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 إهداء

لى من منحتني  لى من أ نارت حياتي، وكانت بحرإ صافيا يجري بفيض إلحب، وبسمة إلشفاء إ  إ 

مي ألحبيبة إلقوة وإلعزيمة لموإصلة إلدرب
 
 أ

لى س ندي و  لى من علمني إلصبر إ  مس ندي وإتكائي قوتي و ضلعي إلثابت إلذي لا يميل، إ 

بي ألغالي وإلصمود وكان عوني بعد الله
 
 أ

يزإ .. صبري.. مديحة .. هالة .. ل لكل إلعائلة إلكريمة إلتي ساندتني ولاتزإل من أ خوة و أ خوإت

يهاب .. هنادي .. يوسفأ    منة .. كمال .. إ 

لى رفقاء إلدرب:  ؤوف، إلعيد ،لخضر ،يوسف ،محمد ... عبد إلر  إ 

 إلى كل أ صدقاء إلمخبر: إلحفناوي، مسعود، رإبح، حسن، عبد إللطيف، نجيبة ...

 إلى كل إصدقائي في إلعمل نجيب، سعيد، بشير، كمال، عماد ...

 إلى من شجعني و كان حافزإ لي مديري إلش يخ صالحي لزهاري 

 مني سهوإ  وسقطنساهم قلمي و  إلى كل من

 

 

 

 خنوفة علي

 الاهداء
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وتقدير شكر  

ونصلي ونسلم على إلمبعوث رحمة للعالمين فيه مباركا طيبا كثيرإ حمدإ لله إلحمد  

ومن أ جمعين صحبه أ له و على إسلمو  و عليه الله صلى محمد س يدنا إلبشرية معلم  

حسان تبعهم لى ب  د:بع أ ما إلدين يوم إ   

وإلعافية وإلصبر إلصحة نعمة منحنا إلذي وتعالى س بحانه لله إلشكر و إلحمد  

أ ما بعد: إلعملهذإ  س تكماللا . 

لى ولإل   إلمقام والامتنان في إلشكر بجزيلأ تقدم   ين على إنجاز هذإ إلمشرف ينإلمحترمي س تاذأ   إ 

 إلعمل

في  ماتجربه من إلنابعة إلقيمة هام بنصائ  علي بخلي  لملذإن وإل"إلعانز إلتوهامي "    " بشكي لزهر "

نجاز مامتابعه و إلعلمي إلبحث ميدإن مني مافلك إلطويل ماصبره و إلبحث هذإ لمرإحل إ   أ س تاذي 

إلتقدير أ زكى عبارإت إلشكر و ينإلفاضل  . 

..........   إل س تاذ برئيسها بدإية إلعمل هذإ مناقشة لقبولهم إلمناقشة لجنة أ عضاء أ شكر كما

إل س تاذ  و...............  إل س تاذ إلمناقشين وكذلك  

لى إلجزيل بلشكر أ تقدم كما إلصحرإوية و على رأ سهم إلس يد  إلموإرد وترقية تثمين عائلة مخبر كافة إ 

على إلمجهودإت"علي طليبة" و إلدكتورة "عائشة عدإئكة" و إلس يد "صادق إلناني"   إلنيرة 

تمام في لمساعدتي إلمتوإضع لعملإ هذإ إ   

  علي خنوفة                                                           

 شكر و عرف ان
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ABSTRACT 

     In the present work, we describe the synthesis, characterization, and antioxidant activity of a series 

of N-ferrocenylmethylnitro- and cyanoanilines and their N-acylated derivatives. We also studied their 

interaction with bovine serum albumin (BSA) and hemoglobin (HHb) using electronic spectroscopy 

and cyclic voltametry techniques.  Results from spectroscopic and cyclic voltammetry measurements 

indicated the establishments of physical interactions between the synthesized compounds and BSA 

through electrostatic and hydrogen bonds. Calculated binding free energy confirms these types of 

electrostatic interactions and further confirms the spontaneous character of the interactions.  The 

obtained results were validated by molecular docking analysis which further allowed the visualisation 

of the interactions between the nearby residues of the binding sites of the BAS and the studied 

compounds. Cyclic voltammetry was additionly used to evaluate the antioxidant activity of the 

acylated derivatives. All investigated compounds showed promising scavenging activity against 

superoxide anion radicals.  

Key words: BSA, HHb, cyclic voltammetry, uv-visible, molecular docking, antioxidant activity, 

ferrocene derivative 

 

 

 

 

 

 

 

 

 

 



 

IV 
 

 ملخص

  نم سلسلة لـ للأكسدة المضاد النشاط ودراسة والتوصيف باصطناع قمنا ، الحالي العمل في

cyanoaniline   و  N-ferrocenyl methylnitro   مشتقاتهو-N تفاعلهم أيضًا درسنا آسيلات 

 فوق ةالأشع مطيافية  تقنية باستخدام( HHb) والهيموغلوبين (BSA) الأبقار مصل ألبومين مع

 وقياسات فيةالطي القياسات نتائج أشارت الحلقي الفولتميتري قياس وتقنيات المرئية و البنفسجية

 وابطالر خلال من BSA و المركبات بين فيزيائية تفاعلات وجود إلى الحلقية الفولتميترية

 .والهيدروجينية الكهروستاتيكية

 كهروستاتيكية  طابع ذات انها التفاعلات أنواع من نوع لهذه المحسوبة المحررة الربط الطاقة تؤكد

 تحليل طريق عن عليها الحصول تم التي النتائج صحة من التحقق تم .التفاعل عفوية كذلك وتؤكد

  HHbلـ الفعالة لمواقع القريبة الجذور بين التفاعلات بتصور أيضًا سمح مما . الجزيئي الالتحام

 المضاد النشاط لتقييم  الحلقي الفولتميتري مقياس استخدام تم .المدروسة والمركبات BSAولـ

 تثبيط الجذور الحرة في واعدًا نشاطاً فحصها تم التي المركبات جميع أظهرت .للمشتقات للأكسدة

𝑂2
−.

. 

 الالتحام ، ةالمرئي البنفسجية فوق الأشعة ، الحلقي الفولتمتري ، BSA ، HHb :المفتاحية الكلمات

 .الفيروسين مشتق ، للأكسدة المضاد النشاط ، الجزيئي

 

 

 

 

 



 

V 
 

TABLE OF CONTENTS 

 

 I ........................................................................................................................................................ إهداء

وتقدير شكر  ............................................................................................................................................... II 

ABSTRACT ....................................................................................................................................... III 

 IV ................................................................................................................................................... ملخص

TABLE OF CONTENTS ..................................................................................................................... V 

LIST OF ABBREVIATIONS .......................................................................................................... VIII 

LIST OF FIGURES ............................................................................................................................ IX 

LIST OF TABLES ............................................................................................................................ XV 

GNERAL INTRODUCTION ........................................................................................................ XVII 

1.Chapter 1: Bibliographical overview of ferrocene and ferrocene derivatives, Hb, and BSA ........... 1 

1.1 Ferrocene ............................................................................................................................... 3 

1.1.1 History of ferrocene: ...................................................................................................... 3 

1.1.2 Electronic Structure of Ferrocene .................................................................................. 4 

1.1.3 Chemistry of Ferrocene .................................................................................................. 5 

1.1.4 Application in medicinal chemistry: .............................................................................. 8 

1.2 Proteins ................................................................................................................................ 11 

1.2.1 Protein-Ligand Binding ................................................................................................ 13 

1.2.2 Importance Of Transport Proteins ................................................................................ 14 

1.3 bovine serum albumin ......................................................................................................... 15 

1.3.1 Crystal structure of BSA .............................................................................................. 15 

1.3.2 Binding site of BSA ..................................................................................................... 16 

1.3.3 Physicochemical Property ............................................................................................ 17 

1.4 Interactions of Ligands with Serum Albumins .................................................................... 18 

1.4.1 Hydrogen Bonds ........................................................................................................... 18 



 

VI 
 

1.4.2 Hydrophobic interaction ............................................................................................... 19 

1.4.3 Van der Waals Interactions .......................................................................................... 19 

1.4.4 Interactions Mediated by Aromatic Rings ................................................................... 19 

2. Chapter 2: Experimental ............................................................................................................. 21 

2.1 Chemicals, Reagents and Solvents ...................................................................................... 21 

2.2 Techniques ........................................................................................................................... 21 

2.2.1 Cyclic voltammetry technique ..................................................................................... 21 

2.2.2 UV/VIS technique ........................................................................................................ 25 

2.2.3 Protein-drug Docking ................................................................................................... 26 

2.3 Experimental ........................................................................................................................ 28 

2.3.1 Cyclic Voltammetry Experiments ................................................................................ 28 

2.3.2 UV-Vis Experiments .................................................................................................... 28 

2.3.3 Molecular Docking experiments .................................................................................. 29 

3. Chapter 3: Synthesis and Characterization ................................................................................. 30 

3.1 General Procedure for the Synthesis of N-ferrocnylmethylanilines derivatives ................. 30 

3.2 Acylation of N-ferrocnylmethylaniline derivatives ............................................................. 31 

3.2.1 N-FERROCENYLMETHYL -N-PHENYLBENZAMIDE (FMAA) .......................... 31 

3.2.2 N-ferrocenylméthyl-3-nitro-N-(4-nitrophenyl)benzamide (FM3NA) ......................... 36 

3.2.3 N-ferrocenylméthyl-4-nitro-N-(4-nitrophenyl)benzamide (FM4NA) ......................... 41 

3.2.4 N-ferrocenylmethyl-N-(3-cyanophenyl)-4-nitrobenzamide (FM3CA) ........................ 46 

3.2.5 N-ferrocenylmethyl-N-(4-cyanophenyl)-4-nitrobenzamide (FM4CA) ........................ 51 

4. Chapter 4: BSA interaction study ............................................................................................... 56 

4.1 the study of the interaction of FcDB-BSA .......................................................................... 56 

4.1.1 Electrochemical BSA interaction study ....................................................................... 56 

4.1.2 Electronic spectroscopy BSA interaction study ........................................................... 68 

4.1.3 Molecular docking BSA interaction study ................................................................... 72 



 

VII 
 

4.2 The study of the interaction of FcDA-BSA ......................................................................... 84 

4.2.1 Electrochemical BSA interaction study ....................................................................... 84 

4.2.2 Electronic spectroscopy BSA interaction study ........................................................... 93 

4.2.3 Molecular docking BSA interaction study ................................................................... 97 

5. Chapter 5: HHb interaction study ............................................................................................. 105 

5.1 Hemoglobin preparation .................................................................................................... 105 

5.2 Hemoglobin UV-visible Spectroscopic characterization .................................................. 105 

5.3 The study of the interaction of FcDB-HHb ....................................................................... 106 

5.3.1 Hemoglobin interaction studies using UV-Visible Spectroscopy .............................. 106 

5.3.2 Hemoglobin interaction studies using molecular docking analysis ........................... 110 

5.4 The study of the interaction of FcDA-HHb ....................................................................... 118 

5.4.1 Hemoglobin interaction studies using UV-Visible Spectroscopy .............................. 118 

5.4.2 Hemoglobin interaction studies using molecular docking ......................................... 121 

6. Chapter 6: antioxidants study .................................................................................................... 127 

6.1 Binding constants .............................................................................................................. 127 

6.2 Diffusion Coefficients ....................................................................................................... 130 

6.3 Ratio of binding constants ................................................................................................. 134 

6.4 half-maximal inhibitory concentration (IC50) .................................................................... 137 

CONCLUSION ................................................................................................................................ 140 

REFERENCES ................................................................................................................................. 140 

PUBLICATIONS ............................................................................................................................. 153 

 

 

 

 

 



 

VIII 
 

LIST OF ABBREVIATIONS 

Name abbreviations 
Ferrocene  

 

Fc 

Derivatives before acylation   

 

FcDB 

Derivatives after acylation   

 

FcDA 

N-ferrocenylmethylaniline FMA 

N-(ferrocenylmethyl)-2-nitroaniline FM2N 

N-(ferrocenylmethyl)-3-nitroaniline FM3N 

N-(ferrocenylmethyl)-4-nitroaniline FM4N 

2-(ferrocenylmethylamino)benzonitrile FM2C 

3-(ferrocenylmethylamino)benzonitrile FM3C 

4-(ferrocenylmethylamino)benzonitrile FM4C 

N-ferrocenylmethyl -N-phenylbenzamide FMAA 

N-ferrocenylmethyl-3-nitro-N-(4-nitrophenyl)benzamide FM3NA 

N-ferrocenylméthyl-4-nitro-N-(4-nitrophenyl)benzamide FM4NA 

N-ferrocenylmethyl-N-(3-cyanophenyl)-4-nitrobenzamide FM3CA 

N-ferrocenylmethyl-N-(4-cyanophenyl)-4-nitrobenzamide FM4CA 

Bovine serum albumin BSA 

human hemoglobin HHb 

dichloromethane DCM 

Phosphate-Buffered Saline (KH2PO4/K2HPO4) PBS 

N,N-Dimethylformamide DMF 

tetra-N-butylammonium tetrafluoroborate TBFP 

Cyclic voltammetry CV 

Anodic peak potential Epa 

Cathodic peak potential Epc 

Anodic peak current Ipa 

Cathodic peak current Ipc 

Free Gibbs energy change ∆G 

Glassy carbon electrode  GC 

Ultraviolet UV 

Infrared IR 

Nuclear magnetic resonance NMR 

Binding constant Kb 

Density functional theory DFT 

diffusion coefficient D 

Half-maximal inhibitory concentration IC50 

 



 

IX 
 

LIST OF FIGURES 

Figure 1.1-1: 3D representation of Ferrocene molecule ..................................................................... 3 

Figure 1.1-2: Ferrocene in the eclipsed (right D5h) and staggered (left D5d) forms. ........................ 4 

Figure 1.1-3: Molecular orbital of ferrocene molecule [27] ............................................................... 5 

Figure 1.1-4: Proposed mechanisms for electrophilic substitution of ferrocene. ............................... 7 

Figure 1.1-5: Selected ferrocene reactions .......................................................................................... 8 

Figure 1.1-6  Structures of ferroquine (a) and chloroquine (b) ........................................................... 9 

Figure 1.1-7: Structure of ferrocifen and tamoxifen ......................................................................... 10 

Figure 1.2-1: Amino acids. ................................................................................................................ 11 

Figure 1.2-2: Protein structures ......................................................................................................... 12 

Figure 1.2-3: Structures of hemoglobin (code: 1GCW, Resolution: 2.00 Å) ................................... 14 

Figure 1.2-4:  Structures of cytochrome c (code: 7MRI, Resolution: 2.46 Å) ................................. 15 

Figure 1.3-1: A graphic represents the three homologous domains and the nine loops connected by 

17 disulphide linkages in serum albumins' amino acid sequence. ..................................................... 16 

Figure 1.3-2: Major ligand binding sites in serum albumin. ............................................................. 17 

Figure 2.2-1: Potential scan from an initial value (Emin) to final value (Emax) with respect time . 22 

Figure 2.2-2: The cyclic voltammogram of a Nernstian electrochemical reaction. .......................... 23 

Figure 2.2-3: Elements in molecular docking[133]. ......................................................................... 26 

Figure 3.1-1: Synthesis of N-ferrocnylmethylanilines derivatives ................................................... 30 

Figure 3.2-1: Chemical structure of N-ferrocenylmethyl-N-phenylbenzamide ................................ 31 

Figure 3.2-2: Cyclic voltammogram of FMA (red line) and FMAA (black line) recorded at 0.1V.s−1 

potential sweep rate on a Pt disk electrode at 298K ........................................................................... 32 

Figure 3.2-3:  cyclic voltammograms of 100 µM of FMAA at different scan rates (0.1-0.2-0.3-0.4-

0.5 V.s−1)  at 298 K on a Pt electrode ................................................................................................. 33 

Figure 3.2-4: Anodic peak current vs. square root of scan rate for FMA(a) and FMAA(b) ............. 33 

Figure 3.2-5: Electronic spectra of FMAA in DCM,  concentration: 10-4 M. .................................. 34 

Figure 3.2-6: IR spectrum of N-ferrocenylmethyl-N-phenylbenzamide .......................................... 35 

Figure 3.2-7: 1H NMR spectrum of N-ferrocenylmethyl-N-phenylbenzamide ............................... 36 

Figure 3.2-8: Chemical structure of N-ferrocenylméthyl-3-nitro-N-(4-nitrophenyl)benzamide ...... 37 

Figure 3.2-9: Cyclic voltammogram of FM3N (red line) and FM3NA (black line) was recorded at 

0.1V s−1 potential sweep rate on Pt disk electrode at 298K ............................................................... 37 



 

X 
 

Figure 3.2-10: cyclic voltammograms of 100 µM of FM3NA at different scan rates (0.1-0.2-0.3-0.4-

0.5 V.s−1)  at 298 K on Pt electrode.................................................................................................... 38 

Figure 3.2-11 Anodic peak current vs. square root of scan rate for FM3N (a) and FM3NA (b) ... 38 

Figure 3.2-12 : Electronic spectra of FM3NA in DCM, Concentration: 10-4 M. ............................. 39 

Figure 3.2-13: IR spectrum of FM3NA ............................................................................................ 40 

Figure 3.2-14: 1H NMR spectrum of FM3NA ................................................................................. 41 

Figure 3.2-15:  Chemical structure of N-ferrocenylméthyl-4-nitro-N-(4-nitrophenyl)benzamide ... 42 

Figure 3.2-16:  Cyclic voltammogram of FM4N (red line) and FM4NA (black line) was recorded at 

0.1V s−1 potential sweep rate on Pt disk electrode at 298K ............................................................... 42 

Figure 3.2-17 : cyclic voltammograms of 100 µM of FM4NA at different scan rates (0.1-0.2-0.3-0.4-

0.5 V.s−1)  at 298 K on Pt electrode.................................................................................................... 43 

Figure 3.2-18 : Anodic peak current vs. square root of scan rate for FM4N (a) and FM4NA (b) .... 43 

Figure 3.2-19 : Electronic spectra of FM4NA in DCM, Concentration: 10-4 M. .............................. 44 

Figure 3.2-20:  IR spectrum of FM4NA ........................................................................................... 45 

Figure 3.2-21: 1H NMR spectrum of FM4NA ................................................................................. 46 

Figure 3.2-22: Chemical structure of N-ferrocenylmethyl-N-(3-cyanophenyl)-4-nitrobenzamide .. 47 

Figure 3.2-23: Cyclic voltammogram of FM3C (red line) and FM3CA (black line) was recorded at 

0.1V s−1 potential sweep rate on Pt disk electrode at 298K .............................................................. 47 

Figure 3.2-24: cyclic voltammograms of 100 µM of FM3CA at different scan rates (0.1-0.2-0.3-0.4-

0.5 V.s−1)  at 298 K on Pt electrode.................................................................................................... 48 

Figure 3.2-25: Anodic peak current vs. square root of scan rate for FM3C (a) and FM3CA (b) ..... 48 

Figure 3.2-26: Electronic spectra of FM3CA in DCM, Concentration: 10-5 M. ............................... 49 

Figure 3.2-27:  IR spectrum of FM3CA............................................................................................ 50 

Figure 3.2-28: 1H NMR spectrum of FM3CA .................................................................................. 50 

Figure 3.2-29: Chemical structure of N-ferrocenylmethyl-N-phenylbenzamide .............................. 51 

Figure 3.2-30: Cyclic voltammogram of FM4C (red line) and FM4CA (black line) was recorded at 

0.1V s−1 potential sweep rate on Pt disk electrode at 298K ............................................................... 52 

Figure 3.2-31: cyclic voltammograms of 100 µM of FM4CA at different scan rates (0.1-0.2-0.3-0.4-

0.5 V.s−1)  at 298 K on Pt electrode.................................................................................................... 52 

Figure 3.2-32: Anodic peak current vs. square root of scan rate for FM4C (a) and FM4CA (b) ..... 53 

Figure 3.2-33: Electronic spectra of FM4CA ................................................................................... 54 

Figure 3.2-34: IR spectrum of FM4CA............................................................................................. 55 



 

XI 
 

Figure 3.2-35: 1H NMR spectrum of FM4CA .................................................................................. 55 

Figure 4.1-1: The cyclic voltammograms of 1 mM FcDB were obtained by performing a potential 

sweep rate of 0.1V s−1 on a GC disk electrode at 298K. The measurements were taken in the presence 

and absence of increasing concentrations of BSA in ethanol/PBS (90:10) solution with a pH of 7.2, 

using 0.1 M TBFP as a supporting electrolyte. .................................................................................. 58 

Figure 4.1-2: Log/ (1/[BSA]) versus log i/(i0-i) for FcDB with varying concentration of BSA used to 

calculate the binding constant of BSA- FcDB product. ..................................................................... 59 

Figure 4.1-3: The cyclic voltammograms were recorded for a 1 mM concentration of the investigated 

FcDB compounds, both in the presence (indicated by the red line) and absence (indicated by the black 

line) of BSA, at a scan rate of 100 mV.s-1 .......................................................................................... 62 

Figure 4.1-4: Redox process of the free and BSA bounded FcDB ................................................... 62 

Figure 4.1-5: Cyclic voltammetry was performed on 1 mM of FcDB in a solution of ethanol/PBS 

(90:10) with various scan rates (0.1 , 0.2 ,0.3 ,0.4 and 0.5 V·s-1) in both the absence and presence of 

BSA. ................................................................................................................................................... 65 

Figure 4.1-6: ia =f (v1/2) plots of FcDB (1 mM) in the absence of BSA (a) and presence BSA (b) at 

scan rates ranging from 0.1 to 0.5 V.s-1 in a solution of ethanol/PBS (90:10) ................................... 67 

Figure 4.1-7:  Absorbance spectra of FcDB, with increasing concentrations of BSA (0–22.5 μM).The 

concentration of FcDB was fixed at 1 mM at physiological pH 7.2 .................................................. 69 

Figure 4.1-8: The plot of (A0 / (A-A0) versus 1 / [BSA] was used to calculate the binding constants

 ............................................................................................................................................................ 71 

Figure 4.1-9: The optimized structures of FcDB have been depicted using ORTEP View 03, V1.08, 

where hydrogen is indicated by white, carbon by grey, iron by green, and nitrogen by blue color codes.

 ............................................................................................................................................................ 74 

Figure 4.1-10: Predicted binding pockets:  surface view of BSA (code: 4f5u) ................................ 75 

Figure 4.1-11: Representation 3D Structures of BSA (PDB code:4f5u) .......................................... 77 

Figure 4.1-12: The PLIP web service generated the optimal docking poses for BSA-FcDB, 

highlighting the hydrophobic and hydrogen bond interactions. In the resulting image, the elements are 

color-coded: white represents hydrogen, red represents oxygen, blue represents nitrogen, and brown 

represents iron. The interactions are identified by their respective colors: hydrogen bonds are 

represented in blue, hydrophobic forces in silver, π-stacking in green, and π-cation in orange. ....... 79 

Figure 4.2-1: The cyclic voltammograms of 1 mM FcDA were obtained by performing a potential 

sweep rate of 0.1V s−1 on a GC disk electrode at 298K. The measurements were taken in the presence 



 

XII 
 

and absence of increasing concentrations of BSA in ethanol/PBS (90:10) solution with a pH of 7.2, 

using 0.1 M TBFP as a supporting electrolyte. .................................................................................. 85 

Figure 4.2-2: Log/ (1/[BSA]) versus log i/(i0-i) for FcDA with varying concentration of BSA used to 

calculate the binding constant of BSA- FcDA product. ..................................................................... 86 

Figure 4.2-3: The cyclic voltammograms were recorded for a 2 mM concentration of the investigated 

FcDA compounds, both in the presence (indicated by the red line) and absence (indicated by the black 

line) of BSA, at a scan rate of 100 mV.s-1 .......................................................................................... 88 

Figure 4.2-4: Redox process of the studied compounds with BSA and FcDA ................................. 89 

Figure 4.2-5: Cyclic voltammetry was performed on 2 mM of FcDA in a solution of ethanol/PBS 

(90:10) with various scan rates (0.1 , 0.2 ,0.3 ,0.4 and 0.5 V·s-1) in both the absence and presence of 

BSA.                                                                                                                                                    The 

Randles–Sevcik equation (4.2-1) was used to determinate the coefficient of diffusion of the free form 

of the FMA and the bound form of FMA-BSA ................................................................................. 91 

Figure 4.2-6: ia =f (v1/2) plots of FcDA (2 mM) in the absence of BSA (a) and presence BSA (b) at 

scan rates ranging from 0.1 to 0.5 V.s-1 in a solution of ethanol/PBS (90:10) ................................. 93 

Figure 4.2-7:  Absorbance spectra of FcDA, with increasing concentrations of BSA (0–22.5 μM). 

The concentration of FcDA was fixed at 1 mM at physiological pH 7.2 .......................................... 95 

Figure 4.2-8: The plot of (A0 / (A-A0) versus 1 / [BSA] was used to calculate the binding constants

 ............................................................................................................................................................ 96 

Figure 4.2-9: The optimized structures of FcDA represented by ORTEP View 03, V1.08 ; color codes 

are hydrogen (white), carbon (grey), iron (green), nitrogen (blue). ................................................... 97 

Figure 4.2-10: Representation 3D Structures of BSA  (PDB code:4f5u) ......................................... 99 

Figure 4.2-11: Best docking poses for BSA-FcDA generated with PLIP web service illustrating the 

hydrophobic and H-bons interactions. Elements colors: hydrogen, oxygen, nitrogen, and iron are 

represented in white, red, blue and brown, respectively .................................................................. 101 

Figure 5.1-1: Red blood cell  preparation [161] .............................................................................. 105 

Figure 5.2-1: Absorbance spectra of Hemoglobin concentration 2.6×10-5 M at physiological pH 7.2 

Hemoglobin interaction studies using electronic spectroscopy ....................................................... 106 

Figure 5.3-1: UV-visible absorption spectra of HHb were examined in the presence of varying 

concentrations of FcDB in a solution consisting of ethanol and PBS in a ratio of 90:10. ............... 107 



 

XIII 
 

Figure 5.3-2: The binding constants between HHb and FcDB molecules were determined by plotting 

A0/(A-A0) against 1/[FcDB]. These plots were employed in the calculation of the binding constants.

 .......................................................................................................................................................... 109 

Figure 5.3-3: surface view of HHb (code: 1gcw) and predicted binding pockets in different color

 .......................................................................................................................................................... 110 

Figure 5.3-4: 3D Structures representation of HHb  (PDB code:1gcw) ......................................... 113 

Figure 5.3-5: The PLIP web service generated the optimal docking poses for HHb-FcDB, 

highlighting the hydrophobic and hydrogen bond interactions. In the resulting image, the elements are 

color-coded: white represents hydrogen, red represents oxygen, blue represents nitrogen, and brown 

represents iron. The interactions are identified by their respective colors: hydrogen bonds are 

represented in blue, hydrophobic forces in silver, π-stacking in green, and π-cation in orange. ..... 115 

Figure 5.4-1: UV-visible absorption spectra of HHb were examined in the presence of varying 

concentrations of FcDA in a solution consisting of ethanol and PBS in a ratio of 90:10. ............... 119 

Figure 5.4-2: The binding constants between HHb and FcDB molecules were determined by plotting 

A0/(A-A0) against 1/[FcDB]. These plots were employed in the calculation of the binding constants.

 .......................................................................................................................................................... 120 

Figure 5.4-3: 3D Structures Representation of HHb  (PDB code:1gcw) ........................................ 122 

Figure 5.4-4: The PLIP web service generated the optimal docking poses for HHb-FcDB, 

highlighting the hydrophobic and hydrogen bond interactions. In the resulting image, the elements are 

color-coded: white represents hydrogen, red represents oxygen, blue represents nitrogen, and brown 

represents iron. The interactions are identified by their respective colors: hydrogen bonds are 

represented in blue, hydrophobic forces in silver, π-stacking in green, and π-cation in orange. ..... 123 

Figure 6.1-1:  The cyclic voltammograms were recorded for oxygen-saturated DMF in the presence 

of increasing concentrations of FcDA and in its absence. ............................................................... 128 

Figure 6.1-2: The binding constant of the 𝑂2 −.- FcBA product was calculated by plotting log 

(1/[FcBA]) against log i/(i0-i) for 𝑂2 −.with varying concentrations of FcBA. Similarly, the binding 

constants of 𝑂2 −.- FcDA products were determined using DMF/0.1M TBFB. ............................ 130 

Figure 6.2-1:  The cyclic voltammograms were recorded at scan rates of 0.1, 0.2, 0.3, 0.4, and 0.5 V/s 

for 𝑂2 −. in DMF in the presence of rising concentrations of FcDA, as well as in its absence. ..... 132 

Figure 6.2-2: The plots of ia=f(v1/2) for 𝑂2 −. in the absence (represented by black lines) and presence 

of FcDA (represented by red lines) were generated at different scan rates of 0.1, 0.2, 0.3, 0.4, and 0.5 

V·s-1. ................................................................................................................................................. 133 



 

XIV 
 

Figure 6.3-1: Cyclic voltammograms were recorded for 𝑂2 −.in a DMF solution with a scan rate of 

100 mV.s-1 on a glass carbon electrode using 0.1 M TBFP as a supporting electrolyte. The 

voltammograms were obtained in the absence (black line) and presence (red line) of FcDA. ........ 136 

Figure 6.3-2: Redox process of the studied compounds with 𝑂2 −. and FMA .............................. 136 

Figure 6.4-1: Typical plots of I% as a function of C (mg/ml) used for calculation the IC50  values of 

ligands FcDA with 𝑂2 −. ................................................................................................................. 139 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

XV 
 

LIST OF TABLES 

Table 1.3-1: physicochemical properties of bovine serum albumin ................................................. 17 

Table 3.1-1: Principal results obtained from the Synthesis of N-ferrocnylmethylanilines derivatives

 ............................................................................................................................................................ 30 

Table 3.2-1: The electrochemical parameters of FMA and FMAA .................................................. 34 

Table 3.2-2: The electrochemical parameters of FM3N and FM3NA .............................................. 39 

Table 3.2-3: The electrochemical parameters of FM4N and FM4NA .............................................. 44 

Table 3.2-4: The electrochemical parameters of FM3C and FM3CA .............................................. 49 

Table 3.2-5: The electrochemical parameters of FM4C and FM4CA .............................................. 53 

Table 4.1-1: Binding constant and binding free energy values ......................................................... 60 

Table 4.1-2: The information obtained from the FcDB in its free form and when bound to BSA was 

utilized in the computation of the ratio of binding constants. ............................................................ 62 

Table 4.1-3: Values of diffusion constants were obtained for both the free and BSA-bound forms of 

FcDB. ................................................................................................................................................. 67 

Table 4.1-4: Binding constant and binding free energy values ......................................................... 71 

Table 4.1-5: The active sites on BSA from Prankweb server ........................................................... 75 

Table 4.1-6: Binding constant and binding free energy values ......................................................... 77 

Table 4.1-7: The hydrophobic interactions occurring between the ligands FcDB and BSA are being 

examined. ........................................................................................................................................... 80 

Table 4.1-8: Hydrogen bonding the ligands FcDB and BSA ............................................................ 81 

Table 4.1-9: π-stacking interactions between ligands ....................................................................... 82 

Table 4.1-10:  Binding parameters (k and ΔG) of FcDB compounds obtained from CV, UV-vis and 

docking methods. ............................................................................................................................... 83 

Table 4.2-1: Binding constant and binding free energy values ......................................................... 87 

Table 4.2-2: The information obtained from the FcDA in its free form and when bound to BSA was 

utilized in the computation of the ratio of binding constants. ............................................................ 89 

Table 4.2-3: Diffusion constants values of the free and BSA bound form of FMA ......................... 93 

Table 4.2-4: Binding constant and binding free energy values ......................................................... 96 

Table 4.2-5: Binding constant and binding free energy values ......................................................... 99 

Table 4.2-6: Hydrophobic forces between the ligands FMA and BSA ........................................... 101 

Table 4.2-7: Hydrogen bonding between the ligands FcDA and BSA ........................................... 102 



 

XVI 
 

Table 4.2-8: π-stacking interactions between ligands ..................................................................... 102 

Table 4.2-9: π-Cation interactions between ligands ........................................................................ 103 

Table 4.2-10: Binding parameters (k and ΔG) of FcDA compounds obtained from CV, UV-vis and 

docking methods. ............................................................................................................................. 104 

Table 5.3-1: Binding constant and binding free energy estimates for FcDB ligands with HHb 

calculated from UV measurements at 298 K ................................................................................... 109 

Table 5.3-2: The best 10 active sites on HHb from Prankweb server ............................................. 111 

Table 5.3-3: Binding constant and binding free energy values ....................................................... 113 

Table 5.3-4: Hydrophobic interaction between the ligands FcDB and HHb .................................. 115 

Table 5.3-5: Hydrogen bonding between the ligands FcDB and HHb ........................................... 117 

Table 5.3-6: π-stacking interactions between ligands ..................................................................... 117 

Table 5.4-1: Binding constant and binding free energy estimates for FcDA ligands with HHb 

calculated from UV measurements at 298 K ................................................................................... 121 

Table 5.4-2: Binding constant and binding free energy values ....................................................... 122 

Table 5.4-3: hydrophobic interactions between ligands HHb ......................................................... 124 

Table 5.4-4: Hydrogen bonding between the ligands FcDA and HHb ........................................... 125 

Table 5.4-5: π-stacking and π-cation interactions between ligands FcDA and HHb ...................... 125 

Table 6.1-1: Binding constant and binding free energy values ....................................................... 130 

Table 6.2-1: Values of the diffusion coefficients of the free and 𝑂2 −.bound FcDA. ................... 134 

Table 6.3-1: Electrochemical data of the free and 𝑂2 −. bound forms of FcDA used to calculate the 

ratio of the binding constants ........................................................................................................... 136 

Table 6.4-1: IC50 values of the studied compounds ....................................................................... 139 



 

 
 

 

GNERAL INTRODUCTION 

 

 

 

 

 

 

 

 

General introduction 
 



General introduction  

1 
 

 

The interaction of drugs with bio-macromolecules has gotten a lot of interest [1–3]. In terms of 

structure and biological properties, serum albumin is one of the most studied bio-macromolecule [4]. 

Furthermore, serum albumin contributes significantly to colloid osmotic blood pressure and aids in 

the transportation, distribution and metabolism of a variety of exogenous and endogenous compounds 

that can bind to albumins , such as drugs [5]. The drug-albumin complex can also be used as a model 

for the study of drug-protein interactions which are important in pharmacy, pharmacology, and 

biochemistry [6–8]. the study  can also aid in the explanation of the relationship between protein 

structures and functions [9–11]. 

One  the families of organometallic chemicals being studied for their applications is ferrocene 

and its N-derivatives that have attracted the interest of researchers as antioxidant [12], anticancer[13], 

antibacterial[14], antimalarial[15] drug candidates. They are also an excellent ligand for investigation 

using experimental methods due to its stability, aromaticity, low toxicity, lipophilicity, and redox 

activity. 

Various analytical techniques have been employed in prior research to investigate interactions 

[16–18], but these methods often have drawbacks related to the expense of the instrumentation, 

complexity of the analyses, reagent availability, and characterization of small molecule-protein 

interactions. To address these limitations, UV-vis spectroscopy and electrochemical methods were 

utilized to study drug-protein interactions between BSA and drugs due to their direct monitoring 

capability, high sensitivity, and simplicity[14-19]. 

Our research focuses on the study of the interaction between N-ferrocenylmethylnitro- and 

cyanoanilines and their N-acylated derivatives, as ligand, and BSA through   finding the binding 

constant (Kb) and free binding energy change (ΔG) of the ligand-BSA. The obtained results are 

expected to assist in the understanding of the ligand-biomolecule interaction at the molecular level, as 

well as in the design of new drugs that bind selectively to predetermined sequences. To validate the 

obtained experimental results and further visualize the type of interactions, we used molecular 

modelling. Our goals were to gather evidence of interaction in terms of binding parameters, probing 

the binding site, binding modes and intermolecular binding distance.  

In this doctorate thesis, we studied the interaction of Hb and BSA with twelve (12) ferrocene 

derivatives synthesized in the Saharan resource valorisation and technology laboratory (VTRS), 

namely: N-ferrocenylmethylaniline, N-ferrocenylmethyl-2-nitro-aniline, N-ferrocenylmethyl-3-nitro-
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aniline, N-ferrocenylmethyl-4-nitro-aniline, 2-(ferrocenylmethylamino)benzonitrile, 3-

(ferrocenylmethyl-amino)benzonitrile, 4-(ferrocenylmethylamino)benzonitrile and their acylated 

forms N-ferrocenylmethyl-N-phenylbenzamide, N-ferrocenylmethyl-3-nitro-N-(4 

nitrophenyl)benzamide, N-ferrocenylméthyl-4-nitro-N-(4-nitrophenyl)benzamide, N-

ferrocenylmethyl-N-(3-cyano-phenyl)-4-nitrobenzamide, N-ferrocenylmethyl-N-(4-cyanophenyl)-4-

nitrobenzamide. We used NMR analyses, UV/VIS spectroscopy, IR spectroscopy and cyclic 

voltammetry experiments to characterize the newly obtained compounds. Furthermore, cyclic 

voltammetry and UV/VIS spectroscopy techniques were used to investigate the products BSA and Hb 

binding properties which were followed by DFT calculations and molecular docking studies. 

The study comprises six chapters, which constitute its overall structure. 

 Chapter 1: bibliographical overview of ferrocene and ferrocene derivatives, Hb, and BSA 

 Chapter 2: theoretical context of the experimental techniques used to characterize the 

interaction   

 Chapter 3: procedures of the synthesis and characterization of ferrocene derivatives. 

 Chapter 4: interactions study of ferrocene derivatives with BSA using electrochemical, 

spectroscopic and molecular docking techniques. 

 Chapter 5: interactions study of ferrocene derivatives with Hb using spectroscopic and 

molecular docking techniques. 

 Chapter 6: antioxidant activities study of ferrocene derivatives using cyclic voltammetry. 
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1.1 Ferrocene 

1.1.1 History of ferrocene: 

A novel compound with iron and two cyclopentadienide ligands was discovered in 1951. Kealy 

and Pauson [19] and Miller et al [20] groups of chemists almost simultaneously came to identical 

results, albeit by accidentally. The novel compound was insoluble in water, air-stable and sublimable, 

with outstanding solubility in organic solvents, according to both groups. Although the initial reports 

mentioned its high and surprising stability, the right structure was not revealed until Wilkinson and 

Fischer independently suggested it soon after. Wilkinson used chemical, physical and spectroscopic 

methods to determine the accurate structure of dicyclopentadienyl iron, while Fischer used X-ray 

crystallography to characterize the compound. 

 

Figure 1.1-1: 3D representation of Ferrocene molecule  

Wilkinson suggested a configuration where the iron atom was positioned between two 

cyclopentadienyl (Cp) ligands, forming a sandwich structure. The bonding between metal d orbitals 

and π-electrons in the p orbitals of Cp ligands was strong due to their excellent overlap. After further 

investigation, Wilkinson, Woodward, and their colleagues concluded that the correct structure was a 

π-complexed sandwich structure [21]. Additionally, Wilkinson found that the iron center of the 

compound could easily be oxidized from +2 to +3, creating various derivatives of Fc from the blue 

cation[22] . Fischer's X-ray diffraction experiments confirmed the sandwich structure and proposed a 

double-cone shape[23]. 

Through his research, Woodward found that cyclopentadienyl rings shared aromatic properties 

with benzene, which led him to discover electrophilic aromatic substitution reactions. This discovery, 
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along with other similarities between the Cp rings and benzene, inspired Woodward's postdoctoral 

fellow Mark Whiting to name the compound "ferrocene." The term "metallocenes" was later used to 

describe all transition metal dicyclopentadienyl compounds [24].. The contributions of Wilkinson and 

Fischer to organometallic chemistry earned them the Nobel Prize in Chemistry in 1973. Today, the 

term "sandwich compound" is widely used to refer to a broad range of compounds. The discovery of 

a new type of bonding between metals and organic unsaturated molecules gave organometallic 

chemistry a fresh perspective. 

Ferrocene has two Cp rings which can be arranged in either an eclipsed (D5h) or staggered (D5d) 

orientation. The energy required for rotation around the Fe-Cp axis is very minimal, less than 4kJ.mol-

1. This low energy allows either conformation to be displayed in the ground state structures of 

ferrocene.[25,26]. 

 

Figure 1.1-2: Ferrocene in the eclipsed (right D5h) and staggered (left D5d) forms. 

1.1.2 Electronic Structure of Ferrocene 

        Ferrocene consists of two cyclopentadienyl anions, each having six d-electrons, bonded to a Fe2+ 

ion with six d-electrons as well. The compound follows the 18-electron rule where all valence 

electrons are either in bonding or non-bonding orbitals. Due to the absence of anti-bonding orbitals, 

the compound remains stable. The bonding within ferrocene can be analyzed through a molecular 

orbital diagram (Figure 1.1-3). which shows the molecular orbitals formed from the interactions 

between the ligand and metal orbitals. Symmetry considerations, relative energies, and overlap 

integrals of the ligand-orbitals and the 3d, 4s, and 4p orbitals of the central iron can be used to predict 

the formation of molecular orbitals. 

The lowest energy orbitals in ferrocene molecule are ligand-based, specifically a1g and a2u, as 

the metal orbitals with the required symmetry (3dz
2/4s and 4pz) have significantly higher energy levels. 

Due to poor overlap with the ligand e2g orbitals, the e2g orbitals remain metal-based, specifically dx2-

y2 and dxy. The stability of the ferrocene molecule is largely attributed to the formation of two strong 

bonds resulting from the overlap of ligand e1g orbitals with the iron atom's dxz and dyz orbitals. 
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Figure 1.1-3: Molecular orbital of ferrocene molecule [27] 

Ferrocene's frontier orbitals include the e2g which has weak bonding, a'1g which is non-bonding 

and e'1g level which is weakly anti-bonding and unoccupied. Since these orbitals have comparable 

energies, it is possible to deviate from the 18-electron rule. 

 

 

1.1.3 Chemistry of Ferrocene 

1.1.3.1  Methods of synthesis of ferrocene 

In the synthesis of ferrocene, there are two main routes that are typically used:  
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The first involves the retro Diels-Alder reaction of dicyclopentadiene followed by deprotonation of 

the weakly acidic cyclopentadiene with an alkali metal. Ferrocene is produced after treatment with 

iron (II) chloride: 

 FeCl2 + 2NaC5H5 → [(η5- C5H5)2Fe] 1.1-1) 

The second method is named metal vapor synthesis, and it involves heating the reactants to high 

temperatures before combining them on a cold surface:  

 Fe + 2C5H6 → [(η5- C5H5)2Fe] + H2 (1.1-2) 

Finally, ferrocene can be synthesized using an auxiliary base which produces the cyclopentadienyl 

anion in situ:  

 FeCl2 + 2C5H6 + 2C5H5NH → [(η5- C5H5)2Fe] + 2[C5H5NH3]Cl             (1.1-3) 

1.1.3.2 Reactivity of ferrocene  

In comparison to benzene, ferrocene is more reactive towards electrophilic substitution due to 

the availability of a greater number of electrons. The rate of reaction for ferrocene is 3×106 times 

faster than that of benzene. There are three proposed mechanisms for explaining electrophilic 

substitution in ferrocene (E'+'). The first mechanism involves the interaction of electrophilic 

substituents with weakly bonding electrons of the iron atom, followed by the transfer to the Cp ring 

with the electrophilic substituent in the endo position, resulting in the formation of substituted 

ferrocene after proton elimination (Route I). The second mechanism suggests that electrophilic attack 

occurs on the less hindered exo face of the ligand's ring, without involving direct participation of the 

metal, and the product is formed after proton loss (Route II). The third mechanism involves the 

addition of the electrophile to the endo face of the ligand, without any metal interaction (Route III). 

(Figure 1.1-4). 
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Figure 1.1-4: Proposed mechanisms for electrophilic substitution of ferrocene. 

Ferrocene's strong smell and high level of reactivity have made it possible to create many 

derivatives that serve as important intermediate compounds in organic synthesis[28,29]. These 

derivatives are easy to make and reactive enough to produce valuable intermediates for creating new 

organic compounds that would be difficult to make using traditional methods. 

One of the commonly used initial substances for creating many different types of ferrocene 

derivatives is the widely recognized ferrocenylmethyltrimethylammonium iodide, which belongs to 

the category of quaternary salts. This specific salt is produced through the process of 

aminomethylation of ferrocene.[30]. (Figure 1.1-5). 

The ferrocenylmethyltrimethylammonium salt has a trimethylamine component that can be 

easily replaced by various nucleophiles, including cyanide anions, alkoxide, amines, carbanionic 

reagents, and Grignard reagents. Our research used the ferrocenylmethyltrimethylammonium salt as 

a starting material to prepare all the derivatives studied. 
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Figure 1.1-5: Selected ferrocene reactions  

1.1.4 Application in medicinal chemistry: 

Because of the novelty introduced by its presence, medicinal chemists are also open to 

including ferrocene in their drug design strategies. Ferrocene is a nontoxic, stable compound with 

good redox properties. Now, scientists are working to develop new compounds that are effective 

against a wide range of cancers while also having fewer side effects.  

Ferrocenes are also known to have a wide range of biological activities, and ferrocene has 

received special attention due to its neutral chemical stability and non-toxicity. Many ferrocene 

derivatives have antioxidant[24-26], cytotoxic[31,32], antitumor[33], antimalarial[34], antifungal[35] 
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and DNA-cleaving activity[36]. Ferrocene derivatives are also used to control the HIV virus which 

causes AIDS[37]. There are numerous examples in the literature of ferrocene being used in drug 

design strategies. In one research of nonsteroidal anti-inflammatory agents, replacing the aromatic 

ring with ferrocene had no influence on anti-arthritic or platelet aggregatory activities in the resulting 

compounds[38]. Studies with ferrocene-containing penicillin, cephalosporins, and rifamycin revealed 

that the addition of ferrocene provided no additional benefit[39,40]. When ferrocene was added to 

famous drugs like tamoxifen and chloroquine, however, significant changes in activity profiles were 

observed. 

The biological properties of ferrocene derivatives containing nitrogen, where the nitrogen is 

connected through a carbon spacer unit and not directly substituted into one of the cyclopentadienyl 

rings of ferrocene, have been thoroughly studied and have shown a lot of potential. [41].                                                         

(b) 

Figure 1.1-6 Ferroquine(b) was developed as part of a project to find a replacement for the 

Fc approved antimalarial drug chloroquine [42]. Ferroquine has successfully completed phase II 

clinical trials as of 2011[43]. 

 

(a)                                                          (b) 

Figure 1.1-6  Structures of ferroquine (a) and chloroquine (b) 

 

Ferrocifen, a potential drug target based on ferrocene, has shown great promise. Similar to 

ferroquine, it is derived from tamoxifen, an  Fc approved drug used for breast cancer treatment. 

Ferrocifen belongs to a group of metallocenes that are being studied for their potential use in cancer 

treatment (Figure 1.1-7). [43] 
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Figure 1.1-7: Structure of ferrocifen and tamoxifen 

 

The field of medicinal chemistry is seeing a rise in interest regarding N-

ferrocenylmethylnitroanilines derivatives due to their biological activity as antioxidants  [44–46] and 

potential anticancer drug candidates[8]. Multiple papers discussing the therapeutic benefits of nitrogen 

containing ferrocene derivatives have been published recently[47–51]. 
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1.2 Proteins 

Proteins are crucial molecules that have a vital function in the structure, arrangement, and 

operation of all living organisms. Their functional diversity categorizes them as transport proteins, 

storage proteins, hormones, toxins, enzymes, etc. Proteins are generally composed of amino acid 

monomers organized in a particular manner to execute a precise biological task.[29–31]. 

 

Figure 1.2-1: Amino acids. 

In total, there are 20 L-amino acids with structural similarities that include bonding an amino 

group, a carboxyl group, and a variable side chain to an α-carbon[54]. However, protein differs from 

this basic structure as it possesses a unique ring at the N-end amine group, which results in a fixed 

conformation for the CO-NH amide moiety[53].Figure 1.2-1 clarifies the classification of amino acids 

as polar, nonpolar, hydrophobic, hydrophilic and charged. Peptide bonds covalently bond amino acids 
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together in chains. Short chains (less than 30 amino acids) are referred to as peptides, whereas longer 

chains are referred to as polypeptides or proteins. Peptide bonds are formed when the carboxyl group 

of one amino acid and the amino group of the next amino acid interacted[55]. Figure 1.2-2 illustrates 

the four differentiated dimensions that contribute to the composition of a protein's configuration, 

including primary structure, secondary structure, tertiary structure, and quaternary structure. This 

information is crucial to understanding the intricate makeup of protein molecules. 

 

Figure 1.2-2: Protein structures 

When examining the composition of a protein, it is important to consider its primary, 

secondary, and tertiary structures. The primary structure refers to the sequence of amino acids and the 

presence of covalent linkages such as disulphide bonds. The secondary structure involves areas of the 

protein that fold or coil, including alpha helices and pleated sheets, which are stabilized by hydrogen 

bonding[56]. Tertiary structure refers to the final three-dimensional shape of the protein, which is 

formed by numerous non-covalent interactions between amino acids. These interactions can also lead 

to the formation of quaternary structure, which involves the binding of multiple polypeptides to create 

a larger protein.[57,58]. 
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1.2.1 Protein-Ligand Binding 

Protein-ligand interactions are vital to almost all biological processes. Several strategies and 

ideas have been developed for a better understanding of protein-ligand identification at the molecular 

level. Supportive protein-drug interactions control cellular processes via molecular mechanisms 

involving protein conformational transitions between low and high-affinity states. The availability of 

protein-drug complex structures allows for the development of small molecule drugs for treating 

diseases. HSA interacts with a wide range of therapeutic agents (drugs) in a reversible manner. 

Recognizing the pharmacokinetics and pharmacodynamics of drugs needs a deep comprehension of 

drug-protein interaction mechanisms. When drug molecules enter the bloodstream, they are either 

bound to plasma proteins or exist in free form. Only free drug molecules interact with therapeutic 

targets to produce remedial effects, as unbound drugs diffuse passively into organ tissue and undergo 

metabolism. As a result, understanding drug pharmacokinetics and pharmacodynamics requires an 

understanding of drug binding to albumins[59]. At the atomic level, precise data about the 

fundamental protein-ligand recognition events is required for understanding biological function [60]. 

Consequently, studies on the plasma protein-drug binding site are expected to determine the binding 

parameters that are important when studying a drug profile [61]. The drug-HSA interaction is 

important in drug bioavailability because the bound portion of drugs acts as a depot, whereas the free 

portion of drugs participates in its pharmacological effects[62]. Due to the low protein binding, drugs 

are metabolized and eliminated from the body too quickly, and their long-term therapeutic effect is 

lost. Moreover, drugs with high protein binding, on the other hand, are gradually metabolized and 

excreted, increasing the drug's half-life and causing undesirable effects[63]. Drug absorption, 

distribution, metabolism and excretion properties can be significantly influenced by their binding to 

serum proteins. Furthermore, there is  an evidence of conformational changes in serum albumin caused 

by drug interactions, which may influence its biological function, primarily as a transporter 

protein[64]. As a result, determining a drug's affinity for serum albumin is extremely important. 

Binding to HSA influences drug absorption, metabolism, dispersion and excretion by controlling the 

free, active concentration of a drug, providing a reservoir for a long period of activity, and finally 

influencing drug absorption, metabolism, dispersion, and excretion. Drugs usually bind to one or a 

few high-affinity sites, with association constants ranging from l03 to 106 M-1. 
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1.2.2 Importance Of Transport Proteins 

Transport proteins are important among the various types of proteins because they are involved 

in the transportation of substances across the membrane. Serum albumin is the most abundant 

transport protein in blood plasma, and it is primarily responsible for the transport and metabolism of 

various exogenous and endogenous molecules. These proteins, for example ,transport water-insoluble 

lipids in the bloodstream and are also involved in regulating osmotic blood pressure [65,66]. 

Hemoglobin, which transports oxygen from the lungs to the tissue, is a well-known example of a 

transport protein (Figure 1.2-3)[67,68]. Myoglobin serves a similar function in muscle tissue, 

absorbing oxygen from hemoglobin in the blood and storing or transporting it until the muscle cells 

require it. The cytochromes are a completely different type of carrier molecule[69]. 

 

Figure 1.2-3: Structures of hemoglobin (code: 1GCW, Resolution: 2.00 Å)  

The electron carrier proteins are involved in the electron transport chain which is a part of the 

respiratory process. Competitive inhibition affects the function and properties of these carrier proteins. 

Cyanide binding to cytochrome, for example, inhibits proteins that are essential to the electron 

transport system in respiration. Carbon monoxide binding to hemoglobin has a similar effect on 

organisms.  
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Figure 1.2-4:  Structures of cytochrome c (code: 7MRI, Resolution: 2.46 Å) 

 

1.3 bovine serum albumin 

1.3.1 Crystal structure of BSA 

The amino acid sequence of BSA reveals that it contains 583 amino acid residues, three 

homologous -helical domains (I, II, and III), and a heart-shaped crystal structure. BSA's crystal 

structure was just recently identified. There are two sub-domains (A and B) for each domain [70]. It 

has two tryptophan residues, which are found in the amino acid sequence of the protein at positions 

134 and 213 [71]. Nine loops are also a part of the protein's basic structure, which is joined by 17 

disulphide linkages. These connections enable the protein's structural flexibility, which is brought 

about by different experimental conditions [72]. 
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Figure 1.3-1: A graphic represents the three homologous domains and the nine loops connected by 

17 disulphide linkages in serum albumins' amino acid sequence. 

1.3.2 Binding site of BSA 

Albumin in the blood has a strong preference for small and negatively charged hydrophobic 

molecules. The albumin structure's flexibility makes it easy to bind ligands, and its three-domain 

design provides a variety of binding sites. Albumin has two major and structurally selective binding 

sites for ligand molecules which can be referred to as site I and site II as a result of Sudlow and co-

workers' pioneering work. [73,74]. Sudlow's site I is located in serum albumin subdomain IIA, 

whereas site II is located in serum albumin subdomain III A. Site I ligands are heterocyclic anions 

with the charge located in the molecule's centre. Site II ligands, on the other hand, are aromatic neutral 

molecules with a charge that is more concentrated on the ligand's periphery. Despite the fact that new 

research has revealed evidence supporting the existence of multiple subdomains, it is still widely 
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accepted that this protein contains two high affinities binding sites for small heterocyclic or aromatic 

compounds. 

 

Figure 1.3-2: Major ligand binding sites in serum albumin. 

1.3.3 Physicochemical Property  

BSA's molecular weight has been estimated to be between 65,000 and 69,000 Da  [75,76] . 

The highest absorbance of UV light is between 278.5 and 279 nm. The tryptophan residues in albumin 

dominate its fluorescence, having excitation and emission maxima of 282 nm and 343 nm, 

respectively. Albumin's rotation of polarized light is typical of globular proteins. At 233 nm, there is 

a strong negative Cotton effect. In the UV region, circular dichroism reveals minima at 209 and 222 

nm and a high maximum near 195 nm. Table 1.3-1 I summarize some of the physical properties of 

bovine serum albumin. 

Table 1.3-1: physicochemical properties of bovine serum albumin 

Property Value 

Molecular weight[77] 69 000 Da 

Sedimentation constant SD20 ,W×1013[76] 4.5 

Diffusion constant D20 ,W×107[78] 5.9 
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Partial specific volume 𝑉̅20[79] 0.733 

Intrinsic viscosity [𝜂][80] 0.041 

Overall dimensions A°[81] 41.6×140.9 

Isoelectric point [82] 4.7 

Isoionic point [83] 5.3 

Optical absorbance at 279nm , 1g L-1[84] 0.677 

Mean residue ellipticity × 10-3[85]  

(θ)209nm 21.1 

(θ)222nm 20.1 

Helical content %[86] 54 

1.4 Interactions of Ligands with Serum Albumins 

The binding of ligands with proteins, which is reversible in nature, is revealed through means of 

various weak non-covalent intermolecular interactions that include electrostatic, hydrophobic, 

hydrogen bonding, van der Waals, cation-π, and π-π stacking type interactions. A short description 

about these interactions is given below. 

1.4.1 Hydrogen Bonds 

Hydrogen bonds have played a crucial role in the development of structural biology. They arise 

from a dipole-dipole interaction between an electronegative atom and a hydrogen atom that is covalently 

bonded to nitrogen, oxygen or fluorine [87]. The energy range of a hydrogen bond is relatively low, 

ranging from 5 to 30 kJ/mol, in comparison to covalent bonds, which have a range of 155 kJ/mol [88]. 

Nevertheless, hydrogen bonds are relatively strong compared to Van der Waals forces, yet weaker than 

covalent, ionic, and metallic bonds. These weak bonds can be rapidly formed or broken during binding 

events, conformational changes, or protein folding. Remarkably, thermal fluctuations in biological 

systems can also activate or deactivate hydrogen bonds in specific cases [89]. Hydrogen bonds are 

precise and directional due to their preferred orientations, lengths, and angles. These unique 

characteristics make hydrogen bonds crucial for controlling specific interactions during biological 

identification processes. 
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1.4.2 Hydrophobic interaction 

These types of interactions are  linked to the aggregation tendency of non-polar groups in order to 

minimize their unfavourable interactions with water molecules [90,91].These are leading driving 

elements in stabilizing the protein structure, biomembranes and micelles [92,93]. They are involved 

in various biomolecular recognition events like protein-DNA interactions, protein-ligand and host-

guestbinding as well as in the formation of quaternary protein structure[90]. Hydrophobic interaction 

is a crucial non-covalent force in protein-ligand interaction[94].The interactions between ligands and 

the hydrophobic side chains of proteins also help significantly to the binding free energy. The 

hydrophobicity effect is considered as a  dominant force in most of the drugs like zonisamide[95], 

etoricoxib[96], amoxicillin[97], halothane[98], due to hydrophobic nature of binding pockets of serum 

albumin. 

1.4.3 Van der Waals Interactions 

These interactions are essential in both proteins folding and biomacromolecule-ligand binding 

events. In fact, they are distance-dependent interactions that can be both attractive and repulsive. 

Because of the uneven distribution of electrons within them, these types of interactions appear 

between adjacent uncharged and non-bonded atoms[99]. They are classified into three main types: 

1) Dipole-dipole interaction: the interaction between permanent dipoles. 

2) Dipole-induced dipole interaction: the interaction between a permanent dipole and a temporary 

dipole (formed by the nearby permanent dipole). 

3) London dispersion interaction: the interaction between induced dipoles. 

Such interactions have been well documented in many protein-ligand binding events, such as 

niclosamide-serum proteins (human serum albumin (HSA), hemoglobin (Hb), and globulin)[100], 

malachite green-bovine serum[101]. 

1.4.4 Interactions Mediated by Aromatic Rings 

Aromatic amino acid rings (Phe, Trp, and Tyr) and ligands can interact non-covalently. 

Electrostatic interactions can be used to describe these interactions[102]. For interactions between two 

aromatic systems, parallel geometry (two rings facing each other) and perpendicular geometry are the 

two most common geometries (two aromatic rings are face to edge arrangement). As the "side" atoms 

that are interacting become more acidic—for example, when a highly electron-removing replacement 
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interacts with the ortho- or para position perpendicular interactions take place. There are two different 

kinds of interactions in aromatic rings. 

1.4.4.1 ᴨ-ᴨ Interaction  

The non-covalent interactions between flat aromatic rings are known as ᴨ- stacking or ᴨ- ᴨ 

interactions, which contribute to the energy and directionality of entropy-driven stacking[103]. 

Aromatic amino acid residues contain ᴨ electrons that are distributed above and below the plane of 

the aromatic rings, resulting in a small net negative charge on the ring's face and a positive charge on 

the hydrogen atoms at its edge. This type of interaction plays a crucial role in the self-assembly process 

of amyloid formation and is targeted by many inhibitors containing aromatic rings [104,105], such as 

polyphenols. For example, in the amino glycoside phosphotransferase enzyme (APH (3-IIIa)), a ᴨ- 

stacking interaction occurs between Tyr42 and the adenine ring of the nucleotide, contributing 2 

kcal/mol of binding energy [106]. 

1.4.4.2 Cation-ᴨ Interaction 

The Cation- π-type interactions exist between the ligand's cations and the π electron cloud of 

the aryl rings of various amino acids in proteins. About 26% of all tryptophan in proteins is involved 

in the formation of cation-π type interactions with other amino acids such as lysine and arginine [107]. 

In protein, cationic lysine and arginine can form cation-interactions with the phenylalanine and 

tyrosine aryl rings [108]. Protein-ligand interactions, such as Cys-loop receptors (ligand-gated ion 

channels) with acetylcholine[109], tetrodotoxin binding to Na+ channels[110], are notable examples 

of cation-interactions. 
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2.1 Chemicals, Reagents and Solvents 

Bovine serum albumins (From Biochem Chemopharma) dichloromethane (From Biochem 

Chemopharma 99.99%), ethanol 99% (From Sigma Aldrich), toluene (From Honeywell), N, N-

dimethyl formamide (DMF) (From sigma Aldrich), α-tocopherol (97 %) (From Alfa Aesa), 

tetrabutylammonium tetrafluoroborate (TBPP) (electrochemical grade Sigma-Aldrich 99%) was used 

as supporting electrolyte and its concentration was kept 0.1M. The rest of the reagents are of analytical 

grade. All air and water sensitive reactions were performed in oven dried glassware under a nitrogen 

atmosphere using typical manifold procedures. Nitrogen and oxygen gas were provided from the 

company Linde gas Algérie. (Research grade (99.99%) Compounds that are not described were 

synthesized according to the literature procedures. 

2.2 Techniques 

2.2.1 Cyclic voltammetry technique 

Cyclic voltammetry is a technique used to investigate the electrochemical performance of a 

system, and it is equivalent to double potential step chronoamperometry [111]. Randles and 

Sevcik[112,113] published and described the theory of cyclic voltammetry for the first time in 1938. 

It is the most widely used technique for obtaining qualitative information about the reactions which 

take place in an electrochemical cell system and the potentials at which they actually occur. A cyclic 

voltammogram (CV) is created by applying a predetermined linear potential to an immersed, 

stationary electrode and sweeping between a starting potential (Emin) and a final value (Emax) that 

increases or decreases over time.(Figure 2.2-1)[114].  
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Figure 2.2-1: Potential scan from an initial value (Emin) to final value (Emax) with respect time 

The applied potential causes current to flow through the electrode, either oxidizing or reducing 

the species, making cyclic voltammetry an ideal method for determining concentration. This analytical 

method shows the potential at which the redox process occurs, and the magnitude of this current is 

proportional to the analyte concentration in solution. [114]. The following are the two basic processes 

that occur at the electrode electrolyte surface: 

(a) Capacitive Current:  

Capacitive current is also known as "double-layer current." When an electrode is perturbed, current is 

the result of the assembly or removal of charge particles in the electrode electrolyte interface; it does not include 

any actual charge transfer. [115]. A concentration gradient is formed as a result of the depletion of the electro-

active material at the electrode surface. According to Fick's Law [116] (equation 2.2-1)), the diffusion of the 

reactant towards the electrode surface and the diffusion of the corresponding reaction product away from the 

electrode surface. 

 
𝜕𝐴

𝜕𝑡
= 𝐷

𝜕2𝐴

𝜕𝑥2
 2.2-1) 

 

(b) Faradaic Current: 

Faradaic current is produced by non-adsorptive electrochemical reactions that take place at the 

electrode interface at the electrode surface. Faraday's Law (equation 2.8)[117], controls the redox 

reaction which states that the amount of charged species (oxidant) transferred is proportional to the 

number of moles of reactant converted. 
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[𝐵]0
= 𝑒𝑛𝐹/𝑅𝑇 

 

2.2-2) 

 

Figure 2.2-2: The cyclic voltammogram of a Nernstian electrochemical reaction.  

Electron transfer is not rate dependent in an electrochemically reversible process, and the rate 

of electron transfer is fast enough to keep the oxidized and reduced forms of redox species in 

equilibrium at the electrode surface [118]. CV can be used to determine the parameters Ip (Ipa and 

Ipc), Ep (Epa and Epc), and Ep (Epa-Epc) for both oxidation and reduction reactions under a given 

experimental condition [119]. Understanding the electrode process and the reversibility of the 

electrochemical reactions provided by these parameters is critical [120,121] reversible reaction: 

The ratio of peak currents at the anode (Ipa) to peak currents at the cathode (Ipc) is one:  

 |
𝐼𝑝𝑎

𝐼𝑝𝑐
| = 1 (2.2-3) 

 

According to the Randles-Sevcik equation, peak currents are proportional to the square root of the 

scan rate V1/2:  
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 𝐼𝑝𝑎 = 0.4463 𝑛𝐹𝐶𝐴 (
𝑧𝐹𝑣𝐷

𝑅𝑇
)

1/2

 2.2-4) 

 

Which is simplified in: 

 𝐼𝑝𝑎 = 2.69 × 105𝑛3/2𝐶𝐴𝐷1/2𝑣1/2 (2.2-5) 

Where n is the number of electron equivalent exchanged during the redox process, F is the 

Faraday’s constant (96485 C/mol), C is the bulk concentration (mol/dm3), A is the active area of the 

working electrode (dm2), υ is the voltage scan rate (V/s), D is the diffusion coefficient (dm2/s), R is 

the universal gas constant (8.314 J/mol. K), T is the temperature (K) and Ipa is the anodic peak current 

(A). 

The redox couple potential Ep (against SHE) and the peak potential are related as follows: 

 𝐸𝑝 = (𝐸𝑝𝑐 + 𝐸𝑝𝑎)/2 (2.2-6) 

The positions of peak potential are independent from the scan rate. 

The voltage separation between the two peak potentials can be calculated as follows when n 

electrons are involved in the reaction:  

 ΔE = 𝐸𝑝𝑐 − 𝐸𝑝𝑎 = (
59

𝑛
) 𝑚𝑉 (2.2-7) 

In the study of the BSA-Fc interaction, the peak currents at the anodic and cathodic zones in 

the voltammogram of the Fc are first traced. The shifted profiles were then monitored as BSA was 

gradually added. This interaction's titration is given by the equation[122,123]: 

 log
1

[𝐵𝑆𝐴]
= log 𝐾𝑏 + 𝑙𝑜𝑔

𝑖𝑝

𝑖𝑝0 − 𝑖𝑝
 (2.2-8) 

Where ip0 and ip are currents in the absence and presence of BSA respectively and Kb is the 

binding constant and [BSA] signifies molar concentration of BSA. Therefore, the plot of log (1/ [ 

BSA]) versus log(ip/(ip0-ip)) gives a straight line and the value of Kb can be determined from the 

antilog of the intercept of the line on the Y-axis. 
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2.2.2 UV/VIS technique 

Absorption of visible UV Spectroscopy is the most widely used spectroscopic tool for obtaining 

information about the formation of protein-ligand complexes. It determines how much radiation is 

absorbed as a function of frequency or wavelength when it interacts with a sample. Any change in the 

sample's environment alters the relative energy of the ground and excited states, resulting in spectral 

shifts. [124,125]. 

The absorbance (A) of an absorber (concentration C) having a molar extinction coefficient ε at 

a given wavelength λ is expressed by the equation (Beer’s law) [126]: 

 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 (𝐴) = 𝑙𝑜𝑔
𝐼0

𝐼
= 𝜀𝑙𝐶 (2.2-9) 

Where A is absorbance (optical density), Io and I are the intensity of the incident and transmitted 

light, C is the concentration of the light absorbing species and l is the path length of the light absorbing 

medium. 

Benesi and Hildebrand described a graphical method for determining the binding constant (Kb) 

and molar extinction coefficient (ε) of 1:1 electron donor-acceptor complexes formed between species 

donor (Fc) and acceptor (BSA)[127].The binding constant (K) and molar absorptivity (ε) of the (Fc-

BSA) association complex were calculated using the equation below.  

 
 

(2.2-10) 

The Benesi-Hildebrand analysis of Kb involves the measurement of the [Fc-BSA] absorbance. 

In plots of 0 0A / ( A A ) versus1/ [ ]BSA  gave a slope of f / ( b f  ) is given by the ratio of the 

slope to the intercept. Values for Kb with a magnitude order of 105 M-1 are thought to indicate a 

relatively strong interaction between BSA and metal complexes. [128,129]. 
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(2.2-11) 

Where 0A  and A  are the absorbencies of the ligands and their adducts with BSA, respectively,  

f , b  are respectively their extinction coefficients. 
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2.2.3 Protein-drug Docking 

Through the use of a computational tool, in silico methods can aid in the identification of drug 

targets and the visualization of interaction[130,131]. They can also be used to analyse target structures 

for potential binding or active sites, generate candidate molecules and test for drug likeness, which 

should be able to rank them, as well as identify the true binding mode for a given ligand and estimate 

its binding affinity. As a result, a scoring function should be capable of not only distinguishing and 

ranking various similar alternatives. Understanding the binding mode and affinity between interacting 

molecules requires an understanding of protein tertiary structure. Handling the flexibility of the 

protein receptor efficiently is currently regarded as one of the most difficult challenges in the field of 

docking. Protein flexibility can have a significant impact on binding-site location and 

orientation[132]. Protein-drug interactions are crucial in a wide range of biological processes and 

disease treatments. Studies in this area may provide information about the structural features of 

proteins, which may influence the therapeutic efficacy of drugs. 

Molecular Docking 

Molecular docking is a popular computational tool for studying molecular recognition, with 

the goal of predicting the binding mode and affinity of a complex formed by two or more constituent 

molecules with known structures. Protein-ligand docking, as shown in (Figure 2.2-3), is an important 

type of molecular docking because of its therapeutic applications in modern structure-based drug 

design. Many biological processes rely on the binding of small molecule ligands to large protein 

targets. 

 

Figure 2.2-3: Elements in molecular docking[133]. 

Different experimental study methods, such as cyclic voltammetry and electron spectroscopy, 

generally allow for studying receptor-ligand interactions and determining binding energy, but 
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predictive methods using simulation, in addition to these experimental approaches, are required to 

understand how a receptor interacts with a ligand [108]. The most widely used predictive approach in 

medical and pharmaceutical research is molecular docking simulation. In the field of medical and 

pharmaceutical research, molecular docking simulation is the most widely used predictive method. 

Protein-ligand docking is a particularly important and well-established methodology in the field of 

molecular docking, and an important part of the current drug discovery process [132,134,135]. As 

shown in the illustration, recent advances in protein-ligand docking are based on two aspects rigid 

body docking and flexible docking[136](Figure 2.2-3) 

AutoDock 

AutoDock software, which is the latest version 4.0, applies molecular dynamics to anticipate 

the docking of a flexible ligand with a rigid protein binding site based on the protein region 

encompassing the binding site and the substrate[137] . It uses the AMBER force field in combination 

with free energy scoring functions and an extensive collection of protein-ligand complexes with 

established protein-ligand constants to attain the highest level of predictive accuracy and 

computational efficiency. 

Pymol 

PyMOL is an independent molecular visualization software that is widely adopted by protein 

crystallographers because of its flexibility, speed, and exceptional rendering quality. It is extensively 

utilized in creating figures for scientific publications that report fresh macromolecular structures 

[138,139]. The software was created by Warren DeLano and is proficiently operated using abbreviated 

menus and/or command scripting language [140], which requires a certain level of familiarity to use 

effectively. 

Binding site prediction 

Protein-ligand binding sites are the active regions present on the surface of proteins that perform 

crucial functions, and therefore, the detection of these sites is often the initial step in exploring protein 

activities and developing structure-based drugs. The analysis of the active sites, i.e., the ligand binding 

sites, of the receptor protein was carried out using Prank Web (http://prankweb.cz/). The binding sites 

are comprised of residues that are positioned within the active sites and act as catalytic residues 

[141,142]. 

http://prankweb.cz/
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2.3 Experimental  

2.3.1 Cyclic Voltammetry Experiments 

Cyclic voltammetry experiments were performed using a three-electrode electrochemical cell 

of a volume of 12 mL containing a glassy carbon (GC) working electrode with a geometric area of 

0.013 cm2, a platinum wire as counter (auxiliary), and a Hg/Hg2Cl2 paste covered wire as reference 

electrode on a PGZ301 potentiostat/galvanostat (Radiometer Analytical SAS, France). 

For the cyclic voltammetry characterisation tests of the synthesized ferrocene derivatives, 

voltammograms of 10 mM solutions of each derivative in acetonitrile were initially acquired at a scan 

rate of potential equal to 100 mV.s-1, and subsequently voltammograms were recorded at scan rates 

of potential equal to 200, 300, 400, and 500 mV.s-1. 

For BSA interaction study, voltammograms of 1 mM solutions of each ferrocene derivative were 

recorded in ethanol/PBS (90:10) solution at pH = 7.2 with supporting electrolyte 0.1 M TBFP in the 

absence of BSA after degassing the solution from oxygen for at least 10 minutes with bubbling 

nitrogen gas. The procedure was then repeated with increasing concentrations of BSA. After each 

electrochemical assay, the working electrode was polished. 

2.3.2 UV-Vis Experiments 

UV-Vis tests were carried out using a UV-Vis spectrometer (Shimadzu 1800) and a quartz 

voltametric cell with a volumetric capacity of 5 mL. Data was collected using a Pentium IV (4.0 GHz 

CPU and 4 Gb RAM) microcomputer with UV probe software version 2.34. (Shimadzu). OriginLab 

software version 2.0 was used for graphs plots, and calculations (Integral Software, France). 

For UV-Vis characterization experiments of the synthesized ferrocene derivatives, the spectrum 

of 1 mM solution of each derivative in acetonitrile was obtained at room temperature. 

For BSA interaction study, spectrums of 1 mM solution of each ferrocene derivative were 

recorded in ethanol/PBS (90:10) solution at pH = 7.2 in the absence of BSA, then repeated with 

increasing concentration of BSA. 

In order to study HHb interactions, the electronic spectra of 0.1 mM HHb in ethanol/PBS (90:10) 

solution at pH = 7.2  was obtained in the absence of ferrocene derivatives. The spectroscopic response 

of the same quantity of HHB was then measured after the addition of a solution of each ferrocene 

derivative in the same solvent at gradually increasing concentrations. 
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2.3.3 Molecular Docking experiments 

All docking studies were conducted on a Pentium 3.30 GHz with RAM 4.00 Go 256 MB 

memory running Windows 10. The AutoDock 4.2 program, which is based on the Lamarckian Genetic 

Algorithm (LGA) plus GA search, was utilized for docking calculations. Docking simulations were 

done using the default parameters, and the number of runs was set to 50 with 150 persons and 

2,500,000 energy assessments. The search was carried out in a grid of 41 and 51 points per dimension, 

separated by 1.000 Å. The grid centres determined by (prankweb.cz) web servers and sizes for each 

ligand were 40×40×40Å3, with a step size of 0.375 centred on the binding site of BSA. The best 

conformation with the lowest docking energy was chosen. At the completion of the docking runs, 

several binding energies of the ligands with their corresponding conformations were acquired; the best 

energetically advantageous docked pose was utilized in the docking analysis. 
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3.1 General Procedure for the Synthesis of N-ferrocnylmethylanilines 

derivatives 

Reaction of nitroaniline or aminobenzonitrile with the well-known quaternary salt 

trimethylferrocenylmethylammonium iodide produces the corresponding N- 

(ferrocenylmethyl)nitroaniline or N-(ferrocenylmethylamino) benzonitrile derivatives respectively 

(Figure 3.1-1).  Experimental data and procedure of preparation for the obtained derivatives are 

reported in literature [143,144]. 

 

Figure 3.1-1: Synthesis of N-ferrocnylmethylanilines derivatives 

X = H X = 2-NO2 X = 2-CN 

 X = 3-NO2 X = 3-CN 

 X = 4-NO2 X = 4-CN 

Table 3.1-1: Principal results obtained from the Synthesis of N-ferrocnylmethylanilines derivatives 

Entry Substrate Product Yield (%) mp oC  Time (h) 

1 Aniline N-ferrocenylmethylaniline 85 110 5 

2 2-nitroaniline N-(ferrocenylmethyl)-2-nitroaniline 89 (92*) 112 7 

3 3-nitroaniline N-(ferrocenylmethyl)-3-nitroaniline 73 (95*) 117 6 

4 4-nitroaniline N-(ferrocenylmethyl)-4-nitroaniline 90 (94*) 114 6 

5 2-aminobenzonitrile 2-(ferrocenylmethylamino)benzonitrile 92 (95.5*) 127 8 

6 3-aminobenzonitrile 3-(ferrocenylmethylamino)benzonitrile 62 (47*) 128 7 

7 4-aminobenzonitrile 4-(ferrocenylmethylamino)benzonitrile 65 (92.7*) 134 6 
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3.2 Acylation of N-ferrocnylmethylaniline derivatives  

3.2.1 N-FERROCENYLMETHYL -N-PHENYLBENZAMIDE (FMAA) 

3.2.1.1 Synthesis of N-ferrocenylmethyl-N-phenylbenzamide 

In a 100 mL three-necked round-bottom flask, N-ferrocenylmethyl aniline (200 mg, 0.45 mmol) 

and 4-nitrobenzoyl chloride (116 mg, 0.68 mmol) were dissolved in 50 mL DCM in the presence of 

pyridine (37µl ,0.45 mmol), the obtained mixture is stirred under an atmosphere of   nitrogen for one 

hour. The evolution of the reaction was followed by TLC.  reaction mixture was extracted with a 

solution of hydrochloric acid (6M) to remove any trace of unreacted pyridine, washed with water, and 

dried over MgSO4. The solvent was removed under vacuum, and the obtained residue was purified 

on a silica gel column chromatography using a mixture of DCM and toluene (90:10) as eluent. 

Evaporation of the solvent   gave an orange solid product which was recrystallized in 90% 

ethanol/water to offer a red crystalline plate (yield 54%, m.p. 152.5 °C)  

 

Figure 3.2-1: Chemical structure of N-ferrocenylmethyl-N-phenylbenzamide 

3.2.1.2    Cyclic voltametric characterization       

N-ferrocenylmethyl-N-phenylbenzamide was dissolved in DCM solution containing 0.1 M 

TBAP as a supporting electrolyte. Measurements were carried out in 2×10-3 M solution at room 

temperature in the potential range from 0 to 1 V for FMA and 0 to 0.9V for FMAA with scan rate 

0.1Vs-1.  
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Figure 3.2-2: Cyclic voltammogram of FMA (red line) and FMAA (black line) recorded at 0.1V.s−1 

potential sweep rate on a Pt disk electrode at 298K 

the ratio ipa/ipc is equal to unity and the redox potential E1/2 is found equal to 545 mV/SCE for 

FMA and 580 mV/SCE for FMAA. The shift of potential towards left can be attributed to the electron 

withdrawing nature of the substituted nitro groups. The ΔEp value for the peak-to-peak separation of 

the cathodic and anodic peak of the Fc3+/Fc2+ couple was 72 mV, which is close to the ideal value of 

60 mV for fully reversible one-electron processes [145,146]. 

Equation (2.2-5) is used to calculate the diffusion coefficient of FMAA based on the succession of 

cyclic voltammograms shown in Figure 3.2-3. 



Chapter 3 : Synthesis and Characterization 

33 

0.0 0.2 0.4 0.6 0.8 1.0

-60

-40

-20

0

20

40

60

80

C
u

rr
e

n
t 

d
e
n

s
it

y
 [

µ
A

/c
m

²]

Potential [mV]

 100 mV/s

 200 mV/s

 300 mV/s

 400 mV/s

 500 mV/s

 

Figure 3.2-3:  cyclic voltammograms of 100 µM of FMAA at different scan rates (0.1-0.2-0.3-0.4-

0.5 V.s−1)  at 298 K on a Pt electrode 
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Figure 3.2-4: Anodic peak current vs. square root of scan rate for FMA(a) and FMAA(b) 

The linearity of the relation between the square root of the scan rates and the anodic peak current 

density for both FMA(a) and FMAA(b) demonstrated that the redox process was controlled by the 

diffusion step. The diffusion coefficients were calculated using the slopes of Randles–Sevcik plots. 

Obtained electrochemical parameters are shown in the Table 3.2-1. 
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Table 3.2-1: The electrochemical parameters of FMA and FMAA 

Adduct 
Formal potential 

(Ea-Ec) (mV) 

Half wave 

potential E1/2 (mV) 

Current ratio 

ipa/ipc 

Diffusion coefficient 

D (cm2.s-1) 

FMA 77 545 1.00 1.524×107 

FMAA 72 580 0.99 1.237×107 

 

3.2.1.3 Spectroscopy Characterization 

3.2.1.3.1 UV-visible Spectroscopic characterization 

The UV/Vis spectra  of DCM solutions of FMAA are shown in Figure 3.2-5. Spectrum has absorption 

bands at 267 nm that corresponds to π→π*. So, electronic transitions can be described by ligand-

center transition. 

250 300 350 400

0.0

0.5

1.0

1.5

2.0

 

 

A
b

so
rb

a
n

ce

Wavelength nm

 

Figure 3.2-5: Electronic spectra of FMAA in DCM,  concentration: 10-4 M. 

3.2.1.3.2 IR characterization 

The FTIR spectrum of the product is shown in Figure 3.2-6. The figure shows a characteristic 

absorption peak due to the N-H of amine group at 1656 cm-1 disappeared, C=O stretching vibration 

appeared at 1645.21 cm-1. The main characteristic bands 3105.91 cm-1 correspond to C–H bond 

stretch. The stretching band of C-N is at 1287.09 cm-1, the C=C stretch of the aromatic carbons is at 

1593.70 cm-1. The bands at 1517.66 and 1344.73 cm-1 correspond to N-O bond stretch, while the 
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ferrocene cyclopentadienyl ring and C-H bending vibration appeared respectively at 1108.03 and 

1008.69 cm-1 indicating that the product is monosubstituted. 
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Figure 3.2-6: IR spectrum of N-ferrocenylmethyl-N-phenylbenzamide 

3.2.1.3.3 Proton NMR characterization 

The 1H, NMR spectrum of N-ferrocenylmethylaniline, Figure 3.2-7 shows all the expected 

peaks for the nineteen protons of AN. The 9 protons of the α and β protons of the substituted 

cyclopentadienyl ring of ferrocene and unsubstituted cyclopentadienyl ring resonated at δ = 4.09 ppm. 

The two protons of the methylene group are shifted at δ = 4.30 ppm, this shift is attributed to the 

electron donor effect of the nitrogen atom. The nine aromatic protons of the two phenyl groups 

resonated respectively at δ = 7.05 (2H, H8), 7.16 (1H, H9), 7.22 (2H, H7), 7.48 (2H, H12) and δ =8.03 

(2H, H13) ppm. 



Chapter 3 : Synthesis and Characterization 

36 

 

Figure 3.2-7: 1H NMR spectrum of N-ferrocenylmethyl-N-phenylbenzamide 

3.2.2 N-ferrocenylméthyl-3-nitro-N-(4-nitrophenyl)benzamide (FM3NA) 

3.2.2.1 Synthesis of N-ferrocenylméthyl-3-nitro-N-(4-nitrophenyl)benzamide 

In a 100 mL three-necked round-bottom flask, N-ferrocenylmethyl-3-ntroaniline (200 mg, 0.41 

mmol) and 4-nitrobenzoyl chloride (166 mg, 0.62 mmol) were dissolved in 50 mL DCM in the 

presence of pyridine (33µl ,0.41 mmol), the obtained mixture is stirred under an atmosphere of   

nitrogen for 1.5 hour. The evolution of the reaction was followed by TLC.  reaction mixture was 

extracted with a solution of hydrochloric acid (6M) to remove any trace of unreacted pyridine, washed 

with water, and dried over MgSO4. The solvent was removed under vacuum, and the obtained residue 

was purified on a silica gel column chromatography using a mixture of DCM and toluene (95:05) as 

eluent. Evaporation of the solvent   gave an orange solid product which was recrystallized in 90% 

ethanol/water to offer a red orange needle (yield 48%, m.p. 124.4 °C).  
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Figure 3.2-8: Chemical structure of N-ferrocenylméthyl-3-nitro-N-(4-nitrophenyl)benzamide 

3.2.2.2    Cyclic voltametric characterization       

N-ferrocenylméthyl-3-nitro-N-(4-nitrophenyl)benzamide was dissolved in DCM solution 

containing 0.1 M TBAP as a supporting electrolyte. Measurements were carried out in 2×10-3 M 

solution at room temperature in the potential range from 0 to 1 V for FM3N and FM3NA with scan 

rate 0.1Vs-1.  
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Figure 3.2-9: Cyclic voltammogram of FM3N (red line) and FM3NA (black line) was recorded at 

0.1V s−1 potential sweep rate on Pt disk electrode at 298K 

Cyclic voltammograms of solutions containing FM3N and FM3NA are shown in Figure 3.2-9. 

the ratio ipa/ipc is equal to unity and the redox potential E1/2 is found equal to 591 mV/SCE for FM3N 
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and 633 mV/SCE for FM3NA. The shift of potential towards left can be attributed to the electron 

withdrawing nature of the substituted nitro groups. The ΔEp value for the peak-to-peak separation of 

the cathodic and anodic peak of the Fc3+/Fc2+ couple was 90 mV, which is close to the ideal value of 

60 mV for fully reversible one-electron processes 

Equation (2.2-5) is used to calculate the diffusion coefficient of FM3NA based on the succession of 

cyclic voltammograms shown in Figure 3.2-10. 
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Figure 3.2-10: cyclic voltammograms of 100 µM of FM3NA at different scan rates (0.1-0.2-0.3-

0.4-0.5 V.s−1)  at 298 K on Pt electrode 
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Figure 3.2-11 Anodic peak current vs. square root of scan rate for FM3N (a) and FM3NA (b) 

The linearity of the relation between the square root of the scan rates and the anodic peak current 

density for both FM3N (a) and FM3NA (b) demonstrated that the redox process was controlled by the 



Chapter 3 : Synthesis and Characterization 

39 

diffusion step. The diffusion coefficients were calculated using the slopes of Randles–Sevcik plots. 

The electrochemical parameters are shown in the Table 3.2-2. 

Table 3.2-2: The electrochemical parameters of FM3N and FM3NA 

Adduct 
Formal potential 

(Ea-Ec) (mV) 

Half wave 

potential E1/2 (mV) 

Current ratio 

ipa/ipc 

Diffusion coefficient 

D (cm2.s-1) 

FM3N 103 591 1 2.67×107 

FM3NA 90 633 1 2.09×107 

 

3.2.2.3 Spectroscopy Characterization 

3.2.2.3.1 UV-visible Spectroscopic characterization 

The UV/Vis spectra of DCM solutions of FM3NA are shown in Figure 3.2-12. Spectrum has 

absorption bands at 258 nm that corresponds to π→π*. So, electronic transitions can be described by 

ligand-centre transition. 
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Figure 3.2-12 : Electronic spectra of FM3NA in DCM, Concentration: 10-4 M. 

3.2.2.3.2 IR characterization 

The FTIR spectrum of the product is shown in Figure 3.2-13.The figure shows a characteristic 

absorption peak due to the N-H of amine group at 1616.49 cm-1 disappeared, C=O stretching vibration 

appeared at 1647.92 cm-1. The main characteristic bands 3112.83 cm-1 correspond to C–H bond 

stretch. The stretching band of C-N is at 1263.56 cm-1, the C=C stretch of the aromatic carbons is at 

1607.40 cm-1. The bands at 1528.26 and 1338.49 cm-1 correspond to N-O bond stretch, while the 
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ferrocene cyclopentadienyl ring and C-H bending vibration appeared respectively at 1105.22 and 

1004.90 cm-1 indicating that the product is monosubstituted. 
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Figure 3.2-13: IR spectrum of FM3NA 

3.2.2.3.3 Proton NMR characterization 

The 1H, NMR spectrum of N-ferrocenylméthyl-3-nitro-N-(4-nitrophenyl)benzamide, Figure 

3.2-14, shows all the expected peaks for the nineteen protons of FM3NA. The 9 protons of the α and 

β protons of the substituted cyclopentadienyl ring of ferrocene and unsubstituted cyclopentadienyl 

ring resonated at δ = 4.12 ppm. The two protons of the methylene group are shifted at δ = 4.90 ppm, 

this shift is attributed to electron donor effect of the nitrogen atom. The eight aromatic protons of the 

phenyl groups resonated respectively at δ = 7.40 (1H, H8), 7.45 (1H, H7), 7.69 (1H, H9), 7.58 (2H, 

H13), 8.01 (1H, H10) and δ =8.07 (2H, H14) ppm. 
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Figure 3.2-14: 1H NMR spectrum of FM3NA 

3.2.3 N-ferrocenylméthyl-4-nitro-N-(4-nitrophenyl)benzamide (FM4NA) 

3.2.3.1 Synthesis of N-ferrocenylméthyl-4-nitro-N-(4-nitrophenyl)benzamide 

In a 100 mL three-necked round-bottom flask, N-ferrocenylmethyl-4-ntroaniline (180 mg, 0.37 

mmol) and 4-nitrobenzoyl chloride (94 mg, 0.56 mmol) were dissolved in 50 mL DCM in the presence 

of pyridine (30µl ,0.37 mmol), the obtained mixture is stirred under an atmosphere of   nitrogen for 

two hours. The evolution of the reaction was followed by TLC.  reaction mixture was extracted with 

a solution of hydrochloric acid (6M) to remove any trace of unreacted pyridine, washed with water, 

and dried over MgSO4. The solvent was removed under vacuum, and the obtained residue was 

purified on a silica gel column chromatography using a mixture of DCM and petroleum ether (90:10) 

as eluent. Evaporation of the solvent   gave a red-orange solid product which was recrystallized in 

90% ethanol/water to offer a red needle (yield 52%, m.p. 140.5 °C).  
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Figure 3.2-15:  Chemical structure of N-ferrocenylméthyl-4-nitro-N-(4-nitrophenyl)benzamide 

 

3.2.3.2 Cyclic voltametric characterization       

N-ferrocenylméthyl-4-nitro-N-(4-nitrophenyl)benzamide was dissolved in DCM solution 

containing 0.1 M TBAP as a supporting electrolyte. Measurements were carried out in 2×10-3 M 

solution at room temperature in the potential range from 0 to 1 V for FM4N and 0 to 0.9V for FM4NA 

with scan rate 0.1Vs-1.  
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Figure 3.2-16:  Cyclic voltammogram of FM4N (red line) and FM4NA (black line) was recorded at 

0.1V s−1 potential sweep rate on Pt disk electrode at 298K 

Cyclic voltammograms of solutions containing FM4N and FM4NA shown in Figure 3.2-16. 

the ratio ipa/ipc is equal to unity  and the redox potential E1/2 is found equal to 566 mV/SCE for FM4N 

and 631  mV/SCE for FM4NA. The shift of potential towards left can be attributed  to the electron 

withdrawing nature of the substituted nitro groups. The ΔEp value for the peak-to-peak separation of 
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the cathodic and anodic peak of the Fc3+/Fc2+ couple was 81 mV, which is close to the ideal value of 

60 mV for fully reversible one-electron processes 

Equation (2.2-5) is used to calculate the diffusion coefficient of FM4NA based on the succession of 

cyclic voltammograms shown in Figure 3.2-18. 
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Figure 3.2-17 : cyclic voltammograms of 100 µM of FM4NA at different scan rates (0.1-0.2-0.3-

0.4-0.5 V.s−1)  at 298 K on Pt electrode 
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Figure 3.2-18 : Anodic peak current vs. square root of scan rate for FM4N (a) and FM4NA (b) 

The linearity of the relation between the square root of the scan rates and the anodic peak current 

density for both FM4N (a) and FM4NA (b) demonstrated that the redox process was controlled by the 

diffusion step. The diffusion coefficients were calculated using the slopes of Randles–Sevcik plots. 

Obtained electrochemical parameters are shown in the Table 3.2-3. 
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Table 3.2-3: The electrochemical parameters of FM4N and FM4NA 

Adduct 
Formal potential 

(Ea-Ec) (mV) 

Half wave 

potential E1/2 (mV) 

Current ratio 

ipa/ipc 

Diffusion coefficient 

D (cm2.s-1) 

FM4N 76 566 1 8.10×108 

FM4NA 81 631 1 6.62×108 

3.2.3.3 Spectroscopy Characterization 

3.2.3.3.1 UV-visible Spectroscopic characterization 

The UV/Vis spectra of DCM solutions of FM4NA are shown in Figure 3.2-19. Spectrum has 

absorption bands at 269 nm that corresponds to π→π*. So, electronic transitions can be described by 

ligand-centre transition. 
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Figure 3.2-19 : Electronic spectra of FM4NA in DCM, Concentration: 10-4 M. 

3.2.3.3.2 IR characterization 

The FTIR spectrum of the product is shown in Figure 3.2-20.The figure shows a characteristic 

absorption peak due to the N-H of amine group at 1628.58   cm-1 disappeared, C=O stretching 

vibration appeared at 1670 cm-1 . The main characteristic bands 3112.05  cm-1 correspond to C–H 

bond stretch. The stretching band of C-N is at 1273.60 cm-1,  the C=C stretch of the aromatic carbons 

is at 1593.70 cm-1. The bands at 1108.03 and 1024.63 cm-1 correspond to N-O bond stretch, while the 
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ferrocene cyclopentadienyl ring and C-H bending vibration appeared respectively at 1108.03 and 

1024.63   cm-1 indicating that the product is monosubstituted 
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Figure 3.2-20:  IR spectrum of FM4NA 

3.2.3.3.3 Proton NMR characterization 

The 1H, NMR spectrum of N-ferrocenylméthyl-4-nitro-N-(4-nitrophenyl)benzamide, Figure 3.2-21, 

shows all the expected peaks for the nineteen protons of  FM4NA. The 9 protons of the α and β protons 

of the substituted cyclopentadienyl ring of ferrocene and unsubstituted cyclopentadienyl ring 

resonated at δ = 4.10 ppm. The two protons of the methylene group are shifted at δ = 4.90 ppm, this 

shift is attributed to electron donor effect of the nitrogen atom. The eight aromatic protons of the 

phenyl groups resonated respectively at δ = 7.36 (2H, H7), 7.55 (2H, H12) and δ =8.07 (4H, H8 and 

H13) ppm 
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Figure 3.2-21: 1H NMR spectrum of FM4NA 

3.2.4 N-ferrocenylmethyl-N-(3-cyanophenyl)-4-nitrobenzamide (FM3CA) 

3.2.4.1 Synthesis of N-ferrocenylmethyl-N-(3-cyanophenyl)-4-nitrobenzamide 

In a 100 mL three-necked round-bottom flask, N-ferrocenylmethyl-3-ntroaniline (150 mg , 0.32 

mmol) and 4-nitrobenzoyl chloride (82 mg, 0.48 mmol) were dissolved in 50 mL DCM in the presence 

of pyridine (26µl ,0.32 mmol), the obtained mixture  is stirred under an atmosphere of   nitrogen for 

50 minutes . The  evolution of the reaction was followed by TLC.  reaction mixture was extracted 

with a solution of hydrochloric acid (6M) to remove any trace of unreacted pyridine,  washed with 

water, and dried over MgSO4. The solvent was removed under vacuum, and the obtained residue was 

purified  on a silica gel column chromatography using  a mixture of DCM and toluene (80:20) as 

eluent. Evaporation of the solvent   gave a brown solid product which was recrystallized in 90% 

ethanol/water to offer  a golden needle (yield 59% , m.p. 139.1 °C).  
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Figure 3.2-22: Chemical structure of N-ferrocenylmethyl-N-(3-cyanophenyl)-4-nitrobenzamide 

 

3.2.4.2    Cyclic voltametric characterization      

N-ferrocenylmethyl-N-(3-cyanophenyl)-4-nitrobenzamide was dissolved in DCM solution 

containing 0.1 M TBAP as a supporting electrolyte. Measurements were carried out in 2×10-3 M 

solution at room temperature in the potential range from 0 to 1 V for FM3C and FM3CA with scan 

rate 0.1Vs-1.  
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Figure 3.2-23: Cyclic voltammogram of FM3C (red line) and FM3CA (black line) was recorded at 

0.1V s−1 potential sweep rate on Pt disk electrode at 298K 

Cyclic voltammograms of solutions containing FM2N and FM2NA shown in Figure 3.2-23.   

the ratio ipa/ipc is equal to unity  and the redox potential E1/2 is found equal to 581 mV/SCE for FM3C 
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and 613  mV/SCE for FM3CA. The shift of potential towards left can be attributed  to the electron 

withdrawing nature of the substituted nitro groups. The ΔEp value for the peak-to-peak separation of 

the cathodic and anodic peak of the Fc3+/Fc2+ couple was 75 mV, which is close to the ideal value of 

60 mV for fully reversible one-electron processes 

Equation (2.2-5) is used to calculate the diffusion coefficient of FM3CA based on the succession 

of cyclic voltammograms shown in Figure 3.2-24. 
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Figure 3.2-24: cyclic voltammograms of 100 µM of FM3CA at different scan rates (0.1-0.2-0.3-0.4-

0.5 V.s−1)  at 298 K on Pt electrode 
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Figure 3.2-25: Anodic peak current vs. square root of scan rate for FM3C (a) and FM3CA (b) 

The linearity of the relation between the square root of the scan rates and the anodic peak current 

density for both FM3C (a) and FM3CA (b) demonstrated that the redox process was controlled by the 
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diffusion step. The diffusion coefficients were calculated using the slopes of Randles–Sevcik plots. 

Obtained electrochemical parameters are shown in the  Figure 3.2-4 

Table 3.2-4: The electrochemical parameters of FM3C and FM3CA 

Adduct 
Formal potential 

(Ea-Ec) (mV) 

Half wave 

potential E1/2 (mV) 

Current ratio 

ipa/ipc 

Diffusion coefficient 

D (cm2.s-1) 

FM3C 79 581 0.96 1.28×107 

FM3CA 75 613 0.99 1.19×107 

 

3.2.4.3  Spectroscopy Characterization 

3.2.4.3.1 UV-visible Spectroscopic characterization 

The UV/Vis spectra of DCM solutions of FM3CA are shown in Figure 3.2-27. Spectrum has 

absorption bands at 302 nm that corresponds to π→π*. So, electronic transitions can be described by 

ligand-centre transition. 
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Figure 3.2-26: Electronic spectra of FM3CA in DCM, Concentration: 10-5 M. 

3.2.4.3.2 IR characterization 

The FTIR spectrum of the product is shown in Figure 3.2-27. The figure shows a characteristic 

absorption peak due to the N-H of amine group at 1606.82    cm-1 disappeared, C=O stretching 

vibration appeared at 1647.24  cm-1 . The main characteristic bands 3112.49  cm-1 correspond to C–

H bond stretch. The stretching band of C-N is at 1268.81 cm-1,  the C=C stretch of the aromatic carbons 

is at 1589.77 cm-1. The bands at 1518.86 and 1345.69  cm-1 correspond to N-O bond stretch, while the 

ferrocene cyclopentadienyl ring and C-H bending vibration appeared respectively at 1108.33 and 

1002.33    cm-1 indicating that the product is monosubstituted 
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Figure 3.2-27:  IR spectrum of FM3CA 

3.2.4.3.3 Proton NMR characterization 

The 1H, NMR spectrum of N-ferrocenylmethyl-N-(3-cyanophenyl)-4-nitrobenzamide, Figure 

3.2-28, shows all the expected peaks for the nineteen protons of FM3CA. The 9 protons of the α and 

β protons of the substituted cyclopentadienyl ring of ferrocene and unsubstituted cyclopentadienyl 

ring resonated at δ = 4.10 ppm. The two protons of the methylene group are shifted at δ = 4.88 ppm, 

this shift is attributed to electron donor effect of the nitrogen atom. The eight aromatic protons of the 

phenyl groups resonated respectively at δ = 7.29 (1H, H8), 7.37 (1H, H9), 7.54 (2H, H13), 7.63 (1H, 

H7), 7.78 (1H, H10) and δ =8.08 (2H, H14) ppm. 

 

Figure 3.2-28: 1H NMR spectrum of FM3CA 
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3.2.5 N-ferrocenylmethyl-N-(4-cyanophenyl)-4-nitrobenzamide (FM4CA) 

3.2.5.1 Synthesis of N-ferrocenylmethyl-N-(4-cyanophenyl)-4-nitrobenzamide 

In a 100 mL three-necked round-bottom flask, N-ferrocenylmethyl-4-ntroaniline (150 mg , 0.32 

mmol) and 4-nitrobenzoyl chloride (82 mg, 0.48 mmol) were dissolved in 50 mL DCM in the presence 

of pyridine (26µl ,0.32 mmol), the obtained mixture  is stirred under an atmosphere of   nitrogen for 

50 minutes . The  evolution of the reaction was followed by TLC.  reaction mixture was extracted 

with a solution of hydrochloric acid (6M) to remove any trace of unreacted pyridine,  washed with 

water, and dried over MgSO4. The solvent was removed under vacuum, and the obtained residue was 

purified  on a silica gel column chromatography using  a mixture of DCM and toluene (90:10) as 

eluent. Evaporation of the solvent   gave a yellow solid product which was recrystallized in 90% 

ethanol/water to offer  a golden yellow cubic (yield 57% , m.p. 128.7 °C)  

 

Figure 3.2-29: Chemical structure of N-ferrocenylmethyl-N-phenylbenzamide 

3.2.5.2 Cyclic voltametric characterization      

N-ferrocenylmethyl-N-(4-cyanophenyl)-4-nitrobenzamide was dissolved in DCM solution 

containing 0.1 M TBAP as a supporting electrolyte. Measurements were carried out in 2×10-3 M 

solution at room temperature in the potential range from 0 to 1 V for FM4C and FM4CA with scan 

rate 0.1Vs-1.  
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Figure 3.2-30: Cyclic voltammogram of FM4C (red line) and FM4CA (black line) was recorded at 

0.1V s−1 potential sweep rate on Pt disk electrode at 298K 

Cyclic voltammograms of solutions containing FM4C and FM4CA shown in Figure 3.2-30.  

the ratio ipa/ipc is equal to unity  and the redox potential E1/2 is found equal to 557 mV/SCE for FM4C 

and 612  mV/SCE for FM4CA. The shift of potential towards left can be attributed  to the electron 

withdrawing nature of the substituted nitro groups. The ΔEp value for the peak-to-peak separation of 

the cathodic and anodic peak of the Fc3+/Fc2+ couple was 76 mV, which is close to the ideal value of 

60 mV for fully reversible one-electron processes 

Equation (2.2-5) is used to calculate the diffusion coefficient of FM4CA based on the succession of 

cyclic voltammograms shown in Figure 3.2-31. 
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Figure 3.2-31: cyclic voltammograms of 100 µM of FM4CA at different scan rates (0.1-0.2-0.3-0.4-

0.5 V.s−1)  at 298 K on Pt electrode 
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Figure 3.2-32: Anodic peak current vs. square root of scan rate for FM4C (a) and FM4CA (b) 

The linearity of the relation between the square root of the scan rates and the anodic peak current 

density for both FM4C (a) and FM4CA (b) demonstrated that the redox process was controlled by the 

diffusion step. The diffusion coefficients were calculated using the slopes of Randles–Sevcik plots. 

Obtained electrochemical parameters are shown in the  Table 3.2-5. 

Table 3.2-5: The electrochemical parameters of FM4C and FM4CA  

Adduct 
Formal potential 

(Ea-Ec) (mV) 

Half wave 

potential E1/2 (mV) 

Current ratio 

ipa/ipc 

Diffusion coefficient 

D (cm2.s-1) 

FM4C 75 557 0.97 1.42×107 

FM4CA 76 612 0.99 1.21×107 

 

3.2.5.3 Spectroscopy Characterization 

3.2.5.3.1 UV-visible Spectroscopic characterization 

The UV/Vis spectra of DCM solutions of FM4CA are shown in Figure 3.2-33. Spectrum has 

absorption bands at 259 nm that corresponds to π→π*. So, electronic transitions can be described by 

ligand-centre transition. 
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Figure 3.2-33: Electronic spectra of FM4CA 

3.2.5.3.2 IR characterization 

The FTIR spectrum of the product is shown in Figure 3.2-34. The figure shows a characteristic 

absorption peak due to the N-H of amine group at 1604.41    cm-1 disappeared, C=O stretching 

vibration appeared at 1640.21 cm-1 . The main characteristic bands 3102.23 cm-1 correspond to C–H 

bond stretch. The stretching band of C-N is at 1273.60 cm-1,  the C=C stretch of the aromatic carbons 

is at 1601.01 cm-1. The bands at 1517.66 and 1344.73   cm-1 correspond to N-O bond stretch, while 

the ferrocene cyclopentadienyl ring and C-H bending vibration appeared respectively at 1100.67 and 

1008.69    cm-1 indicating that the product is monosubstituted 
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Figure 3.2-34: IR spectrum of FM4CA 

3.2.5.3.3 Proton NMR characterization 

The 1H, NMR spectrum of N-ferrocenylmethyl-N-(4-cyanophenyl)-4-nitrobenzamide, Figure 

3.2-35, shows all the expected peaks for the nineteen protons of ANC4. The 9 protons of the α and β 

protons of the substituted cyclopentadienyl ring of ferrocene and unsubstituted cyclopentadienyl ring 

resonated at δ = 4.10 ppm. The two protons of the methylene group are shifted at δ = 4.91 ppm, this 

shift is attributed to electron donor effect of the nitrogen atom. The eight aromatic protons of the 

phenyl groups resonated respectively at δ = 7.28 (2H, H8), 7.71 (2H, H7), 7.52 (2H, H12) and δ =8.07 

(2H, H13) ppm. 

 

 

Figure 3.2-35: 1H NMR spectrum of FM4CA 
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4.1 the study of the interaction of FcDB-BSA  

4.1.1 Electrochemical BSA interaction study 

Cyclic voltammetry was employed to investigate the interactions between synthesised 

ferrocenylmethylaniline derivatives and BSA in physiological pH using phosphate buffer solution at 

pH=7.2 [147]. BSA. Stock solutions were prepared by dissolving known amounts of BSA in 10 mL 

of double-distilled water, The concentration of the substance was evaluated based on the extinction 

coefficient of 44,300 M−1.cm−1 at 280 nm. The stock solutions were used within a period of 5 days 

post-preparation and were stored at a temperature of 4 °C until their usage. The  method involves the 

registration of voltammograms for each derivative's 1 mM solution in ethanol/PBS (90:10) solution 

with 0.1 M TBFP as the supporting electrolyte. The voltammograms are recorded both in the presence 

and absence of BSA, while maintaining a pH value of 7.2. 

 After every electrochemical assay the working electrode was polished and the solution was 

degassed from oxygen by bubbling nitrogen gas for at least 15 minutes[148,149].  

4.1.1.1 Binding constants 

The interaction between FcDB and bovine serum albumin (BSA) was assessed by evaluating 

the shift in peak potential and reduction in peak height [150]. A decline in peak height and shift in 

peak negativity was observed when FcDB was titrated with BSA, up to an addition of approximately 

5 µM BSA. 
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Figure 4.1-1: The cyclic voltammograms of 1 mM FcDB were obtained by performing a potential 

sweep rate of 0.1V s−1 on a GC disk electrode at 298K. The measurements were taken in the 

presence and absence of increasing concentrations of BSA in ethanol/PBS (90:10) solution with a 

pH of 7.2, using 0.1 M TBFP as a supporting electrolyte. 

The association of FcDB with BSA leads to the formation of a complex, the thermodynamic 

properties of which can provide valuable insights into the binding or formation constant, expressed in 

units of  M−1. The Kb values of the FcDB-BSA complexes were calculated by utilizing the peak current 

values according to the given equation.(4.1-1). 
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(4.1-1) 

 

Where [BSA] is the BSA concentration, Kb represents the binding constant, and i0 and i indicate 

the anodic peak current density of the free and BSA-bound ligands respectively 

The linear form of the f(1/C) = i/(i0-i) extracted from the above voltammogram are shown below 
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Figure 4.1-2: Log/ (1/[BSA]) versus log i/(i0-i) for FcDB with varying concentration of BSA used 

to calculate the binding constant of BSA- FcDB product. 

The Gibbs free energy equation (4.1-2) and formation constant data were used to determine ΔG,  

the obtained values are given in Table 4.1-1 . 

Where ∆G represents the free binding energy in KJmol−1, R represents the gas constant, 8.32 

Jmol−1K−1 while, T represents the absolute temperature, 298 K 

 ΔG (kJmol.1-1) =  RTlnKb 4.1-2) 
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Table 4.1-1: Binding constant and binding free energy values 

Adduct Equation R2 Kb (M-1) ΔG (KJ.mol-1) 

BSA –FMA y = 1,113x + 4,895 0.994 7.85×104 -27.95 

BSA – FM2N y = 0,664x + 5,317 0.989 2.07×105 -30.35 

BSA – FM3N y = 0,931x + 5,480 0.991 2.512×105 -30.82 

BSA – FM4N y = 1.087x + 4.919 0.983 8.297×104 -28.08 

BSA – FM2C y = 0,830x + 5,482 0.975 3.034×105 -31.29 

BSA – FM3C y = 1.086x + 4.919 0.983 1.621×105 -29.74 

BSA – FM4C y = 0,651x + 5,522 0.996 3.326×105 -31.52 

 

The binding free energy obtained indicates the magnitude and sign of the interaction between 

the investigated ligands and BSA, with the former being indicative of the electrostatic mode and the 

latter indicating the spontaneity of the interaction [151]. 

4.1.1.2 Ratio of binding constants  

The voltammograms depicted in Figure 4.1-3, which illustrate the cyclic voltammograms of a 

1 mM FcDB solution in the absence and presence of BSA, can be utilized to determine the ratio of 

binding constants between the reduced form of FcDB and BSA and its oxidized form, [FcDB]+. The 

addition of BSA leads to a shift in the anodic and cathodic peak potential values, which can be 

employed to calculate the binding constant ratio [152].  
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Figure 4.1-3: The cyclic voltammograms were recorded for a 1 mM concentration of the 

investigated FcDB compounds, both in the presence (indicated by the red line) and absence 

(indicated by the black line) of BSA, at a scan rate of 100 mV.s-1  

In instances where the introduction of BSA causes a shift in the values of both anodic and 

cathodic peak potentials, the equilibrium principles outlined below may be employed [153], 

 
Figure 4.1-4: Redox process of the free and BSA bounded FcDB 

 

By utilizing the Nernst relation to the equilibriums presented in Figure 4.1-3, the ensuing 

equation (4.1-3) is derived. 

The formal potentials of the FcDB+/FcDB couple for both free and BSA-bound compounds are 

represented as 
0

f
E  and  

0

b
E , respectively. The voltammograms presented in Figure 4.1-3 were used 

to calculate the formal potential shift, which is summarized in Table 4.1-2. Additionally, the ratios of 

binding constants were determined using equation (4.1-3) with appropriate replacements. 

Table 4.1-2: The information obtained from the FcDB in its free form and when bound to BSA was 

utilized in the computation of the ratio of binding constants. 

Entry Epa Epc E°(V) ΔE°(mV) Kred/Kox 

FMA 0.411 0.292 0.352 -24 

 
2.3 

BSA-FMA 0.388 0.268 0.328 

FM2N 0.458 0.424 0.350 
-28.5 3.08 

BSA- FM2N 0.353 0.330 0.342 

FM3N 0.439 0.318 0.379 
-19 2.14 

BSA- FM3N 0.412 0.278 0.345 

FM4N 0.495 0.368 0.432 
-73.25 17.44 

BSA- FM4N 0.397 0.319 0.358 

 
∆𝐸0 = 𝐸𝑏

0 − 𝐸𝑓
0 = 𝐸0(FcDB − BSA) − 𝐸0(BSA) = 0.061

𝑘𝑜𝑥

𝑘𝑟𝑒𝑑
 (4.1-3) 
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FM2C 0.470 0.353 0.412 
-23 2.50 

BSA- FM2C 0.448 0.328 0.408 

FM3C 0.448 0.293 0.371 
-19 2.09 

BSA- FM3C 0.421 0.282 0.352 

FM4C 0.450 0.314 0.382 
-23 2.45 

BSA- FM4C 0.425 0.293 0.359 

 

Based on the ratios of binding constants obtained, it can be inferred that the reduced form of 

FcDB exhibits stronger binding affinity towards BSA when compared to its oxidized forms [FcDB+]. 

4.1.1.3 Diffusion coefficients 

The electrochemical behavior of the free and BSA-bound FcDB was utilized to obtain their 

respective diffusion coefficients, as illustrated in Figure 4.1-5. Cyclic voltammograms were recorded 

for 1 mM of FcDB in both the absence and presence of BSA while varying the potential scan rates. 

These voltammograms demonstrated well-defined and stable redox peaks, which were associated with 

the redox process of FcDB. 
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Figure 4.1-5: Cyclic voltammetry was performed on 1 mM of FcDB in a solution of ethanol/PBS 

(90:10) with various scan rates (0.1 , 0.2 ,0.3 ,0.4 and 0.5 V·s-1) in both the absence and presence of 

BSA. 

The Randles–Sevcik equation was used to determinate the coefficient of diffusion of the free 

form of the FcDB and the bound form FcDB -BSA 

where i is the peak current (A), A is the surface area of the electrode (cm2), C is the bulk 

concentration (mol.cm-3) of the electro active species, D is the diffusion coefficient (cm2.s-1) and v is 

the scan rate (V.s-1) 

 𝑖 = 2.69 × 105𝑛3⁄2𝐴𝐶𝐷1/2𝑣1/2  (4.1-4) 
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Figure 4.1-6: ia =f (v1/2) plots of FcDB (1 mM) in the absence of BSA (a) and presence BSA (b) at 

scan rates ranging from 0.1 to 0.5 V.s-1 in a solution of ethanol/PBS (90:10) 

The correlation between FcDB-BSA, as illustrated in equation (4.1-4), implies that the redox 

process is kinetically regulated by the diffusion step. The diffusion coefficients were calculated using 

the slopes of the Randles-Sevcik plots and are presented in Table 4.1-3. Notably, the diffusion 

coefficient of FcDB bound to BSA was considerably lower than that of free FcDB. 

Table 4.1-3: Values of diffusion constants were obtained for both the free and BSA-bound forms of 

FcDB. 

Compound Equation R² D(cm2.s-1) 

FMA 7.626x – 0.025 0.999 11.886 × 10-7 

BSA-FMA 6.783x – 1.021 0.999 9.402 × 10-7 

FM2N y = 4.813x + 0.829 0.999 4.736 × 10-7 

BSA- FM2N y = 1.637x + 0.527 0.999 3.107 × 10-7 

FM3N y = 4.886x + 6.004 0.999 4.880 × 10-7 

BSA- FM3N y = 2.005x + 0.946 0.998 2.154 × 10-7 

FM4N y = 3.196x - 3.221 0.999 8.351 × 10-7 

BSA- FM4N y = 1.968x + 0.397 0.995 6.649 × 10-7 

FM2C y = 4.37x + 7.04 0.999 3.895 × 10-7 

BSA- FM2C y = 2.92x + 13.729 0.985 1.749 × 10-7 

FM3C y = 7.68x + 11.13 0.993 12.081 × 10-7 

BSA- FM3C y = 6.86x + 8.85 0.999 9.615 × 10-7 

FM4C y = 5.47x + 13.456 0.998 6.109 × 10-7 
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BSA- FM4C y = 3.905x + 19.99 0.995 3.118 × 10-7 

 

The reduced diffusion coefficient observed for FcDB-BSA when compared to FcDB can be 

attributed to the larger molecular weight of the FcDB-BSA complex. 

4.1.2 Electronic spectroscopy BSA interaction study 

UV-Vis spectroscopy was utilized as a straightforward technique to explore the interaction 

between BSA and FcDB. Figure 4.1-7  displays the electronic absorption spectra of 0.5 M in a 

solution of ethanol/PBS (90:10) with a pH of 7.2 in the presence of varying concentrations of BSA, 

as well as in its absence. The absorbance of FcDB was detected around 400 nm, which is attributed to 

the π→π∗ transition in the conjugated ring of the ferrocene moiety [154]. Any modification in the 

UV-Vis absorption spectra of metal complexes due to the addition of BSA was considered as proof 

of the existence of an interaction between them. The maximum absorption of FcDB at this wavelength 

exhibited a slight hypochromic and bathochromic shift with the incremental addition of BSA. 
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Figure 4.1-7:  Absorbance spectra of FcDB, with increasing concentrations of BSA (0–22.5 

μM).The concentration of FcDB was fixed at 1 mM at physiological pH 7.2 

 𝐴0

𝐴 − 𝐴0
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𝐾𝑏[𝐵𝑆𝐴]
 (4.1-5) 
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Based upon the increase in absorbance, the binding constant (Kb) was calculated according to 

Benesi-Hildebrand equation (4.1-5) 

 Where, A0 and A are the absorbance of FcDB and FcDB -BSA respectively, ε0 and ε are the 

absorption coefficients of FcDB and FcDB -BSA respectively  

The slope to intercept ratio of the plot between A0/(A- A0) vs. 1 / [BSA] yielded the binding 

constant  
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Figure 4.1-8: The plot of (A0 / (A-A0) versus 1 / [BSA] was used to calculate the binding constants 

Table 4.1-4 contains the computed values of binding constants and their corresponding free 

binding energies, which were determined using equation (4.1-5). 

 

Table 4.1-4: Binding constant and binding free energy values 

Adduct Equation R2 Kb (M-1) ΔG (KJ.mol-1) 

BSA –FMA y = -6.802x – 0.366 0.999 5.381×104 -27.01 

BSA –FM2N y = -1,063x - 0,213 0.999 2.01× 104 -30.27 

BSA – FM3N y = -1,210x - 0,306 0.999 2,53 × 104 -30.84 

BSA – FM4N y = -1,466x - 0,173 0.994 1.18 × 105 -28.96 

BSA –FM2C y = -1,587x - 0,473 0.990 2.98× 104 -31.25 

BSA – FM3C y = -1,495x - 0,208 0.999 1.39× 104 -29.36 

BSA – FM4C y = -1,558x -0,509 0.998 3.26× 104 -31.47 
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4.1.3 Molecular docking BSA interaction study 

To further understand the binding mode and direction of the studied compounds with BSA, 

molecular docking was utilized. The purpose of this was to confirm and interpret the results obtained 

from the voltametric and spectroscopic measurements, as well as explore additional information on 

the preferred binding site and mode. Through molecular docking, the interactions between the ligands 

and BSA were simulated and visualized, allowing for a more comprehensive analysis of the binding 

mode and the interactions established between the compounds and BSA in the active site of the 

receptor 

4.1.3.1 Structural optimization 

In this study, Density Functional Theory (DFT) was utilized to optimize the molecular structures 

of the compounds without any symmetry constraints, using the Gaussian 09 package. The B3LYP 

exchange functional of Becke and the Lee-Yang-Parr correlation functional were utilized, and the 6-

311++G(d,p) basis set was employed for the calculations. The optimized structures of the compounds 

are presented in  Figure 4.1-9. 
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Figure 4.1-9: The optimized structures of FcDB have been depicted using ORTEP View 03, V1.08, 

where hydrogen is indicated by white, carbon by grey, iron by green, and nitrogen by blue color 

codes. 

4.1.3.2 Binding site determination 

The Prank Web server analysis showed that there were 9 potential binding sites, which can be 

seen in Figure 4.1-10. Additionally, the Proteins BSA (RCSB, PDB code: 4f5u) server research 

identified four potential binding sites (Table 4.1-5), with the more highly-scored pockets being 

considered more likely to be druggable. The druggability of a target refers to the ability of a binding 

site to accommodate small molecules in terms of their physicochemical properties such as size, shape, 

electrostatics, and hydrophobicity, allowing them to bind with high affinity. Furthermore, it also 

involves the ability to bind small molecules that possess certain physicochemical properties, which 

place them in the "drug-like" property space, indicating that the binding site is suitable for interaction. 

FM4N 

 

FM4C 

 



Chapter 4 : BSA interaction study 

75 

 
 

Figure 4.1-10: Predicted binding pockets:  surface view of BSA (code: 4f5u)  

All coloured spaces represent the active site. Data related to it is mentioned in the following 

Table 4.1-5 

Table 4.1-5: The active sites on BSA from Prankweb server 

Name Rank Score Probability 
Grid Canter 

X Y Z 

pocket1 1 13.46 0.705 12.89 42.94 72.51 

pocket2 2 3.38 0.125 3.91 45.61 55.35 

pocket3 3 3.07 0.104 22.27 30.41 85.66 

pocket4 4 2.04 0.044 14.32 56.02 71.57 

pocket5 5 2.03 0.043 4.29 31.81 77.37 

pocket6 6 1.82 0.034 18.14 33.23 63.77 

pocket7 7 1.36 0.016 14.07 27.55 63.25 

pocket8 8 1.21 0.012 7.22 33.88 73.60 

pocket9 9 0.78 0.003 -22.22 59.25 69.40 

The first binding site has the highest pocket score, value of 13.46, which contained  the 

following residues A_149 A_190 A_194 A_198 A_213 A_217 A_218 A_221 A_237 A_241 A_290.  
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Pocket 9 has the smallest cavity 7 amino acids (number  A_45 A_46 A_49 A_61 A_64 A_69 A_72 

A_73 )  and the lowest affinity  binding 0.78. 

4.1.3.3 Molecular docking studies 

The docking studies of the FcDB ligand into BSA were achieved using AutoDock 4.2. The 

crystal structure of BSA, with a resolution of 2.04 A°, was downloaded from the protein data bank 

(RCSB, PDB code: 4f5u). For the program and all analysed derivatives, the size of the grid map in 

the focus docking calculations for ligands compounds was set to 40×40×40 A3 in the x, y, and z 

directions with a grid point spacing of 0.375 A. Docking analysis was performed on the stable 

conformation with the lowest binding energy [155]. The interaction was generated with PLIP 

webservice and visualizer by PyMOL software., which was represented in Figure 4.1-11 
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FM2N FM2C 



Chapter 4 : BSA interaction study 

77 

 

 

 
 

Figure 4.1-11: Representation 3D Structures of BSA (PDB code:4f5u) 

All data related to BSA-FcDB interactions in the best active site is explained in the following table 

Table 4.1-6: Binding constant and binding free energy values 

Complex K (M-1) ΔG (KJ.mol-1) The number of runs pocket 

BSA –FMA 7.50×104 -27.83 36 2 

BSA –FM2N 2.52×105 -30.84 48 1 

BSA – FM3N 2.29×105 -30.60 48 1 

BSA – FM4N 9.82×104 -28.50 40 1 

BSA –FM2C 3.0×105 -31.27 28 2 

FM3N 

 

FM3N 

 

FM3C 

FM4C 
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BSA – FM3C 1.65×105 -29.80 46 2 

BSA – FM4C 3.42×105 -31.60 1 2 

 

 Results from molecular docking analysis revealed that all designed  compounds have acquired 

the binding site region with better binding energy, the energy which represent affinities range from -

27 KJ/mol to -31 KJ/mol. Based on the docking results, FcDB has the lowest energy , whereas 4FMBA 

has the highest binding affinity. FMA and FMN derivative ligands are located in pocket 1 , and it 

formed strong inter-molecular interactions with BSA . FMC derivative ligands are located in pocket 

2. The results of the docking study are in accordance with cyclic voltammetry and spectroscopic 

approaches techniques, which provide important information on the mechanism of binding of the 

FcDB complex to BSA. 

According to the findings of molecular docking analysis, the binding process between FcDB 

and BSA involves hydrogen bonding, hydrophobic forces, and π-cation interaction. The interaction 

between FcDB and the nearby residues in the active site of BSA is demonstrated in Figure 4.1-12. 

Additionally, the Protein-Ligand Interaction, an automated web service for identifying relevant 

non-covalent protein-ligand contacts in 3-D structures, was employed to detect the interactions 

between each FcDB molecule and the surrounding amino acid residues. The interactions were then 

examined and visualized using PyMOL software. 

 

FMA 
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Figure 4.1-12: The PLIP web service generated the optimal docking poses for BSA-FcDB, 

highlighting the hydrophobic and hydrogen bond interactions. In the resulting image, the elements 

are color-coded: white represents hydrogen, red represents oxygen, blue represents nitrogen, and 
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brown represents iron. The interactions are identified by their respective colors: hydrogen bonds are 

represented in blue, hydrophobic forces in silver, π-stacking in green, and π-cation in orange.  

The tables presented below summarize the type of interactions, distances, and the residues 

involved in the interactions. 

Table 4.1-7: The hydrophobic interactions occurring between the ligands FcDB and BSA are being 

examined. 

Sample code Residue Amino acid Distance (Å) 

FMA 

110A PRO 3.80 

114A LYS 3.09 

144A ARG 3.60 

146A PRO 3.98 

189A LEU 3.53 

196A ARG 3.52 

FM2N 

439A LEU 3.31 

443A GLU 3.28 

446A PRO 3.66 

446A PRO 3.24 

FM3N 

194A LYS 3.66 

213A TRP 3.14 

213A TRP 3.63 

291A GLU 3.80 

293A LYS 3.41 

450A ASN 3.21 

FM4N 

194A LYS 3.49 

213A TRP 3.13 

443A GLU 3.50 

446A PRO 3.31 

446A PRO 3.97 

450A ASN 3.20 
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454A LEU 3.66 

FM2C 

114A LYS 3.71 

115A LEU 3.06 

185A ARG 3.24 

185A LYS 3.61 

185A IYS 3.05 

FM3C 
114A LYS 3.15 

189A LEU 3.51 

FM4C 

112A LEU 3.65 

114A LYS 3.24 

144A ARG 3.22 

189A LEU 3.59 

 

Table 4.1-8: Hydrogen bonding the ligands FcDB and BSA 

Sample code Residue Amino acid H-A D-A 

FMA 

108A ASP 1.77 2.68 

145A HIS 2.97 3.54 

458A ARG 2.43 3.13 

458A ARG 3.32 3.87 

FM2N 

217A ARG 3.33 4.04 

291A GLU 3.05 3.63 

293A LYS 3.05 3.63 

FM3N 

217A ARG 2.85 3.46 

217A ARG 2.89 3.46 

450A ASN 2.33 3.18 

FM4N 

217A ARG 3.31 4.00 

450A ASN 2.55 3.46 

451A HIS 3.57 4.10 
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FM2C 

115A LEU 1.99 2.96 

144A ARG 2.59 3.27 

145A HIS 2.40 3.08 

185A LYS 3.43 3.78 

FM4C 144A ARG 1.81 2.66 

 

Table 4.1-9: π-stacking interactions between ligands 

Sample code Residue Amino acid Distance (Å) 

FMA 185A LYS 4.95 

FM2N 451A HIS 4.30 

FM4N 
194A LYS 4.24 

435A ARG 5.06 

FM3C 
185A LYS 4.56 

458A ARG 3.92 

FM4C 
145A HIS 3.95 

458A ARG 3.53 

 

The aforementioned Tables provide evidence that the ligand FcDB interacted with BSA via 

hydrogen bonding and hydrophobic forces. Table 4.2-6 lists the specific residues and amino acids 

that participated in these interactions. Additionally, Table 4.2-7 presents the measured distances 

between the hydrogen atoms and the receptor atoms (H-A), as well as between the donor and receptor 

atoms (H-D). Furthermore, the results of molecular docking simulations suggest a π-π stacking 

interaction between the positively charged amino acid residue and the phenyl cycle of the ligand. 

FMA was found to have strong binding to BSA with hydrophobic interactions at PRO110, 

LYS114, ARG144, PRO146, LEU189 and ARG196 residues and forms a series of hydrogen bonds 

with ASP108, HIS145, ARG458 residue and π-cation interaction with LYS185 of distance 4.95 

angstroms of BSA protein. 

Docking study shows that FM2N attaches to LEU439, GLU443, PRO446 and PRO446 residues 

via hydrophobic interactions and creates three hydrogen bonds with LEU439, GLU443 and PRO446 

residues.  
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Figure 4.1-12 depicts the binding conformation and binding site residues of FM3N. 5 hydrogen 

LYS194, TRP213, GLU291, LYS293 and ASN450 bonds are formed with FM3N, whilst other BSA 

hydrophobic residues are distributed between FM3N (LYS194, TRP213, GLU291, LYS293 and 

ASN450) and pi-cation interaction with LYS194, ARG435 of distance 4.24, 5.06 angstroms of BSA 

protein respectively. 

Figure 4.1-12 shows the interaction of FM4N with BSA. Six hydrogen bonds were observed 

between the ligand and the amino acid residues LYS194, TRP213, GLU443, PRO446, ASN450, and 

LEU454. Also,  a series hydrophobic interaction with LYS194, TRP213, GLU443, PRO446, PRO446, 

PRO446, ASN450 and LEU454 residues were formed. 

FM2C binds strongly to BSA, having hydrophobic contacts at LYS114, LEU115, ARG185, 

LYS185, and IYS185 residues and hydrogen bonds with LYS114, LEU115, ARG185, LYS185, and 

IYS185 residues. 

Figure 4.1-12 represents the hydrogen bond interaction FM3C with LYS114 and LEU189.Also 

bind by hydrophobic interactions at LYS114 and LEU189 residues. two electrostatic interactions were 

also seen between the π electron cloud of fused aromatic ring and LYS185 and ARG458 residues. 

FM4C was discovered to have strong binding to BSA, with hydrophobic contacts at LEU112, 

LYS114, ARG144, and LEU189 residues, four hydrogen bonds with LEU112, LYS114, ARG144, 

and LEU189 residues, and a pi-cation interaction with HIS145, AGR458 of 3.95, 3.53 angstroms. 

In terms of molecular interaction and mechanism, the molecular docking results have well 

validated the experimental data. which were validated by in silico results. 

Table 4.1-10:  Binding parameters (k and ΔG) of FcDB compounds obtained from CV, UV-vis and 

docking methods. 

Method CV Uv-vis Docking 

Complex K (M-1) 
ΔG 

(KJ.mol-1) 
K (M-1) 

ΔG 

(KJ.mol-1) 
K (M-1) 

 ΔG 

(KJ.mol-1) 

BSA –FMA 7.85×104 -27.95 5.381×104 -27.01 7.50×104 -27.83 

BSA –FM2N 2.07×105 -30.35 2.01× 104 -30.27 2.52×105 -30.84 

BSA – FM3N 2.51×105 -30.82 2,53 × 104 -30.84 2.29×105 -30.60 

BSA – FM4N 8.30×104 -28.08 1.18 × 105 -28.96 9.82×104 -28.50 
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BSA –FM2C 3.03×105 -31.29 2.98× 104 -31.25 3.0×105 -31.27 

BSA – FM3C 1.62×105 -29.74 1.39× 104 -29.36 1.65×105 -29.80 

BSA – FM4C 3.33×105 -31.52 3.26× 104 -31.47 3.42×105 -31.60 

 

4.2 The study of the interaction of FcDA-BSA  

4.2.1 Electrochemical BSA interaction study 

4.2.1.1 Binding constants 

By observing the shift in peak potential and the reduction in peak height, it can be inferred that 

there was an interaction between the sample and BSA. The experimental results indicate a negative 

shift in peak potential and a decrease in peak height upon titration with BSA. 
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Figure 4.2-1: The cyclic voltammograms of 1 mM FcDA were obtained by performing a potential 

sweep rate of 0.1V s−1 on a GC disk electrode at 298K. The measurements were taken in the 

presence and absence of increasing concentrations of BSA in ethanol/PBS (90:10) solution with a 

pH of 7.2, using 0.1 M TBFP as a supporting electrolyte. 

The interaction of FcDA with a BSA results in complex and the thermodynamic of this complex 

can yield the information about binding or formation constant Kb (M
−1). Kb values of FcDA –BSA 

complexes were determined using the peak current values and following equation (4.1-1) 

The linear form of the f(1/C)=i/(i0-i)extracted from the above voltammogram 
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Figure 4.2-2: Log/ (1/[BSA]) versus log i/(i0-i) for FcDA with varying concentration of BSA used 

to calculate the binding constant of BSA- FcDA product. 

The Gibbs free energy equation (4.1-2) and formation constant data were used to evaluate ΔG 

and the obtained values are given in Table 4.1-1 . 
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Table 4.2-1: Binding constant and binding free energy values 

Adduct Equation R2 Kb (M-1) ΔG (KJ.mol-1) 

BSA –FMAA y = 1,382x + 4,908 0,993 7.94×104 -27.97 

BSA –FM3NA y = 0,916x + 5,031 0.996 1.07×105 -28.71 

BSA –FM4NA y = 0.593x + 5.444 0.991 2.75×105 -31.06 

BSA –FM3CA y = 0,847x + 5,192 0.989 1.55×105 -29.62 

BSA –FM4CA y = 0.647x + 5.450 0.993 2.82×105 -31.11 

 

The obtained binding free energy, in terms of both its order of magnitude and sign, provides 

insights into the nature of the interactions between the ligands and BSA. Specifically, the electrostatic 

mode of the interactions can be determined from the order of magnitude of the binding free energy, 

while the spontaneity of the interactions can be inferred from the sign of the binding free energy. 

4.2.1.2 Ratio of binding constants  

The voltammograms depicted in Figure 4.2-3, which illustrate the cyclic voltammograms of a 

2 mM FcDA solution in the absence and presence of BSA, can be utilized to determine the ratio of 

binding constants between the reduced form of FcDA and BSA and its oxidized form, [FcDA]+. The 

addition of BSA leads to a shift in the anodic and cathodic peak potential values, which can be 

employed to calculate the binding constant ratio [152].  
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Figure 4.2-3: The cyclic voltammograms were recorded for a 2 mM concentration of the 

investigated FcDA compounds, both in the presence (indicated by the red line) and absence 

(indicated by the black line) of BSA, at a scan rate of 100 mV.s-1 

In instances where the introduction of BSA causes a shift in the values of both anodic and 

cathodic peak potentials, the equilibrium principles outlined below may be employed [153], 
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Figure 4.2-4: Redox process of the studied compounds with BSA and FcDA 

By utilizing the Nernst relation to the equilibriums presented in Figure 4.1-4, the ensuing 

equation (4.1-3) is derived 

 The formal potential shift 0E  calculated based on the voltammograms of Figure 4.2-4, are 

summarized in Table 4.2-2. The ratios of the binding constants were calculated from equation (4.1-3) 

by replacing 0E   

The formal potentials of the FcDA+/FcDA couple for both free and BSA-bound compounds are 

represented as   and   , respectively. The voltammograms presented in Figure 4.2-4 were used to 

calculate the formal potential shift, which is summarized in Table 4.2-2. Additionally, the ratios of 

binding constants were determined using equation (4.1-3) with appropriate replacements. 

Table 4.2-2: The information obtained from the FcDA in its free form and when bound to BSA was 

utilized in the computation of the ratio of binding constants. 

Entry Epa Epc E°(V) ΔE°(mV) Kred/Kox 

FMAA 0.498 0.393 0.446 
70 15.36 

BSA- FMAA 0.428 0.323 0.376 

FA3NA 0.552 0.457 0.505 
67 13.66 

BSA- FA3NA 0.482 0.393 0.438 

FA4NA 0.510 0.390 0.450 
29 3.04 

BSA- FA4NA 0.484 0.359 0.422 

FA3CA 0.603 0.506 0.555 
72 16.61 

BSA- FA3CA 0.527 0.438 0.483 

FA4CA 0.509 0.412 0.461 
32 3.49 

BSA- FA4CA 0.480 0.377 0.429 

Based on the obtained ratios of the binding constants, it can be concluded that the reduced form 

of the ligands exhibits stronger binding affinity towards BSA compared to the oxidised form. 
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4.2.1.3 Diffusion coefficients 

The electrochemical behavior of the free and BSA-bound FcDA was utilized to obtain their 

respective diffusion coefficients, as illustrated in Figure 4.2-5. Cyclic voltammograms were recorded 

for 2 mM of FcDA in both the absence and presence of BSA while varying the potential scan rates. 

These voltammograms demonstrated well-defined and stable redox peaks, which were associated with 

the redox process of FcDA 
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Figure 4.2-5: Cyclic voltammetry was performed on 2 mM of FcDA in a solution of ethanol/PBS 

(90:10) with various scan rates (0.1 , 0.2 ,0.3 ,0.4 and 0.5 V·s-1) in both the absence and presence of 

BSA.                                                                                                                                                    
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The Randles–Sevcik equation (4.1-4) was used to determinate the coefficient of diffusion of the free 

form of the FMA and the bound form of FMA-BSA 
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Figure 4.2-6: ia =f (v1/2) plots of FcDA (2 mM) in the absence of BSA (a) and presence BSA (b) at 

scan rates ranging from 0.1 to 0.5 V.s-1 in a solution of ethanol/PBS (90:10) 

The linearity of the relation for FcDA-BSA suggests that the redox process is kinetically 

controlled by the diffusion step. The diffusion coefficients were determined from the slopes of 

Randles–Sevcik plots. Values are given in Table 4.1-3. It can be seen that the diffusion coefficient of 

FcDA bound BSA is remarkably lower than that of the free FcDA 

The correlation between FcDA-BSA, as illustrated in equation (4.2-1), implies that the redox 

process is kinetically regulated by the diffusion step. The diffusion coefficients were calculated using 

the slopes of the Randles-Sevcik plots and are presented in Table 4.1-3. Notably, the diffusion 

coefficient of FcDA bound to BSA was considerably lower than that of free FcDA. 

Table 4.2-3: Diffusion constants values of the free and BSA bound form of FMA 

Entry Equation R² D(cm2.s-1) 

FMAA 6.687 x – 3.259 1 9.14×10-7 

BSA-FMAA 5.725 x -7.912 0.999 6.70×10-7 

FM3NA 8.067 x – 17.399 0.999 1.33×10-6 

BSA- FM3NA 5.472 x – 0.839 0.999 6.12×10-7 

FM4NA 5.597 x - 0.249 0.997 6.40×10-7 

BSA- FM4NA 4.507 x – 3.536 0.999 4.15×10-7 

FM3CA 5.090 x – 10.329 0.999 5.29×10-7 

BSA- FM3CA 4.376 x -6.616 0.999 3.90×10-7 

FM4CA 6.129 x – 1.773 0.999 7.68×10-7 

BSA- FM4CA 5.232 x + 1.886 0.999 5.59×10-7 

 

The reduced diffusion coefficient observed for FcDA-BSA when compared to FcDA can be 

attributed to the larger molecular weight of the FcDA-BSA complex. 

4.2.2 Electronic spectroscopy BSA interaction study 

ligand binding interactions were studied using UV-visible spectroscopy [39]. Serum albumins 

exhibit a UV absorption peak at 280 nm, where three amino acids, in particular tryptophan, 
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phenylalanine, and tyrosine, absorb the most. UV-visible adsorption spectrum measurements show 

the interaction of ligand-serum albumin complexes. The rise in drug concentration causes an increase 

in absorbance, which verifies the change in polarity around the tryptophan residue and the change in 

peptide strand of serum albumins, and hence the change in hydrophobicity. As a result, drug binding 

to the protein molecule result in a change in the peptide bond, as shown in Figure 4.2-7, which is 

responsible for the change in protein conformation[156–159]. 
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Figure 4.2-7:  Absorbance spectra of FcDA, with increasing concentrations of BSA (0–22.5 μM). 

The concentration of FcDA was fixed at 1 mM at physiological pH 7.2 

 

Based upon the increase in absorbance, the binding constant (Kb) was calculated according to 

Benesi-Hildebrand equation (4.2-2)  

Where, A0 and A are the absorbance of FcDA and their complexes with BSA, Amax is the 

obtained absorbance at saturation and [FcDA] is the concentration of deriver study.  

The slope to intercept ratio of the plot between 1/(A- A0) vs. 1 / [FcDA] yielded the binding 

constant  
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Figure 4.2-8: The plot of (A0 / (A-A0) versus 1 / [BSA] was used to calculate the binding constants 

The obtained values of binding constants and their corresponding free binding energies was 

calculated using the equation (4.1-2) are presented in Table 4.2-4 

Table 4.2-4: Binding constant and binding free energy values 

Adduct Equation R2 Kb (M-1) ΔG (KJ.mol-1) 

BSA –FMAA y = 8,434x +0,476 0.999 5.643 ×104 -27.12 

BSA –FM3NA y = 3,553x +0,362 0.996 1.018 × 105 -28.59 

BSA –FM4NA y = 2,245x +0,585 0.996 2.605 × 105 -30.91 

BSA –FM3CA y = 2,689x +0,419 0.999 1.558 × 105 -29.64 

BSA –FM4CA y = 1,555x +0,423 0.998 2.720 × 105 -31.01 
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4.2.3 Molecular docking BSA interaction study 

4.2.3.1 Structural optimization 

The ligands are optimised following the same steps  as mentioned in the previous section, results 

are shown in figure 4.2-9.  

 

 

  

  

Figure 4.2-9: The optimized structures of FcDA represented by ORTEP View 03, V1.08 ; color 

codes are hydrogen (white), carbon (grey), iron (green), nitrogen (blue). 

FMAA 

FM3NA 

FM4NA 

 

FM3CA 

 

FM4CA 

 



Chapter 4 : BSA interaction study 

98 

4.2.3.2 Molecular docking studies 

The docking studies of the FcDA ligand into BSA were achieved using AutoDock 4.2. The 

crystal structure of BSA, with a resolution of 2.04 A°, was downloaded from the protein data bank 

(RCSB, PDB code: 4f5u). For the program and all analysed derivatives, the size of the grid map in 

the focus docking calculations for ligands compounds was set to 40×40×40 A3 in the x, y, and z 

directions with a grid point spacing of 0.375 A. Docking study was performed on the stable 

conformation with the lowest binding energy. The interaction was generated with PLIP webservice 

and visualizer by PyMOL software., which was represented in figure .   
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Figure 4.2-10: Representation 3D Structures of BSA  (PDB code:4f5u) 

All data related to BSA-FcDA interactions in the best active site is explained in the following table 

Table 4.2-5: Binding constant and binding free energy values 

Complex K (M-1) ΔG (KJ.mol-1) The number of runs pocket 

BSA –FMAA 6.91×104 -27.63 8 1 

BSA –FM3NA 1.09 × 105 -28.76 47 1 

BSA –FM4NA 2.25 × 105 -30.56 10 1 

BSA –FM3CA 1.43 × 105 -29.43 8 1 

BSA –FM4CA 2.94 × 105 -31.22 9 1 

 

Results from molecular docking suggest that hydrogen bonding, hydrophobic forces and π-

cation interaction are involved in the binding process. Figure 4.2-11 illustrates the interaction of   

FcDA with the nearby residues in the active site of BSA. The visualization of the interaction was 

generated with PLIP web server (protein Ligand Interaction Profiler). Lastly, the better docked 

protein–ligand complexes were modified and analysed using the visualizer PyMOL. 

FM4NA 

 

FM4CA 
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Figure 4.2-11: Best docking poses for BSA-FcDA generated with PLIP web service illustrating the 

hydrophobic and H-bons interactions. Elements colors: hydrogen, oxygen, nitrogen, and iron are 

represented in white, red, blue and brown, respectively 

Hydrogen bonds (blue), hydrophobic forces (silver), π-stacking (green), π-cation (orange)        

The tables presented below summarize the type of interactions, distances, and the residues 

involved in the interactions 

Table 4.2-6: Hydrophobic forces between the ligands FMA and BSA 

Sample code Residue Amino acid Distance (Å) 

FMAA 190A LEU 3.76 

194A LYS 3.08 

194A LYS 3.13 

197A LEU 3.94 

293A LYS 3.80 

439A LEU 3.50 

450A ASN 3.18 

454A LEU 3.29 

454A LEU 3.13 

FM3NA 190A LEU 3.98 

194A LYS 3.65 

194A LYS 3.08 

450A ASN 3.21 

454A LEU 3.47 

454A LEU 2.93 

FM4NA 291A GLU 3.31 

291A GLU 3.92 

446A PRO 3.46 

FM3CA 190A LEU 3.79 

194A LYS 3.15 

194A LYS 3.16 
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293A LYS 3.47 

439A LEU 3.08 

450A ASN 3.27 

454A LEU 3.58 

454A LEU 3.08 

FM4CA 435A ARG 3.78 

439A LEU 3.53 

439A LEU 3.77 

 

Table 4.2-7: Hydrogen bonding between the ligands FcDA and BSA 

Sample code Residue Amino acid H-A D-A 

FMAA 194A LYS 1.86 2.82 

FM3NA 

435A ARG 3.42 3.95 

435A ARG 2.97 3.54 

451A HIS 2.59 3.25 

FM4NA 

435A ARG 2.01 3.02 

435A ARG 3.10 3.83 

451A HIS 2.27 3.20 

FM3CA 194A LYS 1.70 2.62 

FM4CA 
435A ARG 3.11 3.70 

435A ARG 1.61 2.55 

 

Table 4.2-8: π-stacking interactions between ligands 

Sample code Residue Amino acid Distance (Å) 

FMAA 
213A TRP 4.33 

451A HIS 3.44 

FM3NA 

213A TRP 5.43 

213A TRP 4.16 

451A HIS 3.43 
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FM3CA 
213A TRP 4.27 

451A HIS 3.42 

 

Table 4.2-9: π-Cation interactions between ligands 

Sample code Residue Amino acid Distance (Å) 

FM3NA 
217A ARG 4.56 

435A ARG 3.94 

FM4NA 
194A LYS 3.17 

217A ARG 1.87 

FM3CA 194A LYS 3.60 

 

The ligand FcDA interacted with BSA via hydrogen bonding and hydrophobic forces, as shown 

in Table 4.2-6 show the residues and amino acids involved in these interactions. The distance between 

hydrogen and the receptor atoms (H-A) and between donor and receptor atoms (D-R) are also shown 

in Table 4.2-7. (H-D). Furthermore, molecular docking data for the complex BSA-FcDA revealed π-

stacking and π-cation interactions between the positively charged amino acid residue and the ligand's 

phenyl cycle. 

FMAA binds strongly to BSA, having hydrophobic contacts at LEU190, LYS194, LEU197, 

LYS293, LEU439, ASN450 and LEU454 residues and one hydrogen bond at LYS194 residues. π- 

stacking interaction with TRP213, HIS451 of distance 4.24, 5.06 angstroms of BSA protein 

respectively.  

Docking study shows that FM3NA attaches to LEU439, GLU443, PRO446 and PRO446 

residues via hydrophobic interactions and forms three hydrogen bonds with LEU439, GLU443 and 

PRO446 residues. Two electrostatic interactions were also seen between the π electron cloud of fused 

aromatic ring and the ring of LYS185 and ARG458 residues.  

FM4NA was discovered to have strong binding to BSA, with hydrophobic contacts at GLU291 

and PRO446 residues, two hydrogen bonds at ARG435 and HIS451 residues, and a π-cation 

interaction with LYS194 and AGR217 of 3.17 and 1.87 angstroms respectively.  

Figure 4.2-11 illustrated the binding conformation and binding site residues of FM3CA. one 

hydrogen LYS194 bonds are formed with FM3CA, whilst other BSA hydrophobic residues are 
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distributed between FM3CA (LEU190, LYS194, LYS293, LEU439, ASN450 and LEU454) and π-

cation interaction with TRP213 and HIS451 and other one π-Cation LYS194 residues of BSA protein 

respectively. 

The investigated ligand FM4CA forms a hydrogen bond with BSA via the residue 

ARG435.Furthermore, hydrophobic interactions linked FM4CA to charged residues ARG435 and 

LEU439. 

Table 4.2-10: Binding parameters (k and ΔG) of FcDA compounds obtained from CV, UV-vis and 

docking methods. 

Method CV Uv-vis Docking 

Complex K (M-1) 
ΔG 

(KJ.mol-1) 
K (M-1) 

ΔG 

(KJ.mol-1) 
K (M-1) 

ΔG 

 (KJ.mol-1) 

BSA –FMAA 7.94×104 -27.97 5.64 ×104 -27.12 6.91×104 -27.63 

BSA –FM3NA 1.07×105 -28.71 1.02 × 105 -28.59 1.09 × 105 -28.76 

BSA –FM4NA 2.75×105 -31.06 2.61 × 105 -30.91 2.25 × 105 -30.56 

BSA –FM3CA 1.55×105 -29.62 1.56 × 105 -29.64 1.43 × 105 -29.43 

BSA –FM4CA 2.82×105 -31.11 2.72 × 105 -31.01 2.94 × 105 -31.22 

Table 4.4-6 clearly shows that the molecular docking results are in good agreement with those 

obtained  from experimental assays  
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5.1 Hemoglobin preparation 

Fresh blood (5 ml) was obtained from the EL MAJDE laboratory's blood bank and put into a 

violet vial containing EDTA as an anticoagulant. This was centrifuged at 4000 rpm for 15 minutes, 

separating the RBCs from the WBCs, platelets (as a grey buffy coat), and plasma (yellow–green 

liquid). The supernatant was discarded with the exception of the RBCs (approximately 2 ml). 

According to Parpart et al [160]. RBC samples were produced by saline water dilution. This was 

utilized as a test sample. 

 

Figure 5.1-1: Red blood cell  preparation [161] 

5.2 Hemoglobin UV-visible Spectroscopic characterization 

A UV-Vis spectrophotometer was used to characterize the sample, which resulted in peak 

absorption to identify electronic transitions of a molecule. The Figure 5.2-1 depicts five blood peaks 

that describe the hemoglobin (Hb) [162,163]. The first peak at 275 nm is attributed to the π-π* 

transitions of the carbonyl (C═O) groups of the aromatic amino acid residues (Trp, Tyr, and Phe) 

[164], the second peak at 342 nm corresponds to the globin-heme interaction, the third peak at 415 

nm corresponds to the heme, the fourth peak at 540 nm corresponds to the heme-heme interaction, 

and the fifth peak at 574nm . The absorbance of hemoglobin at 415 nm (ε= 125 mol-1cm-1) was used 

to calculate its molar concentration[165].  
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Figure 5.2-1: Absorbance spectra of Hemoglobin concentration 2.6×10-5 M at physiological pH 7.2 

Hemoglobin interaction studies using electronic spectroscopy 

5.3 The study of the interaction of FcDB-HHb  

5.3.1 Hemoglobin interaction studies using UV-Visible Spectroscopy  

Figure 5.3-1 depicts the effect of gradually increasing  concentration of FcDB on a hemoglobin 

solution. 
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Figure 5.3-1: UV-visible absorption spectra of HHb were examined in the presence of varying 

concentrations of FcDB in a solution consisting of ethanol and PBS in a ratio of 90:10. 

Binding constant and binding free energy 
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The intrinsic binding constant was determined by utilizing an equation (5.3-1) that employed 

the alteration in absorbance values induced by the incremental addition of  FcDB concentrations. 

 𝐴0

𝐴 − 𝐴0
=

𝜀

𝜀 − 𝜀0
+

𝜀

𝜀 − 𝜀0

1

𝐾𝑏[𝐹𝑐𝐷]
 5.3-1) 

The determination of the binding constant (Kb) involves the calculation of the ratio of the 

intercept to the slope of the graph depicting the relationship between A0/(A-A0) and 1/[FcDB]. This 

graph is illustrated in Figure 5.3-2 . 
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Figure 5.3-2: The binding constants between HHb and FcDB molecules were determined by 

plotting A0/(A-A0) against 1/[FcDB]. These plots were employed in the calculation of the binding 

constants. 

The changes in binding free energy were estimated following the same method as described  for 

HHb, the obtained results are summarized in Table 5.3-1 

Table 5.3-1: Binding constant and binding free energy estimates for FcDB ligands with HHb 

calculated from UV measurements at 298 K 

Adduct Equation R2 Kb (M-1) ΔG (KJ.mol-1) 

HHb –FMA y = -51.369x – 0.998 0.998 1.59 × 104 -23.98 

HHb – FM2N y = -47,533x - 1,017 0.999 2.14 × 104 -24.72 

HHb – FM3N y = - 40,487x - 0,794 0.999 1.95 × 104 -24.49 

HHb – FM4N y = - 57,501x - 0,597 0.998 1.03 × 104 -22.92 

HHb – FM2C y = -56,958x - 0,442 0.999 7.78× 103 -22.21 
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HHb – FM3C y =  - 52,128x - 0,711 0.999 1.36 × 104 -23.61 

HHb – FM4C y = -62.872x  - 0.859 0.996 9.36 × 103 -22.67 

The results indicate that FM3N is more strongly attached to haemoglobin than the other studied 

derivatives. 

5.3.2 Hemoglobin interaction studies using molecular docking analysis 

The synthesized ligands FcDB were docked into HHb structure to determine the complexes 

possible binding mode with HHb and to further visualize the interactions. 

5.3.2.1  Binding site determination 

The analysis results on the prank Web server revealed 16 possible binding sites, as shown in 

Figure 5.3-3. The results of the Proteins HHb (RCSB, PDB code: 1gcw) server research revealed four 

potential binding sites (Table 5.3-2 

 

 

Table 5.3-2) 

  

Figure 5.3-3: surface view of HHb (code: 1gcw) and predicted binding pockets in different color 

All coloured spaces represent the active site. Data related to it is mentioned in the following 

Table 5.3-2 
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Table 5.3-2: The best 10 active sites on HHb from Prankweb server 

name rank score probability 
Grid centre 

x y z 

pocket1 1 56.94 0.984 31.19 37.03 27.93 

pocket2 2 56.87 0.984 18.40 46.40 57.30 

pocket3 3 51.32 0.978 17.63 21.31 52.75 

pocket4 4 49.1 0.975 5.46 39.60 28.52 

pocket5 5 9.73 0.564 26.47 33.83 46.00 

pocket6 6 9.73 0.564 17.34 32.15 29.43 

pocket7 7 9.28 0.542 13.41 34.12 53.83 

pocket8 8 8.85 0.521 18.25 44.52 38.59 

pocket9 9 4.71 0.218 21.54 26.73 37.68 

Pocket10 10 3.73 0.149 8.35 41.80 44.90 

5.3.2.2 Molecular docking studies 

The docking studies of the FcDB ligand into HHb were achieved using AutoDock 4.2. The 

crystal structure of HHb, with a resolution of 2.00 A°, was downloaded from the protein data bank 

(RCSB, PDB code: 1gcw). For all analysed derivatives, the size of the grid map in the focus docking 

calculations for ligands compounds was set to 40×40×40 A3 in the x, y, and z directions with a grid 

point spacing of 0.375 A. Docking analysis was performed on the stable conformation with the lowest 

binding energy[166]. The interaction was generated with PLIP webservice and visualizer by PyMOL 

software., the results are presented in Figure 5.3-4 
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Figure 5.3-4: 3D Structures representation of HHb  (PDB code:1gcw) 

All data related to HHb-FcDA interactions in the best active site is explained in the following 

table 

Table 5.3-3: Binding constant and binding free energy values 

Complex K (M-1) ΔG (KJ.mol-1) The number of runs pocket 

HHb –FMA 1.54×104 -23.91 2 5 

HHb – FM2N 2.51×104 -25.12 49 1 

HHb – FM3N 1.96×104 -24.50 50 5 

HHb – FM4N 1.04×104 -22.94 43 5 

HHb – FM2C 7.83×103 -22.23 46 8 

HHb –FM3C 1.38×104 -23.65 45 6 

HHb –FM4C 9.77×103 -22.78 45 8 

 

According to the molecular docking analysis, the binding process between FcDB and HHb is 

influenced by hydrogen bonding, hydrophobic forces, and π-cation interactions. The interaction 

between FcDB and the active site residues of HHb is depicted in Figure 5.3-5 , which was generated 

using the PLIP web server. The visualizer PyMOL was used to modify and analyze the protein-ligand 

complexes that exhibited the best docking results. 
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Figure 5.3-5: The PLIP web service generated the optimal docking poses for HHb-FcDB, 

highlighting the hydrophobic and hydrogen bond interactions. In the resulting image, the elements 

are color-coded: white represents hydrogen, red represents oxygen, blue represents nitrogen, and 

brown represents iron. The interactions are identified by their respective colors: hydrogen bonds are 

represented in blue, hydrophobic forces in silver, π-stacking in green, and π-cation in orange. 

The tables presented below summarize the type of interactions, distances, and the residues 

involved in the interactions 

Table 5.3-4: Hydrophobic interaction between the ligands FcDB and HHb 

Sample code Residue Amino acid Distance (Å) 

FMA 

35B TYR 3.37 

98A PHE 3.43 

99A PRO 3.48 

FM2N 

32A LEU 3.74 

42A TYR 3.33 

42A TYR 3.54 

43A PHE 3.25 

93A VAL 3.57 

97A ASN 3.36 

98A PHE 3.61 

101A LEU 3.24 

101A LEU 3.52 

135A LEU 3.5 

FM3N 
133A GLN 3.43 

139A TYR 3.15 

FM4N 

 

FM4C 
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Sample code Residue Amino acid Distance (Å) 

FM4N 

37B TRP 3.25 

37B TRP 3.25 

95C PRO 2.28 

139C TYR 3.76 

139C TYR 3.96 

FM2C 

35D TYR 3.5 

37D TRP 3.05 

37D TRP 3.51 

37D TRP 3.13 

95D PRO 3.19 

95D LEU 3.44 

96A GLN 3.62 

FM3C 

83D ALA 3.58 

87D HIS 3.85 

89D ASP 3.78 

90D PRO 3.35 

133D LYS 3.07 

FM4C 

35D TYR 3.41 

37D TRP 3.51 

95A PRO 3.46 

95D LEU 3.49 

139A TYR 3.24 
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Table 5.3-5: Hydrogen bonding between the ligands FcDB and HHb 

 

Table 5.3-6: π-stacking interactions between ligands 

Sample code Residue Amino acid Distance (Å) 

FM3N 37B TRP 5.06 

FM3C 36A HIS 3.53 

Docking analysis shows that FMA binds to TYR35B, PHE98A, PRO99A and PRO446 residues 

via hydrophobic interactions and forms one hydrogen bond with SER129A residues. 

Figure 5.3-5 shows the interaction of molecule FM2N with HHb the molecule showed one 

hydrogen bond interactions with amino acid residues HIS136C. and forms a series hydrophobic 

interaction to LEU32A, TYR42A, PHE43A, VAL93A, ASN97A, PHE98A, LEU101A and LEU135A 

residues. 

FM3N was found to have strong binding to HHb with hydrophobic interactions to GLN133A 

and TYR139A residues and forms a hydrogen bond with SER136C residue and π-stacking interaction 

with TRP37B of a distance equal to 5.06Å . 

FM4N also have strong binding affinity  to HHb with hydrophobic interactions to TRP37B, 

PRO95C and TYP139C residues and one hydrogen bond to SER129A residue. 

Sample code Residue Amino acid H-A D-A 

FMA 129A SER 2.13 3.04 

FM2N 87A HIS 2.07 3.00 

FM3N 136C SER 1.99 2.84 

FM4N 129A SER 3.21 4.05 

FM2C 94D HIS 2.07 2.95 

FM3C 133D LYS 2.08 2.99 

FM4C 

139A TYR 2.48 3.23 

140A ARG 2.22 3.18 

140A ARG 3.30 3.85 

140A ARG 3.03 3.87 
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The binding conformation and binding site residues for FM2C are shown in Figure 5.3-5 ligand 

is formed a hydrogen HIS94D bonds , whereas hydrophobic residues of the HHb are interacted 

(TYR35D, POR95C, TYR139C).  

FM3C was found to bind strongly to HHb with hydrophobic interactions to ALA83A, HIS87D, 

ASP89D, PRO90D , LYS133D residues and one hydrogen bond LYS133D residue and π-stacking 

interaction with HIS36A of a distance equal to 3.53Å   

Docking analysis shows that FM4C binds to TYR35D, TRP37D, PRO95A, LEU95D and 

TYR139A residues via hydrophobic interactions and forms four hydrogen bonds with TYR139A and 

ARG140A residues. 

5.4 The study of the interaction of FcDA-HHb  

5.4.1 Hemoglobin interaction studies using UV-Visible Spectroscopy 

The UV-vis spectroscopy methods were utilized to investigate the interaction of FcDA-HHb 

with increasing concentrations of FcDA 
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Figure 5.4-1: UV-visible absorption spectra of HHb were examined in the presence of varying 

concentrations of FcDA in a solution consisting of ethanol and PBS in a ratio of 90:10. 

Binding constant and binding free energy 

The intrinsic binding constant was determined by utilizing an equation (5.3 1) that employed 

the alteration in absorbance values induced by the incremental addition of  FcDA concentrations. 

The determination of the binding constant (Kb) involves the calculation of the ratio of the 

intercept to the slope of the graph depicting the relationship between A0/(A-A0) and 1/[FcDB]. This 

graph is illustrated in Figure 5.4-2 
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Figure 5.4-2: The binding constants between HHb and FcDB molecules were determined by 

plotting A0/(A-A0) against 1/[FcDB]. These plots were employed in the calculation of the binding 

constants. 

The changes in binding free energy were estimated as described for HHb, the obtained results 

are summarized in Table 5.4-1. 



Chapter 5 : HHb interaction study 

121 

Table 5.4-1: Binding constant and binding free energy estimates for FcDA ligands with HHb 

calculated from UV measurements at 298 K 

Adduct Equation R2 Kb (M-1) ΔG (KJ.mol-1) 

HHb –FMAA y = - 25,675x - 0,643 0.998 2.505 ×104 -25.11 

HHb –FM3NA y =  - 26,234x - 0,418 0.995 1.593 × 104 -23.99 

HHb– FM4NA y = - 24,751x - 0,624 0.999 2.521 × 104 -25.13 

HHb – FM3CA y = - 25,069x - 0,751 0.999 2.995 × 104 -25.56 

HHb – FM4CA y = - 27,624x - 0,638 0.998 2.310  × 104 -24.91 

5.4.2 Hemoglobin interaction studies using molecular docking 

Molecular docking analysis of the produced ferrocene derivatives FcDA was carried out using 

human haemoglobin retrieved from the Protein Data Bank at http://www.pdb.org (PDB ID: 1gcw), 

Figure 5.3-4.. 

 

  

FMAA 

FM3NA FM3CA 

 

http://www.pdb.org/
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Figure 5.4-3: 3D Structures Representation of HHb  (PDB code:1gcw) 

All data related to HHb-FcDA interactions in the best active site is explained in the following 

table  

Table 5.4-2: Binding constant and binding free energy values 

Complex K (M-1) ΔG (KJ.mol-1) The number of runs pocket 

HHb –FMAA 2.50×104 -25.11 18 10 

HHb –FM3NA 1.54 × 104 -23.90 6 2 

HHb– FM4NA 2.29 × 104 -25.21 46 8 

HHb – FM3CA 1.29 × 104 -23.48 37 9 

HHb – FM4CA 2.22 × 104 -25.16 50 7 

 

According to the molecular docking analysis, the binding process between FcDA and HHb is 

influenced by hydrogen bonding, hydrophobic forces, and π-cation interactions. The interaction 

between FcDB and the active site residues of HHb is depicted in Figure 5.4-4, which was generated 

using the PLIP web server. The visualizer PyMOL was used to modify and analyze the protein-ligand 

complexes that exhibited the best docking results. 

FM4NA 

 

FM4CA 
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Figure 5.4-4: The PLIP web service generated the optimal docking poses for HHb-FcDB, 

highlighting the hydrophobic and hydrogen bond interactions. In the resulting image, the elements 

are color-coded: white represents hydrogen, red represents oxygen, blue represents nitrogen, and 

FMAA 

FM3NA 

FM4NA 

 

FM3CA 

 

FM4CA 
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brown represents iron. The interactions are identified by their respective colors: hydrogen bonds are 

represented in blue, hydrophobic forces in silver, π-stacking in green, and π-cation in orange. 

The tables presented below summarize the type of interactions, distances, and the residues 

involved in the interactions 

Table 5.4-3: hydrophobic interactions between ligands HHb 

Sample code Residue Amino acid Distance (Å) 

FMAA 

94D HIS 3.72 

99C PRO 3.37 

100C MET 3.75 

103C GLU 3.57 

103C GLU 3.66 

125C GLU 3.73 

 FM3NA 

37A PRO 3.30 

87D HIS 3.83 

90D PRO 3.39 

90D PRO 2.97 

FM4NA 

37D TRP 3.01 

37D TRP 3.81 

95A PRO 3.11 

95A PRO 3.19 

FM3CA 

94B HIS 3.95 

124B PHE 3.99 

125B GLU 3.24 

128B ILE 3.53 

128B ILE 3.57 

128B ILE 3.71 

FM4CA 36C HIS 3.59 
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Table 5.4-4: Hydrogen bonding between the ligands FcDA and HHb 

Sample code Residue Amino acid H-A D-A 

ANC3 97B THR 2.54 2.99 

ANC4 
89B ASP 2.91 3.61 

97C ASN 2.77 3.71 

 

Table 5.4-5: π-stacking and π-cation interactions between ligands FcDA and HHb 

Sample code Residue Amino acid Distance (Å) 

π-stacking 

FMAA 94D HIS 5.22 

FM3NA 36A HIS 4.18 

π-cation 

FM4CA 133B LYS 5.45 

 

FMAA was discovered to have strong binding to HHb, with hydrophobic contacts to HIS94D, 

PRO99C, MET100C, GLU103C and GLU125C residues, π-stacking interaction with HIS94D of 

5.22Å respectively.  

Figure  illustrated the binding conformation and binding site residues of FM3NA. One hydrogen 

bond is formed with amino acid THR97B, whilst other HHb hydrophobic residues are distributed 

between FM3NA (PRO37A, HIS87D and PRO90D) and pi-stacking interaction with HIS36A . 

The investigated ligand FM4NA forms only hydrophobic interactions bond with HHb to the  

TRP37D and PRO95A residues  

83C ALA 2.95 

89B ASP 3.98 

90B PRO 3.18 

90B PRO 3.09 

133B LYS 3.59 
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Docking study shows that FM3CA attaches to HIS94B, PHE124B, GLU125B and ILE128B 

residues via hydrophobic interactions and one hydrogen bond to THR97B residue. 

FM4CA binds strongly to HHb, having hydrophobic contacts at HIS36C, ALA83C, ASP89B, 

PRO90B and LYS133B residues and two hydrogen bonds to ASP89B and ASN97C residues. π- cation 

interaction with LYS133B.  
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The study of the interaction of FMAA- 𝑶𝟐
−.

 

The superoxide anion radical 𝑂2
−.

 scavenging activity of FcDA was measured using an assay. In 

this assay, 𝑂2
−.

 was generated electrochemically by the one-electron reduction of molecular oxygen in 

DMF with 0.1 M TBFP as the supporting electrolyte. The assay involved the addition of increasing 

concentrations of the studied molecules to an electrochemical cell containing 𝑂2
−.

 solution. Cyclic 

voltammograms were recorded after each addition of the test molecules with a scan rate of 0.1 V s-1, 

from 0.0 to -1.4 V. Figure 6.1-1 illustrates the voltammograms obtained in oxygen-saturated DMF 

containing 0.1 M of TBFB in the absence and presence of rising quantities of FcDA in the same 

solvent.[167,168]. 

6.1 Binding constants 

Figure 6.1-1 demonstrates that adding different concentrations of FcDA in DMF to a solution 

of commercial oxygen-saturated DMF leads to a noteworthy reduction in peak current density. This 

decrease in peak current density is attributed to the formation of FcDA-𝑂2
−.

 product, which results in 

a decrease in the concentration of free 𝑂2
−.

  radicals. [169]. 
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Figure 6.1-1:  The cyclic voltammograms were recorded for oxygen-saturated DMF in the presence 

of increasing concentrations of FcDA and in its absence. 

The binding constant can be calculated from equation (6.1-1) [170]. 

Where C is the concentration of FcDA, Kb is the binding constant, and i0 indicate the anodic 

peak current density of the free 𝑂2
−.

 and i indicate 𝑂2
−.

- FcDA bound ligands respectively 

The linear form of the f(1/[𝐹𝑐𝐷𝐴]) = logi/(i0-i)extracted from the above voltammogram 

 
𝑙𝑜𝑔

1

[𝐹𝑐𝐷𝐴]
= 𝑙𝑜𝑔𝑘 + 𝑙𝑜𝑔

𝑖

𝑖0 − 𝑖
 (6.1-1) 
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Figure 6.1-2: The binding constant of the 𝑂2
−.

- FcBA product was calculated by plotting log 

(1/[FcBA]) against log i/(i0-i) for 𝑂2
−.

with varying concentrations of FcBA. Similarly, the binding 

constants of 𝑂2
−.

- FcDA products were determined using DMF/0.1M TBFB. 

The Gibbs free energy equation (6.1-2) was used to calculate ΔG, obtained values are given in  

Where ∆G represents the free binding energy in KJmol−1, R represents the gas constant, 8.32 

Jmol−1K−1 while, T represents the absolute temperature, 298K. 

Table 6.1-1: Binding constant and binding free energy values 

Adduct Equation 2R )1-Kb (M )1-ΔG (KJ.mol 

FMAA – O2
.− y = 0.859x + 2.704 0,995 210×5.06 15.44- 

FM3NA - O2
.− y = 0.713x + 2.960 0.990 210×9.12 16.89- 

FM4NA - O2
.− y = 0.662x + 2.602 0.996 210×4 14.85- 

FM3CA - O2
.− y = 0.728x + 2.939 0.995 210×8.68 16.79- 

FM4CA - O2
.− y = 1.520x + 2.027 0.997 210×1.06 11.57- 

The magnitude of ΔG reflects the weak binding character between 𝑂2
−.

 and FcDA , whereas the 

negative sign suggests the spontaneity of the 𝑂2
−.

-FcDA interactions. 

6.2 Diffusion Coefficients 

The diffusion coefficients were determined from the voltammograms shown in Figure 6.2-1. 

These voltammograms were generated by altering the potential scan rates of the free radical 𝑂2
−.

and 

its bound forms FcDA-𝑂2
−.

 . All of the voltammograms exhibited stable redox peaks that could be 

attributed to the 𝑂2
−.

/𝑂2  couple redox process. 

 ΔG =  -RTlnKb (6.1-2) 
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Figure 6.2-1:  The cyclic voltammograms were recorded at scan rates of 0.1, 0.2, 0.3, 0.4, and 0.5 

V/s for 𝑂2
−.

 in DMF in the presence of rising concentrations of FcDA, as well as in its absence. 

The Randles–Sevcik equation 6.2-1) was used to determinate the coefficient of diffusion of the 

free form of the FcDA and its bound form FcDA-𝑂2
−.

[170–172]. 

where i is the peak current (A), A is the surface area of the electrode (cm2), C is the bulk 

concentration (mol.cm-3) of the electroactive species, D is the diffusion coefficient (cm2.s-1) and v is 

the scan rate (V.s-1) 

Figure 6.2-2  shows that the square root of the potential scan rates is linearly correlated with 

the peak current density of both 𝑂2
−.

 and its bound form FcDA-𝑂2
−.

, indicating that the redox process 

is governed by the diffusion step. 
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Figure 6.2-2: The plots of ia=f(v1/2) for 𝑂2
−.

 in the absence (represented by black lines) and presence 

of FcDA (represented by red lines) were generated at different scan rates of 0.1, 0.2, 0.3, 0.4, and 

0.5 V·s-1. 

The Randles-Sevcik plots were used to determine the diffusion coefficients of both free and 

FcDA-bound 𝑂2
−.

. The calculated values are presented in the results. Table 6.2-1. 
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Table 6.2-1: Values of the diffusion coefficients of the free and 𝑂2
−.

bound FcDA. 

Entry Equation R² D(cm2.s-1) 

𝐎𝟐
.− y= 0.0834 x + 0.554 0.999 6.87×10-6 

FMAA – 𝐎𝟐
.− y = 0.072 x + 0.505 0.998 5.19×10-6 

𝐎𝟐
.− y = 0.088 x + 0.428 0.998 4.61×10-4 

FM3NA – 𝐎𝟐
.− y = 0.066 x + 0.401 0.995 1.11×10-5 

𝐎𝟐
.− y = 0.102 x + 0.643 0.999 1.27×10-5 

FM4NA – 𝐎𝟐
.− y = 0.088 x + 0.597 0.998 9.42×10-6 

𝐎𝟐
.− y = 0.447 x + 0.083 0.998 3.771×10-5 

FM3CA – 𝐎𝟐
.− y = 0.100 x + 0.529 0.999 5.092×10-5 

𝐎𝟐
.− y = 0.103 x + 0.262 0.999 5.20×10-5 

FM4CA – 𝐎𝟐
.− y = 0.092 x + 0.284 0.918 4.01×10-5 

The diffusion coefficients of restricted FcDA-𝑂2
−.

 are minimal when compared to free 𝑂2
−.

, 

indicating the formation of FcDA-𝑂2
−.

 products. The increased molecular weight of the produced 

product accounts for the decrease in the apparent diffusion coefficient of 𝑂2
−.

 in the presence of FcDA. 

6.3 Ratio of binding constants 

In the presence of 𝑂2
−.

 , a decrease in the shift anodic current peak (ipa) of FcDA is accompanied 

by a shift in the anodic potential peak (Epa) to higher negative potential values (Figure 6.3-1) This 

electrochemical behaviour was used to calculate the constant binding ratio [173]. 
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Figure 6.3-1: Cyclic voltammograms were recorded for 𝑂2
−.

in a DMF solution with a scan rate of 

100 mV.s-1 on a glass carbon electrode using 0.1 M TBFP as a supporting electrolyte. The 

voltammograms were obtained in the absence (black line) and presence (red line) of FcDA. 

 

When FcDA is introduced to an oxygen-saturated DMF solution, there is a shift in the peak 

potential values, indicating changes in equilibrium. This shift can be described using the following 

equilibriums [152]: 

 

Figure 6.3-2: Redox process of the studied compounds with 𝑂2
−.

 and FMA 

The Nernst relation 6.3-1) was applied to the equilibriums represented in Figure 6.3-2, this 

gives the following equations: 

The formal potentials of the 𝑂2
−.

 / 𝑂2  couple in the free and bound forms, respectively, are 𝐸𝑓
0 

and 𝐸𝑏
0. The peak potential shift E0 and the decreasing rate of the anodic peak current density ipa 

percent are represented in Table 6.3-1. The ratio of the binding constants is obtained by replacing ΔE0 

from Table 6.3-1 in equation Error! Reference source not found. 

Table 6.3-1: Electrochemical data of the free and 𝑂2
−.

 bound forms of FcDA used to calculate the 

ratio of the binding constants 

Entry Epa Epc E°(V) ΔE°(mV) Kred/Kox 

𝐎𝟐
.− -0.736 -1.016 -0.876 

-0.5 1.019 
FMAA – 𝐎𝟐

.− -0.720 -1.033 -0.877 

𝐎𝟐
.− -0.735 -0.975 -0.863 

8.5 1.393 
FM3NA – 𝐎𝟐

.− -0.731 -0.996 -0.863 

𝐎𝟐
.− -0.750 -1.021 -0.885 -5.5 1.239 

 
∆𝐸0 = 𝐸𝑓

0 − 𝐸𝑏
0 = 𝐸0(𝑂2

−.
) − 𝐸0(𝑂2

−.
− 𝐹𝑐𝐷𝐴) = 0.061

𝑘𝑜𝑥

𝑘𝑟𝑒𝑑

 
6.3-1) 
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FM4NA – 𝐎𝟐
.− -0.754 -1.028 -0.891 

𝐎𝟐
.− -0.737 -1.006 -0.872 

-1 1.039 
FM3CA – 𝐎𝟐

.− -0.720 -1.025 -0.873 

𝐎𝟐
.− -0.739 -1.005 -0.815 

24 0.399 
FM4CA – 𝐎𝟐

.− -0.706 -0.990 -0.848 

 

The obtained values of the binding constant ratios show that the reduced form 𝑂2
−.

 of the couple 

𝑂2
−.

 / 𝑂2 interacts with FcDA stronger than the oxidized form 𝑂2 . however, the only exception 

FM4NA demonstrated that the reduced form of oxygen is bound stronger. 

6.4 half-maximal inhibitory concentration (IC50) 

The following equation (6.4-1)  was used to determine 𝑂2
−.

 inhibition [17,37,38]. 

 
% 𝑂2

.−𝑟𝑎𝑑𝑖𝑐𝑎𝑙 𝑠𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  
𝑖𝑝𝑎0

− 𝑖𝑝𝑎

𝑖𝑝𝑎0

𝑥100 6.4-1) 

Where 𝑖𝑝𝑎0
𝑎𝑛𝑑 𝑖𝑝𝑎are the anodic current peaks of active oxygen in the absence and presence of 

increasing concentrations of studied ligands, respectively. 

The plot of 𝑂2
−.

 scavenging activity against different compound concentrations gives accesses 

to  the half-maximal inhibitory concentration (IC50) values (inset plots of Figure 6.4-1). The 

antioxidant activity was reported as IC50 value. The IC50 value represents the concentration of the 

substance that inhibits the production of 𝑂2
−.

  by 50%. 
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Figure 6.4-1: Typical plots of I% as a function of C (mg/ml) used for calculation the IC50  values of 

ligands FcDA with 𝑂2
−.

 

Table 6.4-1: IC50 values of the studied compounds  

Adduct Equation R2 IC50 (mM) 

FMAA – O2
.− y = 70.890 x + 0.799 0,992 1.63 

FM3NA - O2
.− y = 108.38 x – 1.773 0.991 0.98 

FM4NA - O2
.− y = 48.89 x – 3.049 0.999 2.33 

FM3CA - O2
.− y = 105.90 x – 1.119 0.995 1.04 

FM4CA - O2
.− y = 41.328 x + 3.037 0.991 2.76 

α-Tocopherol* y = 15.99x + 1.37 0.950 3.04 

 

The scavenging activity of all FcDA compounds against 𝑂2
−.

   radicals was found to be promising 

based on the IC50 values. Comparison of the results with the standard α-tocopherol indicates that all 

of the complexes exhibit significant scavenging activity [167] . 
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The main objective of the research work presented in this thesis was to study the binding mode 

of a series of ferrocene derives with BSA and HHb using experimental and theoretical techniques such 

as voltametric, spectroscopic assays and molecular docking simulations. We have successfully 

synthesised seven N-ferrocenylmethylanline and their acylated forms , the obtained derivatives  were 

characterized by spectroscopy (UV-Vis, NMR (1H), and IR) and electrochemical (CV) techniques. 

Then the interaction of the synthesized derivatives with BSA and HHb was also investigated, finally, 

the antioxidant activity of all derivatives was evaluated. 

The negative values of the obtained free binding energy of the adduct BSA-Fc indicate that the 

interaction is a spontaneous process.  

In addition, the binding properties of ferrocene derivatives towards human hemoglobin was also 

studied using electronic spectroscopy techniques and molecular modelling simulations. The hydrogen 

bonding and hydrophobic interactions in the adducts HHb-Fc play a crucial role in complex 

stabilization (HHb-Fc). Molecular docking calculations indicated that Van der Waal and electrostatic 

forces occur in this type of interaction, however, hydrophobic forces play a significant role in the 

binding of ferrocene derivatives to BSA and HHb.  

Cyclic voltammetry experiments were used to evaluate the antioxidant activity and the 

interaction of the superoxide anion radical with the synthesised ferrocene derivatives. The electrostatic 

interaction mode and spontaneity of the interaction between the free superoxide anion radical and all 

investigated compounds were indicated by the negative sign and order of magnitude of the obtained 

binding free energy. Other binding parameters such as binding constant and ratio of binding constant 

were also determined from  cyclic voltametric data. 
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