the molecule to adapt to external electrostatic
environments.

Thermodynamic parameters, including entropy and heat capacity, also show an increasing
trend, suggesting greater molecular flexibility and a higher number of accessible vibrational
states. This behaviour is consistent with increasing structural complexity and conformational

freedom in the substituted derivatives. (Meraghni et al., 2023)
7.3. Molecular Electrostatic Potential (MEP) Analysis

The molecular electrostatic potential maps provide valuable insight into charge distribution

and reactive sites. The calculated MEP surfaces are presented in Figure 11.19.
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Figure 11.23. Molecular electrostatic potential (MEP) maps of ferrocenyl acetylaniline

derivatives showing charge distribution.

The MEP analysis reveals that regions of highest negative potential are localised around
the carbonyl oxygen atoms, indicating areas of high electron density and strong nucleophilic
character. These regions are therefore likely to serve as preferential sites for intermolecular
interactions, including hydrogen bonding and electrostatic interactions.

In contrast, positive electrostatic potential regions are primarily located around hydrogen
atoms and partially over the ferrocenyl unit, corresponding to electron-deficient zones. (Lanez et
al. 2024)
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Although the overall electrostatic distribution remains similar across the three derivatives,
subtle differences are observed, particularly in the para-substituted compound (FcMe4Ac), which
exhibits a more delocalised charge distribution. This enhanced delocalisation may contribute to
improved interaction capabilities with biological targets. (Nadjiba et al., 2018)

7.4. Electron Localisation and Non-Covalent Interaction Analysis

To further investigate electronic behaviour, ELF, LOL and RDG analyses were performed.

Representative maps are presented in Figure 11.20 and 11.21.
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Figure 11.25. Non-covalent interaction (RDG/NCI) analyses of FcMeAc.
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The ELF and LOL maps clearly show strong electron localisation within the
cyclopentadienyl rings and the aromatic system, reflecting extensive m-electron delocalisation.
Localised electron density around nitrogen and oxygen atoms corresponds to lone-pair regions,
which are important for intermolecular interactions.

The RDG analysis highlights weak non-covalent interactions, including van der Waals
contacts and steric repulsion zones. These interactions contribute to the overall stability and

conformational behaviour of the molecules.
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The consistency of these features across the series indicates that the fundamental electronic
structure of the ferrocenyl core is preserved, while substitution mainly modulates peripheral
electronic properties. (Zerrouk et al., 2024), (Adaika et al., 2019)

8. Molecular Docking Study

To further elucidate the molecular basis underlying the observed antidiabetic activity,
molecular docking simulations were performed to investigate the interaction behaviour of the
synthesised ferrocenyl acetylaniline derivatives within the active sites of a-amylase (PDB ID:
1HNY) and a-glucosidase (PDB ID: 3TOP). These enzymes play a central role in carbohydrate
digestion, and their inhibition represents a key therapeutic strategy for controlling postprandial
hyperglycaemia.

The docking study aimed to evaluate binding affinity, identify dominant interaction forces,

and rationalise the experimental inhibition results through a detailed structural analysis.
8.1. Docking Protocol Validation

Prior to analysing ligand—enzyme interactions, the docking protocol was validated through
a redocking procedure of the co-crystallised ligand into the active site of the target enzymes. The
superposition between the crystallographic and predicted binding conformations is presented in
Figure 11.26.

Figure 11.26. Superposition of the co-crystallised ligand and the redocked pose within the active

site of a-amylase and a-glucosidase (validation of docking protocol).
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The calculated RMSD value (0.339 A) is significantly below the commonly accepted
threshold of 2.0 A, indicating excellent agreement between experimental and predicted binding
modes. This confirms the reliability of the docking parameters, including grid definition and
scoring function, and validates the protocol for subsequent interaction analysis.

Such a low RMSD value demonstrates that the adopted computational approach is highly
accurate in reproducing the native binding orientation, thereby ensuring the robustness of the

obtained docking results. (Lanez et al., 2018)
8.2. Binding Affinity and Energetic Analysis

The molecular docking results of the ferrocenyl acetylaniline derivatives against o-
amylase (LIHNY) and a-glucosidase (3TOP) are summarised in Tables 12 and 13, respectively.
These results provide quantitative insight into the binding strength and energetic contributions

governing ligand—-enzyme interactions.

Table 12. Molecular docking results of ferrocenyl acetylaniline derivatives against a-amylase

(LHNY).
Compound Intermolecular Internal Energy Torsional Binding Energy
Energy (kcal-mol™) (kcal-mol™) Energy (kcal-mol™)
(kcal-mol™)
FcMe2Ac —7.96 —0.58 +0.74 —7.34
FcMe3Ac —8.48 -0.71 +0.88 —7.92
FcMe4Ac -9.42 —0.83 +0.96 —8.58
Acarbose — — — —7.65
Table 13. Molecular docking results of ferrocenyl acetylaniline derivatives against a-
glucosidase (3TOP).
Compound Intermolecular Internal Energy Torsional Binding Energy
Energy (kcal-mol™) (kcal-mol™) Energy (kcal-mol™)
(kcal-mol™)
FcMe2Ac —8.12 —0.61 +0.76 -7.51
FcMe3Ac —8.73 —0.74 +0.91 —8.07
FcMe4Ac —9.68 —0.86 +0.99 —8.72
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Acarbose — — — —8.01

The data presented in Tables 12 and 13 clearly demonstrate that all ferrocenyl derivatives
exhibit negative binding energies toward both a-amylase and a-glucosidase, confirming that the
ligand—enzyme interactions are thermodynamically favourable and occur spontaneously.

For a-amylase Table 12, the binding affinity follows the order: FcMe4Ac (—8.58) >
FcMe3Ac (-7.92) > FcMe2Ac (—7.34) > acarbose (—7.65).

This trend indicates that FcMe4Ac binds more strongly than the reference drug under
identical docking conditions, while FcMe3Ac exhibits comparable affinity, and FcMe2Ac shows
slightly weaker interaction. These results are fully consistent with the in vitro ICso values, where
FcMe4Ac demonstrated the highest inhibitory activity.

For a-glucosidase Table 13, a similar but more pronounced trend is observed: FcMe4Ac
(—8.72) > FcMe3Ac (—8.07) > FcMe2Ac (—7.51) > acarbose (—8.01)

Interestingly, all compounds exhibit stronger binding affinities toward o-glucosidase
compared to a-amylase. This suggests that the active site of a-glucosidase provides a more
favourable environment for ligand accommodation, likely due to enhanced steric compatibility
and the possibility of forming additional stabilising interactions. (Khallouki et al. 2015)

A detailed examination of the energetic components reveals that the intermolecular energy
is the dominant contributor to the overall binding energy for both enzymes. This confirms that
ligand stabilisation is mainly driven by non-covalent interactions, including van der Waals
forces, electrostatic interactions and hydrogen bonding. The more negative intermolecular
energy values observed for a-glucosidase complexes further support the presence of stronger and
more favourable interactions within its catalytic pocket.

The internal energy values remain low and negative across all systems, indicating that ligand
binding does not induce significant conformational strain. This reflects the ability of the
ferrocenyl derivatives to adopt energetically favourable conformations within the enzyme active
sites. Similarly, the torsional energy contributions are relatively small, suggesting that only minor
rotational adjustments are required for optimal binding, which enhances overall interaction

efficiency. (Guaouguaou et al., 2020)
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8.3. Binding Mode and Interaction Analysis

The three-dimensional binding conformations of the most active compound (FcMe4Ac)
within the active sites of a-amylase (LHNY) and a-glucosidase (3TOP) are illustrated in Figure
11.27.

Figure 11.27. Three-dimensional binding modes of FcMe4Ac within (a) a-amylase (1IHNY) and
(b) a-glucosidase (3TOP) active sites.

The docking results reveal that all ferrocenyl acetylaniline derivatives are efficiently
accommodated within the catalytic pockets of both enzymes, where the ferrocenyl moiety plays
a central role in stabilising ligand binding through hydrophobic and =-related interactions.
Despite structural similarities, distinct interaction patterns are observed between the two
enzymes, reflecting differences in active site topology and residue composition. (Jurowski and
Krosniak 2025)

For a-amylase, the ligands are positioned within the catalytic groove, interacting with key
residues involved in carbohydrate hydrolysis. The interaction profile is characterised by:

e Hydrophobic interactions with residues such as TRP59, TYR62, LEU165, and ILE235,
contributing to ligand anchoring within the active site

e 1T stacking interactions between the aromatic ring of the ligand and residues such as
TRP59 and TYR62, enhancing binding stability
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e Hydrogen bonding interactions involving the carbonyl group and catalytic residues,
particularly ASP197, GLU233, and ASP300, which are essential for enzymatic activity

e Van der Waals interactions that further stabilise the ligand within the binding pocket

In contrast, within a-glucosidase, the ligands adopt a slightly deeper and more stabilised
conformation, reflecting the larger and more flexible binding pocket of this enzyme. The
interaction network includes:

e Extensive hydrophobic contacts with residues such as PHE525, TRP406, and TYR299,
promoting strong ligand anchoring

e Enhanced n—n stacking interactions with aromatic residues, contributing significantly to
binding affinity

e Hydrogen bonding interactions with catalytic residues such as ASP518 and ASP616,
which play a key role in substrate recognition

e Additional electrostatic interactions, favouring stronger stabilisation compared to a-
amylase

The comparative analysis clearly indicates that a-glucosidase provides a more favourable
interaction environment, which is consistent with the more negative binding energies observed in
docking studies. (Bajad et al. 2025)

Regarding ligand-specific behaviour:

e FcMe2Ac exhibits limited interaction capacity due to steric constraints associated with
ortho substitution, leading to reduced accessibility within the active site and fewer
stabilising interactions.

e FcMe3Ac demonstrates improved binding through increased interaction density,
including additional hydrogen bonds and aromatic contacts.

e FcMe4Ac shows the most optimal binding configuration in both enzymes, characterised
by:

o Extensive hydrophobic interactions along the catalytic pocket
o Strong and persistent hydrogen bonding with key catalytic residues
o Pronounced n—r stacking interactions with aromatic residues

o Optimal spatial orientation enabling maximum contact with the active site
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This cooperative interaction network results in enhanced stabilisation of the ligand—enzyme
complex and explains the superior binding affinity and inhibitory activity of FcMe4Ac observed

in both in vitro and in silico studies. (Gutiérrez-Grijalva et al., 2018)

8.4. Structure—Interaction Relationship

The differences observed in binding affinity and interaction behaviour among the
ferrocenyl derivatives can be rationalised based on structural and electronic factors.

The para-substituted derivative (FcMe4Ac) exhibits the most favourable interaction profile
due to its extended and symmetrical molecular geometry, which allows optimal insertion into the
catalytic pockets of both a-amylase and a-glucosidase. This structural configuration enhances
steric complementarity and maximises contact with key residues, resulting in stronger binding
interactions.

In addition, FcMe4Ac displays higher dipole moment and increased polarizability, which
contribute to enhanced electrostatic and dispersion interactions within the enzyme environment.
The improved electronic delocalisation across the ferrocenyl and aromatic moieties further
facilitates efficient interaction with catalytic residues, particularly through n—m stacking and
charge transfer interactions.

Conversely, the ortho-substituted derivative (FcMe2Ac) suffers from steric hindrance,
which restricts its conformational flexibility and limits its ability to adopt an optimal binding
orientation. This results in weaker interaction networks and reduced binding affinity.

The meta derivative (FcMe3Ac) exhibits intermediate behaviour, reflecting a balance
between steric effects and electronic distribution. While it achieves better accommodation than
FcMe2Ac, its interaction efficiency remains lower than that of FcMe4Ac due to less optimal
alignment within the active site.

Importantly, the strong agreement between binding affinity (docking), interaction profiles,
and in vitro inhibitory activity (ICse values) confirms that the biological performance of these
compounds is directly governed by their ability to establish stable and extensive interactions
within enzyme active sites.

Overall, these findings demonstrate that substitution pattern is a critical determinant of
ligand—enzyme interaction efficiency, and they clearly identify FcMe4Ac as the most promising

candidate for the inhibition of carbohydrate-hydrolysing enzymes. Its favourable structural,
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electronic, and interaction properties highlight its potential as a lead scaffold for the development

of novel antidiabetic agents. (Mouada et al., 2019)

9. Molecular Dynamics Simulation

Molecular dynamics (MD) simulations were performed to investigate the stability and
dynamic behaviour of the most active compound (FcMe4Ac) in complex with a-amylase
(LHNY) and a-glucosidase (3TOP). These enzymatic systems provide a reliable framework for
evaluating ligand binding within carbohydrate-hydrolysing enzymes under dynamic conditions

relevant to antidiabetic activity.
9.1. System Stability: RMSD Analysis

The temporal evolution of backbone RMSD for both apo enzymes and FcMe4Ac-bound

complexes is presented in Figure 11.28.
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Figure 11.28. RMSD evolution of (a) a-amylase (1IHNY) and (b) a-glucosidase (3TOP) systems
over 100 ns.

The apo forms of both enzymes stabilise rapidly within ~0.10-0.15 nm after initial
equilibration, confirming their intrinsic structural stability. Upon ligand binding, the RMSD

values increase moderately and stabilise in the range of ~0.18-0.25 nm.
This slight increase reflects ligand-induced conformational adaptation within the catalytic

pockets, particularly around residues directly involved in substrate recognition and catalysis.
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Importantly, no large fluctuations or structural deviations are observed throughout the simulation
period, indicating that the complexes remain stable.

Notably, the FcMe4Ac—a-glucosidase complex exhibits slightly lower RMSD fluctuations
compared to a-amylase, suggesting a more stable binding environment, which is fully consistent
with the stronger binding affinity observed in docking studies.

Overall, RMSD analysis confirms that FcMe4Ac forms stable and well-equilibrated

complexes with both enzymes. (Siles-Sanchez et al., 2024), (Ghadge et al., 2025)
9.2. Residue Flexibility: RMSF Analysis

The RMSF profiles for enzyme residues are presented in Figure 11.29.
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Figure 11.29. RMSF profiles of (a) a-amylase and (b) a-glucosidase residues in complex with
FcMe4Ac.

Most residues exhibit low fluctuations (<0.15 nm), indicating a rigid and stable protein
backbone during simulation. Higher fluctuations are observed mainly in loop regions and solvent-
exposed segments, which are inherently flexible.

Importantly, residues located within the catalytic sites show minimal fluctuations,
confirming strong ligand stabilisation:

e a-amylase: ASP197, GLU233, ASP300
e o-glucosidase: ASP518, ASP616

The reduced mobility of these key catalytic residues indicates that FcMe4Ac effectively
stabilises the active site architecture, thereby potentially inhibiting enzymatic activity.
(Stoyanova et al., 2025), (Gadakh & Kulkarni, 2025)
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9.3. Ligand Stability: Ligand RMSF Analysis

The conformational stability of FcMe4Ac within both enzyme binding pockets is illustrated

in Figure 11.30.
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Figure 11.30. Ligand RMSF profile of FcMe4Ac in (a) a-amylase and (b) a-glucosidase

complexes.

FcMe4Ac exhibits moderate fluctuations (~0.15-0.25 nm), primarily associated with
peripheral substituents, while the ferrocenyl core remains highly stable throughout the
simulation.

This behaviour indicates that:
e The ferrocenyl scaffold acts as a rigid anchoring unit
e Peripheral groups provide adaptive flexibility, facilitating optimal interactions
The slightly reduced fluctuations observed in the a-glucosidase complex further support a

more confined and stable binding mode in this enzyme. (Puspadewi et al., 2025)
9.4. Interaction Profile Analysis

The interaction profiles during simulation are shown in Figure 11.31.
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Figure 11.31. Interaction fraction analysis showing hydrogen bonds, hydrophobic interactions,

7 stacking, and water bridges in (a) a-amylase and (b) a-glucosidase complexes.

The stabilisation of the complexes is governed by a cooperative interaction network:
e Hydrophobic interactions with residues such as TRP59, TYR62 (a-amylase) and
PHES25, TRP406 (a-glucosidase)
e 17 stacking interactions involving aromatic residues, enhancing binding strength
e Hydrogen bonding interactions with catalytic residues (ASP197, GLU233, ASP300 for
a-amylase; ASP518, ASP616 for a-glucosidase)
e Water-mediated bridges, contributing to interaction persistence
The interaction network is more pronounced in a-glucosidase, explaining its stronger binding
affinity and higher inhibitory potential. (Sabiha et al., 2023), (Mugaddas et al., 2016)

9.5. Global Structural Properties (Rg, SASA, PSA)

The evolution of global structural parameters is presented in Figure 11.32.

A B

Figure 11.32. Time evolution of radius of gyration (Rg), solvent-accessible surface area (SASA),

and polar surface area (PSA) for enzyme—FcMe4Ac complexes.

The radius of gyration (Rg) remains stable (~2.2-2.5 nm), indicating that no unfolding or
structural destabilisation occurs upon ligand binding. SASA values exhibit moderate
fluctuations, reflecting normal solvent exposure without significant conformational disruption.

Similarly, PSA values remain nearly constant, suggesting that ligand binding does not
significantly alter the global polarity of the enzymes.
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These results confirm that FcMe4Ac binding preserves structural integrity while stabilising
the catalytic environment, which is essential for effective enzyme inhibition. (Juan et al., 2021),
(Sharifi-Rad et al., 2020)

10. ADMET Prediction and Pharmacokinetic Evaluation

To complement the biological and computational investigations, the pharmacokinetic and

toxicity profiles of the ferrocenyl derivatives were evaluated using in silico ADMET tools.
10.1. Drug-Likeness and Physicochemical Properties

The fundamental physicochemical parameters governing drug-likeness are summarised in
Table 14.

Table 14. Predicted physicochemical properties and drug-likeness parameters of ferrocenyl

derivatives.
Parameter FcMe2Ac | FcMe3Ac | FcMe4Ac
Molecular weight 335.2 335.2 335.2
(g:mol™)
LogP (consensus) 3.12 3.28 3.45
Lipinski violations 0 0 0

All  compounds comply with Lipinski’s rule of five, indicating favourable oral
bioavailability. Their moderate lipophilicity ensures a balance between solubility and membrane
permeability, which is advantageous for enzyme-targeting antidiabetic agents. (Guan et al.,
2019)

10.2. Absorption and Distribution Properties

The predicted absorption and distribution profiles are presented in Table 15.

Table 15. Predicted absorption and distribution properties of the studied compounds.

Parameter FcMe2Ac | FcMe3Ac | FcMe4dAc
Gastrointestinal absorption High High High
Blood-brain barrier No No No
permeability
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All derivatives exhibit high gastrointestinal absorption, supporting their potential for oral
administration. The absence of BBB permeability is advantageous for peripheral targets such as

digestive enzymes, reducing the risk of central nervous system side effects. (Xiong et al., 2021)

10.3. Toxicological Profile

The toxicity predictions are summarised in Table 16.

Table 16. Predicted toxicity profiles of ferrocenyl acetylaniline derivatives.

Parameter FcMe2Ac | FcMe3Ac | FcMe4Ac
Ames toxicity No No No

Hepatotoxicity No No No

Skin sensitisation | Low risk | Low risk | Low risk

The absence of mutagenicity and hepatotoxicity indicates a favourable safety profile,

supporting further development. (Dascalu et al., 2020)
10.4. Structure—Property Relationship and Comparative Analysis

The ADMET results reveal a consistent trend:
e FcMe4Ac exhibits the highest lipophilicity and interaction potential.
e Increased substitution enhances electronic delocalisation and binding efficiency.
e All compounds maintain a balanced pharmacokinetic profile without toxicity risks.
Importantly, the agreement between:
e invitro activity (ICso)
e docking affinity
e MD stability
e ADMET properties
strongly validates FcMe4Ac as the most promising candidate for both antidiabetic and

<anti-inflammatory applications. (Hodgson, 2001).
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Conclusion

General Conclusion

The present work was devoted to the rational design, synthesis, comprehensive
characterisation, and integrated biological and computational evaluation of a series of ferrocenyl
acetylaniline derivatives, with particular emphasis on their potential as antidiabetic and anti-
inflammatory agents. The multidisciplinary strategy adopted in this study enabled a coherent
combination of experimental investigations and in silico approaches, providing a robust
framework for establishing structure—property—activity relationships within this class of
organometallic compounds.

The synthetic methodology allowed the efficient preparation of three regioisomeric
derivatives (FcMe2Ac, FcMe3Ac, and FcMe4Ac) under mild and reproducible conditions.
Structural elucidation was successfully achieved through complementary spectroscopic
techniques, including FT-IR, UV-Visible spectroscopy, and one- and two-dimensional NMR
analyses. The obtained spectral data confirmed the integrity of the ferrocenyl scaffold and
validated the substitution patterns on the aromatic ring, demonstrating the reliability of the
synthetic approach and the structural consistency of the prepared compounds.

Electrochemical studies revealed that all derivatives retain the characteristic quasi-
reversible Fe(I11)/Fe(l11) redox behaviour of the ferrocenyl core. The observed anodic shifts in
redox potentials across the series highlight the significant influence of acetylaniline substitution
on the electronic environment of the iron centre. Furthermore, diffusion-controlled electron-
transfer processes and variations in Kinetic parameters confirmed that the electrochemical
behaviour is strongly dependent on molecular structure, reflecting the sensitivity of the
ferrocenyl system to substitution effects.

From a biological perspective, the in vitro investigations demonstrated that all compounds
exhibit significant enzyme inhibitory activity against a-amylase and a-glucosidase, as well as
pronounced anti-inflammatory potential through inhibition of protein denaturation. The results
revealed a clear structure—activity relationship, with FcMe4Ac consistently showing the lowest
ICso values in both antidiabetic and anti-inflammatory assays. The enhanced activity of this
derivative can be attributed to its favourable structural configuration, which promotes improved

interaction with enzyme active sites and stabilisation of protein structures.
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Complementary spectroscopic binding studies further confirmed the strong affinity of the
ferrocenyl derivatives toward biological targets, with high binding constants and negative Gibbs
free energy values indicating spontaneous and stable ligand—protein interactions. The consistency
between inhibition data and binding parameters highlights the direct relationship between binding
strength and biological activity.

Density functional theory calculations provided deeper insight into the electronic structure
and intrinsic reactivity of the compounds. Frontier molecular orbital analysis revealed a
pronounced donor—acceptor character, with electron density primarily localised on the ferrocenyl
unit and partially delocalised towards the aromatic system. Global reactivity descriptors, together
with MEP, ELF, and RDG analyses, identified key reactive regions and confirmed that
substitution pattern plays a decisive role in modulating electronic distribution, polarity, and
intermolecular interaction potential.

Molecular docking studies against a-amylase and a-glucosidase demonstrated favourable
binding affinities for all derivatives, governed by a combination of hydrophobic interactions,
hydrogen bonding, and n—r stacking within the enzyme active sites. Among the series, FcMe4Ac
consistently exhibited the strongest binding affinity, reflecting optimal steric complementarity,
enhanced electronic delocalisation, and an extended interaction network within the catalytic
pockets.

The stability of these interactions was further validated through molecular dynamics
simulations, which confirmed the formation of stable and well-equilibrated ligand—enzyme
complexes. In particular, FcMe4Ac displayed reduced structural fluctuations, enhanced
conformational rigidity, and persistent interaction networks, especially within the a-glucosidase
system. These findings indicate a strong and durable binding mode under dynamic conditions,
reinforcing its superior inhibitory potential.

In addition, in silico ADMET analysis revealed that all derivatives possess favourable
pharmacokinetic and safety profiles, including compliance with drug-likeness criteria, high
predicted gastrointestinal absorption, and absence of mutagenic or hepatotoxic effects. The lack
of blood-brain barrier permeability is advantageous for targeting peripheral enzymes involved in

metabolic disorders, reducing the risk of central nervous system-related side effects.
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Collectively, the results obtained in this study demonstrate that structural modification of
ferrocenyl derivatives through acetylaniline substitution significantly influences their electronic
properties, biological activity, interaction behaviour, and pharmacokinetic profile. The strong
agreement between in vitro assays and computational predictions further validates the reliability
of the integrated methodological approach.

Among the investigated compounds, FcMe4Ac emerges as the most promising candidate,
combining optimal electronic characteristics, strong inhibitory activity against carbohydrate-
hydrolysing enzymes, significant anti-inflammatory potential, high binding affinity, dynamic
stability, and favourable ADMET properties. This derivative represents a valuable lead scaffold
for further optimisation and development of multifunctional agents targeting metabolic and
inflammatory disorders.

In conclusion, this work provides a comprehensive and scientifically rigorous contribution
to the field of organometallic medicinal chemistry, highlighting the potential of ferrocenyl
derivatives as versatile and effective scaffolds for the development of novel antidiabetic and
anti-inflammatory agents, and paving the way for future experimental validation and clinical-

oriented investigation.
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