
 
 شبكة المعلومات الجامعية

 التوثيق الإلكتروني والميكروفيلم

                        

 بسم الله الرحمن الرحيم

               
 

  
HANAA ALY  



 
 شبكة المعلومات الجامعية

 التوثيق الإلكتروني والميكروفيلم

 
 

 شبكة المعلومات الجامعية 
  يق الالكتروني والميكروفيلمالتوث

 
HANAA ALY  

 



 
 شبكة المعلومات الجامعية

 التوثيق الإلكتروني والميكروفيلم

 جامعة عين شمس
 لكتروني والميكروفيلمالتوثيق الإ

 قسم
 ن المادة التي تم توثيقها وتسجيلهانقسم بالله العظيم أ

 علي هذه الأقراص المدمجة قد أعدت دون أية تغيرات

 

 يجب أن
 حفظ هذه الأقراص المدمجة بعيدا عن الغبارت

 
 

HANAA ALY  



 
 

 
 كلية الصيدلة                                                                              

ةكلية معتمد  

 

 

 
Molecular design and synthesis of small organic compounds based 

on optimization of selected scaffolds 

as targeted anticancer agents 
 

 

Thesis  

Presented by 
 

Mona Mohamed Abdelatty Mohamed 

Msc. in Pharmaceutical Sciences 

 Ain Shams University  

September 2014  

 
 

Submitted for the partial fulfillment of the 

PhD Degree 

In Pharmaceutical Sciences (Pharmaceutical Chemistry)  

Under the supervision of 
 

        

      Dr./ Khaled A. M. Abouzid 
 

                 Dr./ Nahla A. H. Farag 
 

       

       

 

 

 

        Dr./ Rabah A. Taha                                   Dr./ Samar M.A. Mowafy 
                      

                                               

                      

 

 
Faculty of Pharmacy 

Ain Shams University 

2021 

Professor of Pharmaceutical Chemistry Department 

Ainshams University 

& Dean of Faculty of Pharmacy 

University of Sadat City 

Professor of Pharmaceutical Chemistry & 

Head of Pharmaceutical Chemistry Department       

Misr International University 

 

Assistant professor of Pharmaceutical Chemistry 
Department                                                           

Misr international umiversity 

 Professor of Pharmaceutical Chemistry  & Head of 

Pharmaceutical Chemistry Department 

Ain Shams University 



 
 

 

 

Pre-requisite Predoctoral Courses and Exams 

In addition, to the work presented in the thesis, the candidate has attended and passed the following Pre-

requisite predoctoral courses: 

• Pharmaceutical chemistry 

• Drug design 

• Stereochemistry 

• Selected topics 

 

Moreover, the candidate has passed a comprehensive exam in organic and Pharmaceutical chemistry 

and presented a research proposal with the title of “Molecular design and synthesis of novel acid 

ceramidase inhibitors as a challenging approach for treatment of melanoma”.                   



 

Acknowledgements 

 
 

i 

 

Acknowledgements 
 

I am profoundly indebted to Professor Khaled Abouzid Mohamed Abouzid, Professor of 

Pharmaceutical Chemistry, Ain shams university and dean of Faculty of Pharmacy, El sadat university, 

for suggesting the research point,  scientific supervision, innovative ideas, fruitful opinion, invaluable 

advice, precious suggestions, continuous encouragement and untiring help. I am really sincerely and 

profoundly indebted to him for his priceless guidance, huge efforts and endless support during the whole 

work, and for following all the tiny details in every single step and also for making this thesis appear in 

its final form. He is a dedicated mentor and a role model. 

I owe my sincere appreciation and truthful gratitude to Professor Nahla Ahmed Hassan, 

Professor of Pharmaceutical Chemistry, and head of Pharmaceutical Chemistry Department, MIU, for 

her continuous encouragement, tremendous support, endless motivation, and enthusiasm. I am heartily 

grateful to her indispensable opinion, real interest, trust, guidance, optimism, and positive energy 

throughout the whole work and especially in the practical part. She is a great mentor, role model and a 

very active professor indeed.  

            I am truly thankful to Professor Rabah Ahmed Taha Serya, Professor of Pharmaceutical 

Chemistry and head of Pharmaceutical Chemistry Department, Ainshams University, for her constant 

trust, precious guidance, continuous support, continuous encouragement, precious suggestions, and her 

help and kindness throughout the whole time. 

           I owe my deepest appreciation to Dr Samar Ahmed Mowafy, assistant professor of Pharmaceutical 

Chemistry, MIU, for her constant guidance, great effort, precious suggestions, continuous 

encouragement, and support, especially during writing the paper and thesis and making it appear in its 

final form. I would also like to thank her alot for bringing her whole experience to me and teaching me 

many concepts and for being such a great friend. 

       I am very thankful for Dr. Eman el awady, assistant professor of Pharmaceutical Chemistry, for her 

continuous friendly support, specifically in cooperating in sending my samples for biological testing and 

for giving me the opportunity to work with the hydrogenator at Ainshams university.  

         Also, I would like to greatly thank Dr. Eman Zaghool, assistant professor of pharmaceutical 

chemistry, for her friendly and amazing support, specially through bringing up her laboratory experience 

and advice.  

          It is my great pleasure to thank all members of Pharmaceutical chemistry Department, Ain Shams 

University who supported me and helped me in my way and also I would like to thank all my colleagues 

in Misr International University who supported me and helped me in my way. 

      



 

Acknowledgements 

 
 

ii 

 

Dedication to my family, 

 

        I cannot forget to express my greatest appreciation and gratitude to my mother ‘Mona Ali Hassan’, 

father ‘Mohamed Abdelatty’, husband ‘Ahmed Tarek Ghoneim’, mother in law, and my siblings.  Their 

continuous encouragement, full support, understanding, endless patience, continuous motivation, 

unconditional love, and their continuous prayers gave me the power and motivation to finish this work.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

iii 

 

 

This work was published in Journal of enzyme inhibition and medicinal chemistry 2021, VOL. 36, 

NO. 1, 1290–1312.  

https://doi.org/10.1080/14756366.2021.1933465 



Table of contents 

 

iv 

 

Table of Contents 
 

Acknowledgements ................................................................................................................................................. i 

List of figures ........................................................................................................................................................... vi 

List of tables ............................................................................................................................................................. ix 

List of Abbreviations ................................................................................................................................................ x 

Abstract .................................................................................................................................................................. xvi 

1. Introduction ...................................................................................................................................................... 1 

1.1. Cancer ......................................................................................................................................................... 1 

1.2. Etiology of cancer ....................................................................................................................................... 1 

1.3. Mechanism of cancer formation ................................................................................................................. 1 

1.4. Treatment of cancer: ................................................................................................................................... 2 

1.4.1. Conventional cancer treatments .......................................................................................................... 2 

1.4.2. Targeted cancer therapy...................................................................................................................... 5 

1.5. Protein kinases ............................................................................................................................................ 9 

1.5.1. Protein kinases overview .................................................................................................................... 9 

1.5.2. Structural features of protein kinases ................................................................................................. 9 

1.5.3. Types of protein kinase inhibitors .................................................................................................... 10 

1.5.4. Tyrosine kinases ............................................................................................................................... 14 

1.5.5. Epidermal growth factor receptors tyrosine kinases (EGFR TKs) ................................................... 15 

1.5.6. Vascular endothelial growth Factor (VEGFR2) ............................................................................... 22 

1.6. Histone deacetylases (HDACs) ................................................................................................................ 29 

1.6.1. Classification of HDACs .................................................................................................................. 30 

1.6.2. HDACs involvement in cancer and development of their inhibitors ................................................ 31 

1.6.3. Design and classification of HDACIs .............................................................................................. 32 

1.6.4. HDAC6 inhibitors ............................................................................................................................ 34 

1.7. Development of mutitarget drug therapy .................................................................................................. 36 

1.7.1. Development of chimeric RTKs and HDAC inhibitors ................................................................... 36 

1.7.2. Development of chimeric EGFR/VEGFR2 inhibitors ...................................................................... 50 

2. Rationale and design ...................................................................................................................................... 54 

3. Results and discussion .................................................................................................................................... 64 

3.1. Chemistry ................................................................................................................................................. 64 



Table of contents 

 

v 

 

3.1.1. Scheme 1 .......................................................................................................................................... 64 

3.1.2. Scheme 2 .......................................................................................................................................... 66 

3.1.3. Scheme 3 .......................................................................................................................................... 68 

3.1.4. Scheme 4 .......................................................................................................................................... 78 

3.2. Biological evaluation ................................................................................................................................ 84 

3.2.1. In vitro EGFR inhibitory assay ......................................................................................................... 89 

3.2.2. In vitro VEGFR2 inhibitory assay .................................................................................................... 90 

3.2.3. In vitro HDAC inhibitory assay ........................................................................................................ 91 

3.2.4. In vitro antiproliferative activity ....................................................................................................... 92 

3.3. Molecular modeling studies...................................................................................................................... 97 

3.3.1. Docking study ................................................................................................................................... 97 

3.3.2. In silico ADMET predictive study ................................................................................................. 115 

4. Final conclusion ............................................................................................................................................ 121 

5. Experimental ................................................................................................................................................. 126 

5.1. Chemistry ............................................................................................................................................... 126 

5.1.1. Materials and instrumentation ........................................................................................................ 126 

5.1.2. Synthesis ......................................................................................................................................... 127 

5.2. Biological evaluation .............................................................................................................................. 163 

5.2.1. In vitro EGFR and VEGFR-2 tyrosine kinase inhibitory activity .................................................. 163 

5.2.2. In vitro HDAC6 inhibitory assay .................................................................................................... 168 

5.2.3. In vitro Anti-proliferative activity against 60 cell line panel ......................................................... 168 

6. References ..................................................................................................................................................... 171 

 

 

 



List of figures 

 

vi 

 

List of figures 

Figure 1. Monoclonal antibody conjugated with radio-immunotherapy ...................................................... 6 

Figure 2. Timeline for the approval of small-molecule targeted anti-cancer drugs...................................... 8 

Figure 3. Structure of a typical protein kinase domain displaying ATP binding site and conserved 

elements around it (PDB ID code 1GAG) .................................................................................................. 10 

Figure 4. Types of protein kinase inhibitors ............................................................................................... 11 

Figure 5. The general structural characteristics and activation mechanism of RTKs ................................ 15 

Figure 6. Signaling pathway involved in activation of EGFR . .................................................................. 16 

Figure 7. Most commonly occurring mutations in the EGFR gene annotated with frequency according to 

pharmacoepidemiological data along with resistance conferring mutations posing a challenge in the 

design of EGFR TK inhibitors. ................................................................................................................... 17 

Figure 8. Pharmacophore Model. Traditional pharmacophore model for type I inhibitors, modified 

Traxler. ........................................................................................................................................................ 20 

Figure  9. SAR of 4-anilinoquinazoline binding to EGFR ......................................................................... 21 

Figure 10. Representative substituents at C6 position of some of the recent reports of quinazoline EGFR 

inhibitors ..................................................................................................................................................... 21 

Figure 11. Schematic illustration of the expression patterns, ligand specificity and cellular/physiological 

effects of each of the vascular endothelial growth factor receptors (VEGFRs). ........................................ 23 

Figure 12. Illustration of essential structural features and binding interactions of type II kinase inhibitors

..................................................................................................................................................................... 28 

Figure 13. Histone acetylation and deacetylation process. ......................................................................... 29 

Figure 14. Classification of classical HDACs showing structure, length, cellular localization and tissue 

expression ................................................................................................................................................... 31 

Figure 15. SAHA crystallized in HDLP active site protein data bank ID (1C3S) ..................................... 32 

Figure 16. Common pharmacophore of HDACIs proposed by Finnin ....................................................... 33 

Figure 17. Examples of HDACIs with different ZBG types ...................................................................... 34 

Figure 18. The structures of HDAC6 inhibitors. ........................................................................................ 35 

Figure 19.  Structural features of HDAC/Kinase hybrid compounds ......................................................... 39 

Figure 20.  Erlotinib (10) based hybrid HDAC/EGFR inhibitors using SAHA (29) ................................. 39 

Figure 21.  Erlotinib (10) based hybrid HDAC/EGFR inhibitors using belinostat (30) ............................. 41 



List of figures 

 

vii 

 

Figure 22. Lapatinib (11) based hybrid HDAC/EGFR inhibitors using belinostat (29). ............................ 42 

Figure 23. Gefitinib (9) based hybrid EGFR/HDACinhibitors using SAHA (29) with triazole connecting 

unit. ............................................................................................................................................................. 43 

Figure 24. Hybrid HDAC/EGFR inhibitors based on N-aryl salicylamides .............................................. 44 

Figure 25. Hybrid HDAC/EGFR inhibitors based on Quinazoline fragments. .......................................... 45 

Figure 26. Osimertinib based hybrid HDAC/EGFR inhibitors .................................................................. 46 

Figure 27. Hybrid HDAC/VEGFR2 inhibitors with ether linkers. ............................................................. 47 

Figure 28. Semaxinib based HDAC/VEGFR2 inhibitors ........................................................................... 48 

Figure 29. Pazopanib based hybrid HDAC/VEGFR2 inhibitors ................................................................ 49 

Figure 30. Intracellular signaling pathways blocked by vandetanib (20) that are involved in tumor 

growth, progression, and angiogenesis. ...................................................................................................... 50 

Figure 31. Structures of potent dual EGFR and VEGFR-2 inhibitors. ....................................................... 52 

Figure 32. Structures of novel EGFR/VEGFR-2 dual inhibitors. ............................................................... 53 

Figure 33. The structures of   histone deacetylase 6 (HDAC6) inhibitors .................................................. 55 

Figure 34. The structures of several reported dual inhibitors HDAC/EGFR or VEGFR2. ........................ 56 

Figure 35.  Examples of dual inhibitors acting on EGFR and VEGFR2. ................................................... 57 

Figure 36. Design strategy of hybrid multitarget (EGFR, VEGFR and HDAC inhibitors).. ..................... 59 

Figure 37. Synthetic approaches for thieno[2,3-d]pyrimidines .................................................................. 65 

Figure 38. Synthetic approaches for hydroxamic acid synthesis ................................................................ 69 

Figure 39. Examples of coupling agents via active ester formation ........................................................... 74 

Figure 40. Examples of Additives in coupling reactions (epimerisation suppressants) ............................. 74 

Figure 41. Mechanism of amide formation through coupling of carboxylic acids with carbodiimides ..... 75 

Figure 42. Mean % inhibition of the investigated compounds on EGFR, VEGFR-2 and HDAC6 at 10 µM 

concentration. .............................................................................................................................................. 87 

Figure 43. Concentration- inhibition dose response curves of representative synthesized compounds 

against EGFR and VEGFR2 at 6 different concentrations. ........................................................................ 88 

Figure 44. Example of mean graph of the % growth for compound (VIIc) against NCI 60 cell line 

screening program, where colour codes are given for each cell line. ......................................................... 96 

Figure 45. Binding mode of erlotinib (10) (-CDOCKER energy = 27.18) with EGFR (with PDB code: 

4HJO) using Accelrys Discovery Studio 4.5. ............................................................................................. 98 

Figure 46. Binding mode of proposed compounds with EGFR (PDB code: 4HJO. ................................ 102 



List of figures 

 

viii 

 

Figure 47. Binding mode of proposed compounds with EGFR (PDB code: 4HJO) versus their EGFR % 

inhibition. .................................................................................................................................................. 104 

Figure 48. Binding mode of reference compound with VEGFR2 (PDB code: 3VHE) using Accelrys 

Discovery Studio 4.5. ................................................................................................................................ 105 

 Figure 49. Binding mode of proposed compounds with VEGFR2 (PDB code: 3VHE) ......................... 109 

Figure 50. Binding mode of proposed compounds with VEGFR2 (PDB code: 3VHE) versus their 

VEGFR2 % inhibition............................................................................................................................... 110 

Figure 51. Binding mode of trichostatin A (TSA) with HDAC6 (PDB code: 5G0H) ............................. 111 

Figure 52. Binding mode of proposed compounds with HDAC6 (PDB code: 5G0H) ............................ 113 

Figure 53. ADMET plot for the newly designed compounds. .................................................................. 116 

Figure 54. Z'-LYTE® principle Illustration .............................................................................................. 164 

 

 

 

file:///D:/old%20desktop%20mona/BUCHI/PHD/PHD%20thesis%20Mona/Thesis%2013.11.2021%20with%20references%20link%20deleted%20n%20pasted.asd.docx%23_Toc87589134
file:///D:/old%20desktop%20mona/BUCHI/PHD/PHD%20thesis%20Mona/Thesis%2013.11.2021%20with%20references%20link%20deleted%20n%20pasted.asd.docx%23_Toc87589134


List of tables 

 

ix 

 

List of tables 

Table 1. Mean % inhibition of the investigated ureido and thioureido compounds on EGFR, VEGFR-2 

and HDAC6 at 10 µM concentration.. ...................................................................................................... 85 

Table 2. Mean % inhibition of the investigated aniline derivatives on EGFR, VEGFR-2 and HDAC6 at 

10 µM concentration. ................................................................................................................................ 86 

Table 3. The IC50 value of representative synthesized compounds against EGFR and VEGFR2. ........... 89 

Table 4. Sixty human tumor NCI cell line anticancer screening data at single dose assay (10 µM  

concentrations) as percent cell growth promotion for the 20 synthesized compounds. ........................... 95 

Table 5. Docking results of Erlotinib and representative synthesized thieno[2,3-d]pyrimidine derivatives 

against EGFR (PDB code: 4HJO)............................................................................................................. 99 

Table 6. Docking results of pyrrolo[3,2-d]pyrimidine reference compound and representative synthesized 

thieno[2,3-d]pyrimidine derivatives against VEGFR2 (PDB code 3VHE) ............................................ 106 

Table 7. Docking results of TSA reference compound and representative synthesized thieno[2,3-

d]pyrimidine derivatives against HDAC6(PDB code: 3G0H)................................................................ 112 

Table 8. The computational parameters of pharmacokinetics (ADMET) predictions for the synthesized 

thieno[2,3-d]pyrimidine hydroxamic acid derivatives. ........................................................................... 117 

Table 9. The AlogP98 and PSA parameters of pharmacokinetics (ADME) predictions for the synthesized 

thieno[2,3-d]pyrimidine hydroxamic acid derivatives versus their synthesized thieno[2,3-d]pyrimidine 

ester derivatives. ..................................................................................................................................... 120 

Table 10. Summary of potential lead thieno[2,3-d]pyrimidine compounds  as multitarget, dual and 

selective inhibitors. ................................................................................................................................. 123 



List of abbreviations 

 

x 

 

List of Abbreviations 

 

A-loop: Activation loop 

Anal.calc.: analytical calculations 

Arg or R: Arginine  

Asp: Aspartate 

Asp-Phe-Gly: Aspartate-Phenyl alanine-Glycine 

BCR-ABL: Breakpoint Cluster Region and Abelson proto-oncogene 

BOC: tertiary butoxy carbonyl protecting group 

BOP: benzotriazol‐1‐yloxy tris(dimethylamino) phosphonium hexafluorophosphate 

BSA: Bovine serum albumin 

BTK: Bruton’s tyrosine kinase 

c-FMS: Colony-stimulating factor-1 receptor 

c-SRC: Cellular sarcoma (Schmidt-Ruppin A-2) viral oncogene 

Cat.: Catalyst 

CD: catalytic domain 

CDI: Carbonyl diimidazole 

C-Docker: CHARMm Docker 

CHARMm: Chemistry at Harvard Macromolecular Mechanics 

c-Kit: v-kit (Hardy-Zuckerman 4 feline) sarcoma viral oncogene 

c-Myc: Cellular myelocytomosis gene 

CNS: Central nervous system 

CTLA-4: Cytotoxic T lymphocyte antigen-4 

CYP2D6: Cytochrome P450 2D6 

Cys or C: Cysteine 

DCM: Dichloromethane 

DCC: Dicyclo hexyl carbodiimide 


