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ABSTRACT 

The thesis entitled “Chemistry of metal sandwich compounds: Studies on C-H 

functionalization, design of novel ligands and use as catalysts.” presents the results 

obtained from the research work carried out on the synthesis, characterization and 

exploration of the chemistry of ferrocene and cobalt sandwich compounds. The 

accompanied research work has been divided into the seven chapters. 

Chapter 1 is a general introduction providing the background and literature required for 

the understanding of the actual experiments carried out and presented in the subsequent 

chapters. As the work described in this thesis has mainly been focused on the metal 

sandwich compounds, this chapter includes types and applications of ferrocene and cobalt 

sandwich compounds of the type (η
5-C5H5)Co(η4-C4Ph4). This chapter also deals with a 

brief discussion on the literature around C-H functionalization: through chelation and 

short contacts. Under the chelation mediated C-H activation, different monodentate, 

bidentate, traceless and transient directing group assisted C-H bond functionalization has 

been briefly described. Under short contact driven C-H activation, template assisted 

remote/distal C-H bond functionalization has been discussed in brief. A detailed 

discussion on the transition metal mediated C-H bond activation of metal sandwich 

substrates has also been provided. In the last section of this chapter, a brief background 

for the oxidation of benzyl amines and use of metal sandwich compounds in organic 

transformations has been portrayed. Necessity of oxidizing benzyl amines using 

atmospheric air and water as the solvent using a ferrocene/ferrocenium redox catalyst has 

been addressed and existing challenges have been identified. The chapter ends with the 

scope of the present of work carried out and reported in the thesis.  
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Chapter 2 describes the general experimental procedures adopted in the synthesis of new 

compounds and details of characterization techniques utilized. Specific synthetic details 

of the starting materials described in the thesis are also presented.  

Chapter 3 describes the unprecedented isolation of Cu(I) complexes as product in a 

Sonogashira coupling wherein the coupled product holds CuX (X= I, Br) as a "classical 

side-on" type complex which has been found to be highly air and moisture stable. The 

use of cuprous acetylide of ethynyl ferrocene yielded the same product and this 

observation indirectly proves that cuprous acetylide is formed in the copper cycle of the 

Sonogashira coupling mechanism. The spatial arrangement provided by the coupled 

product is sufficient for one monomeric Cu-X fragment to be present in it. Treatment of 

the above monomeric copper complexes with aq. ammonia in DMF yielded the metal free 

Cu(I) specific ligands in quantitative yields. This metal free compound could bind 

recyclably to Cu(I)X salts almost quantitatively and within 1 minute time, even from a 

suspension of mixture of various metal salts.   

Chapter 4 describes the bidentate directing group assisted C-H bond fuctionalization of 

the ferrocene and cobalt sandwich substrates. Carbon-boron, carbon-silicon and carbon-

selenium bond formations have been achieved using bis(pinacolato)diboron, 

hexamethyldisilane and diphenyl diselenide as the reactive species, respectively. A 

catalytic C-H borylation reaction was achieved using pyridine-N-oxide as the directing 

group. A stoichiometric borylation was also attained using 2-(methylthio)phenyl as the 

directing group. Identities of some of the palladacycle intermediates were confirmed by 

single crystal XRD studies. Palladium catalyzed C-H silylation was achieved using 2-

(methylthio)phenyl directing group using hexamethyldisilane as the silylating agent, on 
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cobalt sandwich substrates. Palladium catalyzed C-H selenation was successfully 

achieved using 8-aminoquinoline as the directing group on palladacycles of both 

ferrocene and cobalt sandwich compounds. 

Chapter 5 describes the synthesis of multi-aroyl derivatives of ferrocene using palladium 

catalyst and oxime-ether as a directing group. The reactions were carried out under air 

and aldehydes were used as the acylating agents, under the influence of aqueous tert-

butyl hydroperoxide (TBHP) as the oxidant. The multi-aroyl derivatives obtained 

following this method is difficult to synthesize in traditional methods. A detailed 

optimization of the mentioned method has been discussed in the thesis. Substrate scope of 

the aldehydes and benzyl alcohols were investigated and the mechanism of the reaction 

was proposed by taking in account the literature reports and control experiments. 

Straightforward deprotection of the oxime directing group was possible using acidic 

hydrolysis. The rate and order of the initiation reaction was also determined by kinetic 

experiments.  

Chapter 6 deals with the oxidation of benzylamines to the corresponding imines in 

purely aqueous medium. A ferrocenium based catalyst was used for this transformation. 

Iron being the second most abundant metal on the earth’s crust and atmospheric air being 

the most inexpensive and safest oxidant, this method has a considerable scope in the 

imine chemistry. The substrate scope showed the applicability of this reaction in presence 

of electron-donating as well as electron withdrawing substrates. Mixture of two amines 

gave the cross-coupled imine products in low to moderate yields. Different literature 

reports and control experiments enabled us to propose the mechanism of the oxidation 
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reaction. A ferrocenium salt played a dual role as a catalyst and initiator for chain 

reaction in the above reaction.  

Chapter 7 gives the overall conclusions of the entire work carried out in the present 

study. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



सार 

थी�सस "के�म�� ऑफ़ मेटल स�ड�वच कंपाउं�स: �टडीज ऑन सी-एच फं"शनल�जेसान, %डज़ाइन ऑफ़ 

नावेल �लगडंस एंड यज़ू अस काट�ल�,स" स-ंलेषण, �वशषेता और फेरोसीन और कोबा4ट स�ड�वच 

यौ6गक7 क8 रसायन शा�9 के अ:वेषण क8 खोज पर <कए गए शोध काय> से ?ा@त पAरणाम ?�ततु 

करता है। शोध कायF सात अGयाय7 मH बांटा गया है। 

अGयाय १ एक सामा:य पAरचय है जो बाद के अGयाय7 मH <कए गए वा�त�वक ?योग7 क8 समझ के �लए 

आव-यक पNृठभ�ूम और साQहRय ?दान करता है। चूं<क इस थी�सस मH वSणFत कायF मTुय Uप से धात ुस�ड�वच 

यौ6गक7 पर कH QVत है, इस अGयाय मH (η5-C5H5)Co(η4-C4Ph4) ?कार के फेरोसीन और कोबा4ट स�ड�वच 

यौ6गक7 के ?कार और अन?ुयोग शा�मल ह�। यह अGयाय चेलेशन और छोटे सपंक> के माGयम से सी-एच 

कायाF:वयन के आसपास साQहRय पर एक सXंY@त चचाF से सबं6ंधत है । चेलेशन मGय�थ सी-एच स<Zयण के 

तहत, अलग-अलग मोनडHटट, [बडHटटे, ेसलेस ् और YSणक ]नद̂श समहू क8 सहायता से सी-एच बधंन 

कायाF:वयन सYंेप मH वSणFत <कया गया है। सXंY@त सपंकF  सचंा�लत सी-एच स<Zयण के तहत, टे_पलेट 

सहायता दरू�थ / दरू�थ सी-एच बॉ:ड कायाF:वयन पर चचाF क8 गई है। धात ुस�ड�वच सब�े,स के सZंमण 

धात ुमGय�थ सी-एच बॉ:ड स<Zयण पर एक �व�ततृ चचाF भी ?दान क8 गई है। इस अGयाय के अ]ंतम खंड मH, 

बHजाइल अमाइन के ऑ"सीकरण और काबF]नक पAरवतFन7 मH धात ुस�ड�वच यौ6गक7 के उपयोग के �लए एक 

सXंY@त पNृठभ�ूम 6च[9त क8 गई है। बHजाइल अमाइन7 को वायमुडंल�य वाय ु , पानी का �वलायक के Uप मH 

और एक फेरो�सन / फेरोसे]नयम रेडॉ"स उR?ेरक का उपयोग करके ऑ"सीकरण करने क8 आव-यकता को 

सबंो6धत <कया गया है और मौजूदा चुनौ]तय7 क8 पहचान क8 गई है। थी�सस मH <कए गए काय> के वतFमान 

दायरे के साथ अGयाय समा@त होता है। 

अGयाय २ मH नए यौ6गक7 के स-ंलेषण और उपयोग क8 गई �वशषेता तकनीक7 के �ववरण मH अपनाई गई 

सामा:य ?योगाRमक ?<Zयाओं का वणFन <कया गया है। थी�सस मH वSणFत ?ारं�भक सामdी के �व�शNट 

�सथंेQटक �ववरण भी ?�ततु <कए जात ेह�। 

अGयाय ३ मH Cu(I) पAरसर7 के अभतूपवूF अलगाव का वणFन सोनोग�शरा यiुमन मH उRपाद के Uप मH <कया गया 

है िजसमH यिुiमत उRपाद मH ""ला�सकल साइड-ऑन" ?कार पAरसर के Uप मH CuX (X = I, Br) होता है जो 

अRय6धक हवा और नमी ि�थर पाया जाता है । एnयनील फेरो�सन के कपस ए�सटाइलाइड के उपयोग ने वह� 

उRपाद पदैा <कया और यह अवलोकन अ?RयY Uप से सा[बत करता है <क सोनोग�शरा यiुमन त9ं के तांबा चZ 

मH कपरू ए�सटाइड का गठन होता है। यिुiमत उRपाद oवारा ?दान क8 गई �था]नक pयव�था एक मोनोमेAरक 

"य-ूए"स खंड मH मौजदू होने के �लए पयाF@त है। उपरो"त मोनोमेAरक तांबा पAरसर7 के डीएमएफ मH जल�य 

अमो]नया से उपचार ने मा9ाRमक उपज मH धात ुम"ुत Cu(I) �व�शNट �लग�ड7 को ज:म Qदया। यह धात ुम"ुत 

यौ6गक Cu(I) ए"स लवण को लगभग मा9ाRमक Uप से और १ �मनट के भीतर पनुनFवीनीकरण कर सकता है, 

यहां तक <क �व�भ:न धात ुनमक के �मqण के ]नलबंन से भी। 



अGयाय ४ ]नद̂शक समहू सी-एच बॉ:ड फ"शनलाइजेशन क8 सहायता से फेरोसीन और कोबा4ट स�ड�वच 

सब�े,स का वणFन  करता है। काबFन-बोरॉन, काबFन-�स�लकॉन और काबFन-सेले]नयम बधंन सरंचना Zमशः 

?]त<Zयाशील ?जा]तय7 के Uप मH बीस (�पनकोलाटो) %डबोरॉन, हे"सामे6थि4ड�सलन और %डफे]नल 

%डसेलेनाइड का उपयोग करके हा�सल क8 गई ह�। ]नद̂शक समहू के Uप मH पाइर�%डन-एन-ऑ"साइड का 

उपयोग करके उR?ेरक सी-एच बोर�लेशन ?]त<Zया ?ा@त क8 गई। ]नद̂शक समहू के Uप मH 2- (मे6थल6थयो) 

फे]नल का उपयोग करके एक �टॉइ6चयोमेQक बोर�लेशन भी ?ा@त <कया गया। कुछ प4लाडसैीकल 

इंटरमी%डए,स क8 पहचान एकल <Z�टल ए"स आर डी अGययन7 oवारा पिुNट क8 गई थी। पलेै%डयम उR?ेAरत 

सी-एच �सलाईलेशन को कोबा4ट स�ड�वच सब�े,स पर, �सलेलाइQटगं एजHट के Uप मH हे"सामे6थि4ड�सलन 

का उपयोग करके 2- (मे6थल6थयो) फे]नल ]नद̂शन समहू का उपयोग करके हा�सल <कया गया था। पलेै%डयम 

उR?ेAरत सी-एच सेलेनेशन को 8-ए�मनोि"वनो�लन का फेरोसीन और कोबा4ट स�ड�वच यौ6गक7 के 

पलैाडसेीकल पर ]नद̂शक समहू के Uप मH का उपयोग करके सफलतापवूFक हा�सल <कया गया था। 

अGयाय ५ मH ]नद̂शक समहू के Uप मH पलेै%डयम उR?ेरक और ऑ"सीम-ईथर का उपयोग करके फेरो�सन के 

बहु-एरोइल डAेरवेQटव के स-ंलेषण का वणFन <कया गया है। ऑ"सीडHट के Uप मH जल�य टटF-uयQूटल 

हाइvो?ो"साइड (ट�बीएचपी) के ?भाव मH, हवा के तहत ?]त<Zयाएं क8 जाती थीं और ए4डहेाइ%डस को 

एसीलेQटगं एजHट के Uप मH उपयोग <कया जाता था। इस �व6ध के बाद ?ा@त बहु-एरोइल डAेरवेQटव पारंपAरक 

तर�क7 से स-ंले�षत करना मिु-कल है। थी�सस मH उि4लSखत �व6ध का एक �व�ततृ अनकूुलन पर चचाF क8 गई 

है। ए4डहेाइड और बHजाइल अ4कोहल के सuसेट गुजंाइश क8 जाचं क8 गई और साQहRय क8 AरपोटF और 

]नय9ंण ?योग7 को Gयान मH रखत ेहुए ?]त<Zया का त9ं ?�ता�वत <कया गया। ऑ"सीम डायरे"ो�लगं समहू 

का सीधा %डwH स अ_ल�य हाइvो�ल�सस का उपयोग करके सभंव था। द�Yा ?]त<Zया क8 दर और Zम भी 

ग]तशील ?योग7 oवारा ]नधाFAरत <कया गया था।  

अGयाय ६ परू� तरह से जल�य माGयम मH बHजाइलामाइ:स के सबं6ंधत इमाइन7 मH ऑ"सीकरण से सबं6ंधत है। 

इस पAरवतFन के �लए एक फेरोसे]नयम आधाAरत उR?ेरक का उपयोग <कया गया था। पnृवी क8 परत पर लौह 

दसूरा सबसे ?चुर मा9ा मH धात ुहै और वायमुडंल�य हवा सबसे स�ती और सरुXYत ऑ"सीडHट है, इस �व6ध क8 

इमाइन रसायन शा�9 मH काफ8 गुजंाइश है। सuसेट �कोप ने इले"ान-दान करने के साथ-साथ इले"ोन को 

सuसेट को वापस लेने क8 उपि�थ]त मH इस ?]त<Zया क8 ?योyयता Qदखाई। दो अमी:स के �मqण ने Zॉस-

यिुiमत इमेइन उRपाद7 को कम से कम पदैावार मH Qदया। �व�भ:न साQहRय Aरपोट> और ]नय9ंण ?योग7 ने हमH 

ऑ"सीकरण ?]त<Zया के त9ं का ?�ताव देने मH सYम बनाया। एक फेरोसे]नयम नमक ने उपरो"त ?]त<Zया 

मH चेन ?]त<Zया के �लए उR?ेरक और शzुआतकताF के Uप मH दोहर� भ�ूमका ]नभाई। 

अGयाय ७ वतFमान अGययन मH <कए गए परेू काम के समd ]नNकषF देता है। 



 ix
 

TABLE OF CONTENTS 

 Page 

CERTIFICATE                                                                                                                      i 

ACKNOWLEDGEMENTS                                                                                                  ii 

ABSTARCT                                                                                                                          v

TABLE OF CONTENTS                                                                                                     ix 

LIST OF FIGURES                                                                                                             xv 

LIST OF TABLES                                                                                                              xx 

ABBREVIATIONS                                                                                                          xxiii

CHAPTER  1 Introduction 1 

 1.1 Metal sandwich compounds 1 

 1.2 Ferrocene and its reactivity 3 

 1.3 Cobalt based sandwich compounds 6 

 1.3.1 Types of cobalt based sandwich compounds 7 

 1.3.1.1 Cobalt sandwich compounds of the type (η
5-

Cp)Co(η4-C4Ph4) with functionalization on the 

cyclopentadienyl ring 

8 

 1.4 Applications of metal sandwich compounds 11 

 1.4.1 In medicinal chemistry 11 

 1.4.2 In polymer chemistry 12 

 1.4.3 In asymmetric catalysis 13 

 1.5 

 

Ethynyl derivatives of metal sandwich  

compounds 

16 

 



                                                                              x  

1.6 

1.7 

 

1.7.1 

1.7.1.1 

1.7.1.2 

1.7.1.3 

1.7.1.4 

1.7.2 

 

1.8 

 

1.9 

1.9.1 

1.10 

1.10.1 

1.10.2 

1.10.3 

1.11 

 

1.12 

Chiral oxazolines 

Transition metal-catalysed C-H activation and 

functionalization 

Functionalization through chelation 

Mono-dentate and bi-dentate directing groups 

Transient directing group 

Traceless directing groups 

C-H activation using bi-functional template 

C-H activation by short contacts: Template directed 

remote C-H functionalization 

C-H functionalization on metal-sandwich 

compounds  

Palladium catalysed cross-coupling reactions 

Sonogashira Coupling 

Aerobic oxidation of amine or alcohols to imines 

Transition metal based catalysis 

Metal free catalysis 

Photo-catalytic and bio-inspired reaction 

Use of ferrocene and ferrocenium ions in organic 

synthesis 

Scope of the present work 

 

 

17 

18 

 

19 

19 

21 

23 

25 

26 

 

29 

 

35 

36 

40 

41 

43 

43 

44 

 

47 



 xi
 

CHAPTER 2 Experimental (Starting Materials and Techniques) 49 

 2.1 Preparation, purification and characterization of 

starting materials 

49 

 2.2 Purification and drying of solvents and reagents 

used in the Study 

59 

 2.3 Experimental techniques 60 

 2.4 Characterization techniques 61 

CHAPTER 3 Unprecedented formation of π-copper complexes 

during Sonogashira coupling: Synthesis of a 

unique, recyclable, ethynyl ferrocene derived Cu(I) 

specific ligand 

63 

 3.1 Introduction 63 

 3.2 Results and discussion 65 

 3.3 Structural studies of compounds 17-19 70 

 3.4 

3.5 

3.5.1 

3.5.2 

 

 

3.6 

3.7 

3.8 

Copper (I) binding studies & recyclability 

Spectral studies 

NMR Spectral studies 

UV-vis spectra of the un-complexed ethynyl 

ferrocene based oxazoline ligand (20) and its Cu(I) 

complexed form (17) 

Fate of Copper in the synthesis of Cu-free ligands 

Copper (I) selectivity of the ligand 

Optical activity 

72 

74 

74 

79 

 

 

80 

81 

81 



 xii
 

 3.9 Conclusions 82 

 3.10 Experimental section 82 

CHAPTER 4 Borylation, silylation and selenation of C-H bonds 

in metal sandwich compounds by using a directing 

group strategy 

90 

 4.1 Introduction 90 

 4.2 

4.2.1 

4.2.2 

4.2.3 

Results and discussion 

C-H borylation studies 

C-H silylation studies 

C-H selenation studies 

93 

93 

101 

103 

 4.3 

4.4 

4.5 

4.6 

NMR spectral studies 

Structural studies of compounds 22-36 

Conclusions 

Experimental section 

105 

114 

122 

123 

 4.7 X-ray crystallography 132 

CHAPTER 5 Synthesis of unsymmetrical multi-aroyl derivatives 

of ferrocene using palladium catalysed oxidative C-

H aroylation 

141 

 5.1  Introduction 141 

 5.2 Results and discussion 144 

 5.3 Substrate scope of the reaction 148 

 5.4 Control experiments 151 

 5.5 Plausible mechanism of the reaction 152 



 xiii
 

5.6 

5.7 

5.8 

5.9 

Deprotection of the oxime-directing group 

Kinetic studies 

NMR spectral studies 

Conclusions 

153 

153 

155 

165 

 5.10 Experimental section 165 

CHAPTER 6 Ferrocenium promoted oxidation of benzyl amines 

to imines with water as solvent and air as the 

oxidant 

179 

 6.1 Introduction 179 

 6.2 Results and discussion 182 

 6.3 Substrate scope of the reaction 185 

 6.4 Control experiments 187 

 6.5 

6.6 

6.7 

6.8 

6.9 

 

6.10 

Scale up reaction 

Plausible mechanism of the reaction 

UV-visible spectroscopic studies 

NMR spectral studies 

Determination of E/Z stereochemistry for the 

imines 

Conclusions 

189 

189 

191 

192 

202 

 

204 

 6.11 Experimental Section 205 

CHAPTER 7 Conclusions  215 

    



 xiv
 

REFERENCES 218 

RESUME   251 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xv
 

LIST OF FIGURES 

   Page 

CHAPTER 1   

Figure 1.1 Example of metallocenes and non-metallocenyl sandwich 

compounds 

2 

Figure 1.2 Bent or tilted sandwich compounds 2 

Figure 1.3 Multi decker, half, linked and polycyclic sandwich 

compounds 

2 

Figure 1.4 Ferrocene and ruthenium derivatives in medicinal 

chemistry 

12 

Figure 1.5 Examples of ferrocene based chiral catalysts 14 

Figure 1.6 The ferrocenyl and cobalt oxazoline palladacycles 14 

Figure 1.7 Enantioselective step in the COP catalysed rearrangement 15 

Figure 1.8 Examples of mono and multi ethynyl derived 

organometallic sandwich and half sandwich compounds 

17 

Figure 1.9 Some important monodentate directing groups for C-H 

functionalization 

20 

Figure 1.10 Some important bidentate directing groups for C-H 

functionalization 

20 

Figure 1.11 Representative example of some successful transient 

directing groups 

23 

Figure 1.12 Bi-functional bi-metallic template directed remote C-H 

functionalization 

25 

Figure 1.13 Transition state for the remote C-H activation by CN 

based template using Pd and Ag salts 

29 

Figure 

 

 

 

 

1.14 

 

 

 

 

Frontier molecular orbitals of ferrocene 44 



 xvi
 

CHAPTER  2 

Figure 2.1. 1H NMR spectrum of ethynyl ferrocene 52 

Figure 2.2. 1H-NMR spectrum of acetyl ferrocene oxime ether 58 

 

CHAPTER 

 

3 

  

Figure 3.1. Cu-X complexes isolated in Sonogashira coupling 64 

Figure 3.2. Molecular structure of compound 17. Thermal ellipsoids 

are drawn at the 30% probability level. 

70 

Figure 3.3. Molecular structure of compound 18. Thermal ellipsoids 

are drawn at the 30% probability level. 

71 

Figure 3.4. Molecular structure of compound 19. Thermal ellipsoids 

are drawn at the 30% probability level. 

71 

Figure 3.5. 1H NMR spectum of compound 13 75 

Figure 3.6. 13C NMR spectum of compound 13 75 

Figure 3.7. 1H NMR spectum of compound 17 76 

Figure 3.8. 13C NMR spectrum of compound 17. 76 

Figure 3.9. 1H NMR spectum of compound 18 77 

Figure 3.10. 13C NMR spectum of compound 18 77 

Figure 3.11. 1H NMR spectum of compound 20 78 

Figure 3.12. 13C NMR spectum of compound 20 78 

Figure 3.13. Plot of absorbance vs wavelength of the complexed and 

un-complexed forms 

79 

Figure 3.14. Plot of absorbance vs. wavelength of the prepared 

[Cu(NH3)4(H2O)2]
2+  complex in DMF and obtained aq. 

layer 

80 

Figure 

Figure 

 

 

 

 

3.15 

3.16 

 

 

 

 

ESI HR mass spectrum of compound 20 

ESI HR mass spectrum of compound 21 

89 

89 



xvii
 

CHAPTER  4 

Figure 4.1 Use of multi-functionalized metal sandwich compounds in 

medicinal chemistry and in asymmetric catalysis 

91 

Figure 4.2 1H NMR spectum of compound 22 105 

Figure 4.3 13C{1H} NMR spectum of compound 22 106 

Figure 4.4 1H NMR spectum of compound 23 106 

Figure 4.5 13C{1H} NMR spectum of compound 23 107 

Figure 4.6 1H NMR spectum of compound 24 107 

Figure 4.7 13C{1H} NMR spectum of compound 24 108 

Figure 4.8 1H NMR spectum of compound 26 108 

Figure 4.9 13C{1H} NMR spectum of compound 26 109 

Figure 4.10 1H NMR spectum of compound 28 109 

Figure 4.11 13C{1H} NMR spectum of compound 28 110 

Figure 4.12 1H NMR spectum of compound 29 110 

Figure 4.13 13C{1H} NMR spectum of compound 29 111 

Figure 4.14 1H NMR spectum of compound 33 111 

Figure 4.15 13C{1H} NMR spectum of compound 33 112 

Figure 4.16 1H NMR spectum of compound 34 112 

Figure 4.17 13C{1H} NMR spectum of compound 34 113 

Figure 4.18 Molecular structure of compound 22. Thermal ellipsoids 

are drawn at the 30% probability level. 

115 

Figure 4.19 Molecular structure of compound 23. Thermal ellipsoids 

are drawn at the 30% probability level 

116 

Figure 4.20 Molecular structure of compound 24. Thermal ellipsoids 

are drawn at the 30% probability level 

116 

Figure 4.21 Molecular structure of compound 25. Thermal ellipsoids 

are drawn at the 30% probability level. 

117 

Figure 4.22 Molecular structure of compound 26. Thermal ellipsoids 

are drawn at the 30% probability level 

118 

Figure 4.23 Molecular structure of compound 28. Thermal ellipsoids 

are drawn at the 30% probability level 

119 



xviii
 

Figure 4.24 Molecular structure of compound 29. Thermal ellipsoids 

are drawn at the 30% probability level 

119 

Figure 4.25 Molecular structure of compound 31. Thermal ellipsoids 

are drawn at the 30% probability level 

120 

Figure 4.26 Molecular structure of compound 33. Thermal ellipsoids 

are drawn at the 30% probability level 

120 

Figure 4.27 Molecular structure of compound 34. Thermal ellipsoids 

are drawn at the 30% probability level 

121 

Figure 

 

Figure 

Figure 

Figure 

4.28 

 

4.29 

4.30 

4.31 

Molecular structure of compound 36. Thermal ellipsoids 

are drawn at the 30% probability level 

ESI HR mass spectrum of compound 26 

ESI HR mass spectrum of compound 33 

ESI HR mass spectrum of compound 34 

122 

 

139 

140 

140 

 

CHAPTER  

 

5 

  

Figure 5.1 Applications of multi-functionalized metal 

sandwich compounds in asymmetric catalysis and 

medicinal chemistry 

 142 

Figure 5.2 NMR kinetic experiment: decomposition of TBHP and 

formation of t-BuOH 

154 

Figure 5.3 Study of kinetics for the initiation reaction 155 

Figure 5.4 1H NMR spectum of compound 41a 156 

Figure 5.5 13C {1H} NMR spectum of compound 41a 157 

Figure 5.6 1H NMR spectum of compound 41b 157 

Figure 5.7 13C{1H} NMR spectum of compound 41b 158 

Figure 5.8 1H NMR spectum of compound 41c 158 

Figure 5.9 13C{1H} NMR spectum of compound 41c 159 

Figure 5.10 1H NMR spectum of compound 41f 159 

Figure 5.11 13C{1H} NMR spectum of compound 41f 160 

Figure 5.12 1H NMR spectum of compound 41g 160 

Figure 5.13 13C{1H} NMR spectum of compound 41g 161 



 xix
 

Figure 5.14 1H NMR spectum of compound 41j 161 

Figure 5.15 13C{1H} NMR spectum of compound 41j 162 

Figure 5.16 1H NMR spectum of compound 41k 162 

Figure 5.17 13C{1H} NMR spectum of compound 41k 163 

Figure 5.18 1H NMR spectum of compound 43a 163 

Figure 

Figure 

Figure 

5.19 

5.20 

5.21 

13C{1H} NMR spectum of compound 43a 

ESI HR mass spectrum of compound 41a 

ESI HR mass spectrum of compound 43a 

164 

177 

178 

    

CHAPTER  6   

Figure 6.1 UV-visible spectra for ferrocene, ferrocenium salt and the 

reaction mixture 

192 

Figure 6.2 1H NMR spectum of compound 46a 194 

Figure 6.3 13C{1H} NMR spectum of compound 46a 194 

Figure 6.4 1H NMR spectum of compound 46b 195 

Figure 6.5 13C{1H} NMR spectum of compound 46b 195 

Figure 6.6 1H NMR spectum of compound 46c 196 

Figure 6.7 13C{1H} NMR spectum of compound 46c 196 

Figure 6.8 1H NMR spectum of compound 46d 197 

Figure 6.9 13C{1H} NMR spectum of compound 46d 197 

Figure 6.10 1H NMR spectum of compound 46e 198 

Figure 6.11 13C{1H} NMR spectum of compound 46e 198 

Figure 6.12 1H NMR spectum of compound 46f 199 

Figure 6.13 13C{1H} NMR spectum of compound 46f 199 

Figure 6.14 1H NMR spectum of compound 46i 200 

Figure 6.15 13C{1H} NMR spectum of compound 46i 200 

Figure 6.16 1H NMR spectum of compound 48a 201 

Figure 6.17 13C {1H} NMR spectum of compound 48a 201 

Figure 6.18 NOESY spectra of compound 46b 203 

Figure 6.19 NOESY spectra of compound 48a 204 



xx
 

 
LIST OF TABLES 

    

CHAPTER 1  Page 

Table  1.1 Representative examples of template directed remote meta 

C-H bond functionalization 

27 

Table  

 

Table 

 

Table 

Table 

 

Table 

 

 

Table 

 

Table 

Table 

1.2 

 

1.3 

 

1.4 

1.5 

 

1.6 

 

 

1.7 

 

1.8 

1.9 

 

 

 

Representative examples of template directed remote 

meta/para C-H bond functionalization 

Functionalization of ferrocene using mono-dentate directing 

group 

Intramolecular C-H functionalization on ferrocene substrates 

C-H functionalization of ferrocene and cobalt sandwich 

compound using bi-dentate directing groups 

Functionalization of ferrocene and cobalt-sandwich 

compound using picolinamide, ketone and thio-ketone based 

directing groups 

Utility of Sonogashira coupling in the total synthesis of 

natural products 

Application of ferrocenium salts in organic synthesis 

Application of ferrocene as catalysts in organic synthesis 

28 

 

31 

 

32 

33 

 

35 

 

 

37 

 

45 

46 

 

 



xxi
 

 

CHAPTER   3 

 

 

 

  

Table  

Table 

Table 

Table 

3.1. 

3.2 

3.3 

3.4 

 

Optimization of reaction conditions 

Recyclability studies of metal-free Cu(I) specific ligand (20) 

UV-visible spectra of compound 17 & 20 

X-ray crystal structure parameters of compounds 17-19  

67 

73 

79 

88 

CHAPTER  4   

Table  4.1. Optimization of the conditions for C-H borylation reaction 96 

Table  

Table 

Table 

Table 

Table 

Tables 

4.2 

4.3 

4.4 

4.5 

4.6 

4.7-4.11 

Optimization of the conditions for C-H silylation reaction  

X-ray crystallographic data for compounds 22, 23, 24 

X-ray crystallographic data for compounds 25, 26, 28 

X-ray crystallographic data for compounds 29, 31, 33 

X-ray crystallographic data for compounds 34, 36 

Optimization tables for C-H borylation 

 

 

102 

133 

134 

135 

136 

137-139 



 xxii
 

 

CHAPTER 

 

5 

  

Table  

Tables 

5.1. 

5.2-5.10 

Optimization of conditions for C-H aroylation 

Tables for optimization of the palladium catalysed aroylation 

reaction 

146 

173-177 

CHAPTER  6 
  

Table  

Tables 

6.1 

6.2-6.6 

Optimization of conditions for oxidation of benzylamines 

Tables for optimization of the ferrocenium promoted 

oxidation reaction 

 

184 

212-214 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 



 xxiii
 

List of Abbreviations Used 

Anal.  Analysis 

iPr  Isopropyl 

Calcd.  Calculated 

Cp  Cyclopentadienyl 

Cb  Cyclobutadiene  

Me  Methyl 

Et  Ethyl 

Ph  Phenyl 

Fc  Ferrocene 

Mp  Melting point 

RT  Room Temperature 

h  Hour(s) 

min  Minutes 

THF  Tetrahydrofuran 

UV  Ultraviolet Spectroscopy 

TLC  Thin Layer Chromatography 

NMR  Nuclear Magnetic Resonance Spectroscopy 

HRMS  High Resolution Mass Spectroscopy 

PyO  Pyridine-N-oxide 

NOESY Nuclear Overhauser effect spectroscopy 

BHT  Butylated hydroxytoluene 

TEMPO (2, 2, 6, 6-tetramethylpiperidin-1-yl)oxyl 



xxiv
 

TMEDA Tetramethylethylenediamine 

TDG  Transient directing group 

DG  Directing group 

DMSO  Dimethyl sulfoxide  

SCXRD Single crystal X-ray diffraction 

DCM  Dichloromethane 

DMF  N, N-dimethyl formamide 

Aq.  Aqueous  

TON  Turn Over Number 

DCE  1, 2-dichloroethane 

NHPI  N-hydroxy phthalimide  

DDQ  2, 3-dichloro-5,6-dicyanobenzoquinone 

TBHP  tert-Butyl hydroperoxide 

TBPB  tert-Butyl peroxybenzoate 

GC-MS Gas Chromatography Mass Spectrometry 

 


	MAYUKH DEB.pdf
	1
	2
	3




