




Organometallic Compounds





Organometallic Compounds

Synthesis, Reactions, and Applications

Edited by
Dakeshwar Kumar Verma
Jeenat Aslam



Editors

Dr. Dakeshwar Kumar Verma
Govt. Digvijay Autonomous PG College
Department of Chemistry
Rajnandgaon, Chhattisgarh
491441 Chhattisgarh
India

Dr. Jeenat Aslam
Taibah University
Department of Chemistry
Yanbu
30799
Saudi Arabia

Cover Image: © Stampf/pixabay

All books published by WILEY-VCH are carefully
produced. Nevertheless, authors, editors, and
publisher do not warrant the information
contained in these books, including this book,
to be free of errors. Readers are advised to keep
in mind that statements, data, illustrations,
procedural details or other items may
inadvertently be inaccurate.

Library of Congress Card No.: applied for

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available
from the British Library.

Bibliographic information published by
the Deutsche Nationalbibliothek
The Deutsche Nationalbibliothek lists
this publication in the Deutsche
Nationalbibliografie; detailed bibliographic
data are available on the Internet at
<http://dnb.d-nb.de>.

© 2023 WILEY-VCH GmbH, Boschstraße 12,
69469 Weinheim, Germany

All rights reserved (including those of
translation into other languages). No part of
this book may be reproduced in any form – by
photoprinting, microfilm, or any other
means – nor transmitted or translated into a
machine language without written permission
from the publishers. Registered names,
trademarks, etc. used in this book, even when
not specifically marked as such, are not to be
considered unprotected by law.

Print ISBN: 978-3-527-35178-7
ePDF ISBN: 978-3-527-84092-2
ePub ISBN: 978-3-527-84093-9
oBook ISBN: 978-3-527-84094-6

Typesetting Straive, Chennai, India

http://dnb.d-nb.de
http://dnb.d-nb.de


v

Contents

Preface xix
About the Editors xxi

1 Organometallic Compounds: The Fundamental Aspects 1
Geetha B. Markandeya and Srinivasa Budagumpi

1.1 Introduction 1
1.1.1 Organometallic Chemistry 1
1.1.2 Organometallic Compounds 1
1.1.3 Structure of Organometallic Compound 1
1.2 Milestones in Organometallic Compounds 2
1.2.1 Equation (1.1): Synthesis of First Organometallic Compound 2
1.2.2 Equation (1.2): Preparation of Zeise’s Salt 2
1.2.3 Equations (1.3)–(1.5): Preparation of Organochlorosilane Compound 3
1.2.4 Equation (1.6): Synthesis of First Metal Carbonyl Compound 3
1.2.5 Equation (1.7): Synthesis of First Binary Metal Carbonyl Complex 3
1.2.6 Equation (1.8): Barbier Reaction 3
1.2.7 Equation (1.9): Synthesis of Organic Compound Using a Grignard

Reagent 4
1.2.8 Equations (1.10) and (1.11): Synthesis of Alkyllithium Compound 4
1.2.9 Equations (1.12) and (1.13): Synthesis of Organolithium Compound 4
1.2.10 Equation (1.14): Hydroformylation Reaction 4
1.2.11 Equation (1.15): Synthesis of Organochlorosilane Compound 4
1.2.12 Equation (1.16): Trimerization of Acetylene 5
1.2.13 Equation (1.17): Synthesis of Ferrocene 5
1.2.14 Equation (1.18): Asymmetric Catalysis Reaction 5
1.2.15 Equation (1.19): Palladium Catalyzed Suzuki Coupling Reaction 6
1.2.16 Equation (1.20): Synthesis of Bucky Ferrocene 8
1.3 Stability of Organometallic Compounds 9
1.4 Properties of Organometallic Compounds 9
1.5 Basic Concepts in Organometallic Compounds 9
1.5.1 18-Electron Rule 9
1.5.1.1 Statement of 18 Electron Rule 10
1.5.1.2 Examples 11



vi Contents

1.5.2 Π –Back Bonding or Back Donation 12
1.5.3 Hapticity ηx 12
1.6 Hapticity of Ligands 12
1.7 Change in Hapticity 13
1.8 Hapticity Verses Denticity 14
1.9 Counting of Electrons and Finding out Metal–Metal Bonds 15
1.9.1 Calculating the Number of Metal–Metal Bonds 15
1.9.2 Writing the Probable Structure of Compound 15
1.9.3 How to Draw the Probable Structure of Ni(η1-C3H5) (η3-C3H5) 15
1.9.4 How to Draw the Probable Structure of (μ-CO)-[η5-CpRh]3(CO) 15
1.10 Metals of Organometallic Compounds 16
1.10.1 Organometallic Compounds of Transition Metals 17
1.10.2 The Bonding and Structure in Different Metal complexes 17
1.10.2.1 Alkene Complexes 17
1.10.2.2 Allyl Complexes 17
1.10.2.3 Carbonyl Complexes 17
1.10.2.4 Metallocenes 18
1.10.2.5 Dihydrogen Complexes 18
1.10.2.6 Transition Metal Carbene Complex 18
1.11 Importance of Organometallic Compounds 19
1.11.1 Types of Organometallic Compounds 19
1.11.2 Uses of Organometallic Compounds 20
1.12 Conclusions 20

References 21

2 Nomenclature of Organometallic Compounds 25
Raj K. Rathore, Sadhucharan Mallick, and Bhavabhuti Prasad

2.1 Introduction 25
2.2 Aim of the Nomenclature 26
2.3 Type of Nomenclature System 26
2.3.1 Binary Nomenclature 26
2.3.2 Substitutive Nomenclature 27
2.3.3 Additive Nomenclature or Coordination nomenclature 27
2.4 Concepts and Conventions 28
2.4.1 Oxidation Number 28
2.4.2 Coordination Number 29
2.4.3 Chelation 29
2.4.4 Ligands 29
2.4.5 Specifying Connectivity – The Kappa (κ) Convention 30
2.4.6 Bridging Ligands – The Mu (μ) Convention 31
2.4.7 Hapticity – The Eta (η) Convention 33
2.5 Regulations Concerning the Nomenclature of Transition Element

Organometallic Compounds 36
References 46



Contents vii

3 Classification of Organometallic Compounds 47
Mukesh K. Tyagi, Gokul R. Nishad, Dakeshwar Kumar Verma, Lei Guo, and
Elyor Berdimurodov

3.1 Introduction 47
3.2 Classification of Organometallic Compound 48
3.2.1 Sigma-Bonded Organometallic Compound 48
3.2.2 π-Bonded Organometallic Compounds 50
3.2.3 Ionic Bonded Organometallic Compounds 51
3.2.4 Multicentered Bonded Organometallic Compounds 53
3.2.4.1 Based on Heptacity (η1 to η8): 53
3.3 Grignard Reagent (G.R.) 54
3.3.1 Physical Properties 54
3.3.2 Chemical Properties 54
3.3.2.1 Alkanes 54
3.3.2.2 Alkenes 56
3.3.2.3 Alkynes 56
3.3.2.4 Ethers 56
3.3.2.5 Reaction with carbon dioxide 56
3.3.2.6 Insertion Reaction 56
3.3.2.7 Synthesis of Silicones 56
3.3.2.8 Nucleophilic Substitution 57
3.4 Organozinc Compounds 59
3.4.1 Physical Properties 59
3.4.2 Chemical Properties 59
3.5 Organolithium Compounds 61
3.5.1 Reaction Resembling Grignard Reagents 61
3.5.2 Reactions Different from Grignard Reagents 64
3.6 Organosulfur Compounds 65
3.6.1 Physical Properties 65
3.6.2 Chemical Properties 65
3.6.3 Properties Different from Alcohols 67
3.7 Conclusion 69

References 69

4 Synthesis Methods of Organometallic Compounds 71
Omar Dagdag, Rajesh Haldhar, Seong-Cheol Kim, Elyor Berdimurodov,
Ekemini D. Akpan, and Eno E. Ebenso

4.1 Introduction 71
4.2 Synthesis Methods of Organometallic Compounds 72
4.2.1 Electrochemical Methods for the Synthesis of Organometallic

Compounds 72
4.2.1.1 Synthesis of Cyano Cu(I) Complexes in the Electrochemical Cell 72
4.2.1.2 Synthesis of an Organorhenium Cyclopentadienyl Complex in the

Electrochemical Cell 72



viii Contents

4.2.1.3 Synthesis of N-heterocyclic Carbene Complexes in the
Electrochemical Cell 73

4.2.1.4 Synthesis of Organocopper (I) π-Complexes in the Electrochemical
Cell 73

4.2.1.5 Synthesis of Organonickel σ-Complexes in the Electrochemical Cell 73
4.2.2 Synthesis of Organic Compounds in the Electrochemical Cell by Metal

organic Catalysts 75
4.2.2.1 The Synthesis of Organic Compounds in the Electrochemical Cell

by the Ni-Organic Catalyze 75
4.2.2.2 The Synthesis of Organic Compounds in the Electrochemical Cell

by the Pd-Organic Catalyses 75
4.2.2.3 Synthesis of Organic Compounds in the Electrochemical Cell by the

Sm-Organic Catalyses 78
4.2.3 Synthesis of Organometallic Nucleosides 79
4.2.3.1 A Category: Main Compounds 79
4.2.3.2 A1 Subcategory: Main Compounds 79
4.2.3.3 B Category: Main Compounds 80
4.2.3.4 C Category: Main Compounds 81
4.2.3.5 C1 Subcategory: Main Compounds 81
4.2.3.6 D Categories: Main Compounds 82
4.3 Conclusions 84

Acknowledgment 84
Authors Contributions 84
Conflicts of Interest 84
References 84

5 Metal Carbonyls: Synthesis, Properties, and Structure 87
Ramesh Rengan

5.1 Introduction 87
5.2 Classification of Metal Carbonyls 87
5.2.1 Classification Based on Coordinated Ligands 87
5.2.1.1 Homoleptic Carbonyls 88
5.2.1.2 Heteroleptic Carbonyls 88
5.2.2 Classification Based on Number of Metals and the Constitution of

Carbonyls 88
5.2.2.1 Mononuclear Carbonyl Complexes 88
5.2.2.2 Polynuclear Carbonyl Complexes 89
5.3 Synthesis of Metal Carbonyls 90
5.3.1 Direct Reaction of Metal with Carbon Monoxide 90
5.3.2 Reductive Carbonylation 90
5.3.3 Photolysis and Thermolysis 91
5.3.4 Abstraction of CO from a Reactive Organic Carbonyl Compounds 91
5.4 Properties of Metal Carbonyls 92
5.4.1 Physical Properties 92
5.4.2 Chemical Properties 92



Contents ix

5.4.2.1 Ligand Substitution Reactions 92
5.4.2.2 Reaction with Sodium Metal 95
5.4.2.3 Reaction with Sodium Hydroxide 95
5.4.2.4 Reaction with Halogens 95
5.4.2.5 Reaction with Hydrogen 96
5.4.2.6 Reaction with Nitricoxide (NO) 96
5.4.2.7 Disproportionation 96
5.5 Structure of Metal Carbonyls 97
5.5.1 Structures of Some Mononuclear Carbonyl Complexes 97
5.5.2 Structures of Some Bi and Polynuclear Carbonyl Complexes 98
5.6 Bonding in Metal Carbonyls 99
5.6.1 Formation of Mixed Atomic Orbitals 99
5.7 Synergistic Effect 103
5.8 Conclusion 103

Further Reading 104
References 104

6 Metal–Carbon Multiple Bonded Compounds 107
Rakesh Kumar Sahu, Mukesh Kumar Tyagi, and Rajesh Haldhar

6.1 Introduction 107
6.2 Nomenclature 109
6.3 Classifications 111
6.3.1 Metal–alkylidene Complexes 111
6.3.2 Metal–alkylidyne Complexes 111
6.4 Structure 111
6.4.1 Alkylidene (Carbene) 111
6.4.2 Carbyne (Alkylidyne) 113
6.5 Preparation Methods 114
6.5.1 Metal–alkylidene Complexes 114
6.5.1.1 By Nucleophilic Carbene 115
6.5.1.2 By Electrophilic Alkylidenes 116
6.5.2 Metal–alkylidyne Complexes 118
6.6 Important Reactions 119
6.6.1 Reaction of Alkylidene Metathesis 119
6.6.2 Important Reaction of Alkylidyne Metathesis 124
6.7 Applications 125

References 127

7 Metallocene: Synthesis, Properties, and Structure 131
Amarpreet K. Bhatia, Priyanka Singh, and Shippi Dewangan

7.1 Introduction 131
7.2 Structure of Metallocene 132
7.3 Synthesis of Metallocene 134
7.4 Chemical Properties of Metallocene 136
7.4.1 Ferrocene and Its Derivatives 136



x Contents

7.4.2 Other Metallocene Sandwiches 138
7.4.3 Main-group Metallocene 139
7.4.4 Metal–bis-arene Sandwich Complexes 140
7.4.4.1 General View 140
7.4.4.2 Structure 142
7.4.4.3 Reactions 142
7.5 Conclusion 144

References 144

8 𝛔-Complexes, 𝛑-Complexes, and 𝛈n-CnRn Carbocyclic
Polyenes-Based Organometallic Compounds 147
Shippi Dewangan, Jeenat Aslam, and Amarpreet K. Bhatia

8.1 Introduction 147
8.2 σ-Bond Containing Organometallic Compounds 148
8.2.1 Metal Carbonyl 148
8.2.1.1 General Overview 148
8.2.1.2 Syntheses of Metal Carbonyls 148
8.2.1.3 Structure of Metal Carbonyls 149
8.2.1.4 Reactions of Metal Carbonyls 150
8.2.2 Metal–Alkyl, –Vinyl, and –Hydride Complexes 150
8.2.2.1 Metal Alkyls 150
8.2.2.2 Metal Vinyls 152
8.2.2.3 Metal Hydrides 152
8.2.2.4 Metal–Carbene Complexes 154
8.3 π-Bond Containing Organometallic Compounds 156
8.3.1 Metal–Olefin Complexes 156
8.3.1.1 General Overview 156
8.3.1.2 Syntheses of Metal–Olefin Complexes 157
8.3.1.3 Reactions of Metal–Olefin Complexes 157
8.3.2 Metal–Diene Complexes 157
8.3.3 Metal–Alkyne Complexes 158
8.3.4 π–Allyl Complexes 158
8.3.4.1 Structure of π–Allyl Complexes 158
8.3.4.2 Syntheses of π–Allyl Complexes 159
8.3.4.3 Reactions of π–Allyl Complexes 160
8.4 ηn-CnRn Carbocyclic Polyenes Containing Organometallic

Compounds 161
8.4.1 Cyclopropenyls, η3-C3R3 161
8.4.2 Cyclobutadienes, η4-C4R4 161
8.4.3 Cyclopentadienyls, η5-C5R5 162
8.4.3.1 General Overview 162
8.4.3.2 Structure of Metallocene 162
8.4.3.3 Syntheses of Metallocene 163
8.4.3.4 Chemical Properties of Metallocene 164
8.4.3.5 Applications of Metallocene 165



Contents xi

8.5 Conclusion 166
References 166

9 Organometallic Complexes of the Lanthanides and
Actinides 169
Shippi Dewangan, Amarpreet K. Bhatia, and Priyanka Singh

9.1 Introduction 169
9.2 Methods of Preparation 169
9.2.1 Salt Elimination 171
9.2.2 Metal Vapor Synthesis Method 173
9.2.3 Metathesis Reaction Method 174
9.2.4 σ-Bond Metathesis 174
9.2.5 Acid–Base Method 175
9.3 Organometallic Compounds of Lanthanides 175
9.3.1 Types 175
9.3.1.1 σ-Bonded Complexes 176
9.3.1.2 π-Bonded Organometallic Compounds 177
9.4 Organometallic Compounds of Actinides 180
9.4.1 Types 180
9.4.2 σ-Bonded Complexes 180
9.4.3 π-Bonded Complexes 182
9.4.3.1 Cyclopentadienyl Derivatives 182
9.5 Stability 185
9.5.1 Maintaining Anhydrous and Anaerobic Conditions 185
9.5.2 Avoiding Elimination Reactions 186
9.5.3 Blocking the Coordination Sites 186
9.5.4 Donor-functionalized Chelating Pendant Donor Ligands 186
9.6 Properties 186
9.6.1 Thermodynamic and Kinetic Considerations 187
9.6.2 Solvation 187
9.6.3 Aggregation 187
9.6.4 Donor–Acceptor Interactions 187
9.6.5 Salt Occlusion or Ate Complexation 188
9.6.6 Neutral π-Donor Ligation 188
9.6.7 Agostic Interactions 189
9.6.8 Complex Agglomeration 189
9.6.9 Ligand Exchange and Redistribution Reactions 189
9.6.10 Insertion Reactions 190
9.6.11 Elimination Reactions 190
9.6.12 Redox Chemistry 191
9.6.13 Reaction Sequences – Catalytic Cycles 192
9.7 Applications of Organolanthanoids and Organoactinoids 193
9.7.1 Catalytic Applications 193
9.7.1.1 Catalysis of Polymerization 193
9.7.1.2 Catalysts and Reagents for Reduction Processes 193



xii Contents

9.7.1.3 Catalysts and Reagents for Oxidation Processes 195
9.7.2 Miscellaneous Applications 197
9.8 Conclusion 197

Further Reading 197

10 Bioorganometallic Chemistry 201
Priyanka Tiwari

10.1 Introduction 201
10.2 Cobalamin: Vitamin B12-Coenzyme 202
10.2.1 Occurrence and Function 202
10.2.2 Structure 202
10.2.3 B12-dependent Enzymes 203
10.2.4 Occurrence 203
10.2.5 Function 203
10.3 Metalloproteins 204
10.3.1 Occurrence 204
10.3.2 Functions 204
10.3.3 Electron Transferases 204
10.3.3.1 Flavodoxins 205
10.3.3.2 Blue Copper Proteins 205
10.3.3.3 Iron–Sulfur Proteins 205
10.3.3.4 Cytochromes 207
10.4 Oxidoreductase 207
10.4.1 Iron–Porphyrin Complexes 208
10.4.2 Monooxygenases 208
10.5 Nitrogenases-catalyzing Nitrogen Fixation 209
10.6 Nickel Enzymes: CODH 211
10.7 Conclusion 212

References 213

11 Important Reactions of Organometallic Compounds 215
Sandeep K. Vaishnav and Priyanka Singh

11.1 Introduction 215
11.2 Reactions Involving Gain or Loss of Ligands 215
11.2.1 Associative and Dissociative Substitution 216
11.2.1.1 Dissociation of Carbonyls 216
11.2.1.2 Dissociation of Nitrosyls 217
11.2.1.3 Dissociation of Phosphine 217
11.2.2 Oxidative Addition and C—H Bond Activation 218
11.2.2.1 Mechanism 219
11.2.2.2 Binuclear Oxidative Addition 221
11.2.2.3 Cyclometallations 222
11.2.2.4 Nucleophilic Displacement 222
11.3 Reductive Elimination and Pd-catalyzed Cross Coupling 223
11.3.1.1 Binuclear Reductive Elimination 224



Contents xiii

11.4 Reactions Involving Modification of Ligands 225
11.4.1 Insertion 225
11.4.1.1 Carbonyl Insertion (Alkyl Migration) 226
11.4.1.2 Olefin Insertion 230
11.4.1.3 Other Insertion Reaction 232
11.4.2 Hydride Elimination 233
11.4.2.1 Avoidance of β-hydrogen Elimination 235
11.4.3 Abstraction 236
11.4.3.1 Nucleophilic Abstraction 237
11.5 Conclusion 240

References 240

12 Characterization Techniques of Organometallic
Compounds 245
Javad B. M. Parambath and Ahmed A. Mohamed

12.1 Introduction 245
12.2 Conventional Methods 246
12.2.1 Nuclear Magnetic Resonance (NMR) Spectroscopy 246
12.2.2 Infrared and Raman Spectroscopy 248
12.2.3 UV–Visible Spectroscopy 251
12.2.4 X-Ray Crystallography 252
12.2.5 Mass Spectroscopy 253
12.2.6 Elemental Analysis 255
12.3 Unconventional Methods 256
12.3.1 Neutron Activation Analysis 256
12.3.2 X-Ray Photoelectron Spectroscopy 256
12.3.3 Electron Diffraction Crystallography and Microelectron Diffraction 258
12.3.4 Mössbauer Spectroscopy 259
12.3.5 Electroanalytical Methods 259
12.4 Conclusion 260

References 261

13 Organometallic Reagents 267
Ranjan K. Basak and Ashish K. Asatkar

13.1 Organoboron Reagents 267
13.1.1 Introduction 267
13.1.2 Main Organoboron Reagents and Their Reactions 267
13.1.2.1 Hydroboration and Subsequent Reactions 267
13.1.2.2 Suzuki Coupling 273
13.1.2.3 Acyltrifluoroborates 277
13.1.2.4 Allylation 278
13.1.2.5 Chan–Lam coupling 279
13.1.2.6 Petasis Reaction 279
13.2 Organocopper Reagents 280
13.2.1 Introduction 280



xiv Contents

13.2.2 Types of Organocuprates Reagents 281
13.2.2.1 Gilman Reagent (R2CuM) 281
13.2.2.2 Higher Order Organocuprates (R2CuCNLi2) 282
13.2.2.3 Grignard Copper(I) Reagents (RMgX⋅CuY) 282
13.2.3 Reactions of Organocuprates 283
13.2.3.1 Increasing Chain Length of Alkyl halides 283
13.2.3.2 Alkylation of the Allylic Halides 284
13.2.3.3 Reaction with Vinyl Halides 284
13.2.3.4 Alkylation of Acyl Halides 284
13.2.3.5 Epoxide Opening 285
13.2.3.6 Conjugate Additions 285
13.2.3.7 Conjugate Addition in Presence of Lewis Acid and Electrophiles 286
13.2.3.8 O-Trapping and C-Trapping Reaction 287
13.2.3.9 Synthesis of Allenes 287
13.3 Organopalladium Reagents 288
13.3.1 Introduction 288
13.3.2 Types of C–C Cross-Coupling Reaction Catalyzed by Palladium

Metal 289
13.3.2.1 Heck Reaction 289
13.3.2.2 Negishi Coupling 290
13.3.2.3 Suzuki Coupling 291
13.3.2.4 Stille Coupling 291
13.3.2.5 Kumada Coupling 292
13.3.2.6 Hiyama Coupling 293
13.3.2.7 Sonogashira Coupling 293
13.3.2.8 Butchwald–Hartwig Coupling 294
13.3.2.9 Cyanation Reaction 294
13.3.2.10 Carbonylation Reaction 295
13.4 Grignard Reagents 296
13.4.1 Introduction 296
13.4.2 Synthesis 296
13.4.3 Reactivity 297

References 298

14 Homogeneous and Heterogeneous Catalysis by
Organometallic Complexes 301
Ratnakar D. Shukla, Bhawna Jain, Kuleshwar Patel, Priyanka Singh,
Dakeshwar Kumar Verma, Reema Sahu, and Raghvendra K. Mishra

14.1 Introduction 301
14.2 Organometallic Compounds and Homogeneous Catalysis 302
14.3 Catalytic Elementary Reactions 303
14.3.1 Isomerization 304
14.3.2 Alkene Isomerization 305
14.3.3 Alkyne Isomerization 305
14.3.4 Diene Isomerization 306



Contents xv

14.4 Hydrogenation 306
14.5 Carbon–Carbon Bond Formation 307
14.6 Metathesis 308
14.7 Oxidation 309
14.8 Reactions with Carbon Monoxide 311
14.9 Heterogenous Catalysis 311
14.9.1 Ziegler–Natta Catalyst 313
14.9.1.1 Stereoregularity 313
14.9.2 Water Gas Reaction 315
14.9.3 Zeolites 316
14.10 Conclusion 317

References 318

15 Cluster Compounds: Boranes, Heteroboranes, and
Metallaboranes 321
Elyor Berdimurodov, Khasan Berdimuradov, Abduvali Kholikov, Khamdam
Akbarov, Omar Dagdag, Brahim El Ibrahimi, and Dakeshwar Kumar Verma

15.1 Introduction 321
15.1.1 Fundamentals of Cluster Compounds: Boranes, Heteroboranes, and

Metallaboranes 321
15.2 Main Part 324
15.2.1 Cluster Compounds of Boranes and Heteroboranes: Synthesis, Reactions,

and Applications 324
15.2.1.1 Basics 324
15.2.1.2 Synthesis 324
15.2.1.3 Reactions 324
15.2.1.4 Applications 327
15.2.2 Cluster Compounds of Metallaboranes: Synthesis, Reactions, and

Applications 327
15.2.2.1 Basics 327
15.2.2.2 Synthesis 327
15.2.2.3 Reactions 330
15.2.2.4 Applications 330
15.3 Conclusion 332

References 332

16 Applications of Organometallic Compounds for Carbon
Dioxide Fixation, Reduction, Gas Adsorption, and Gas
Purification 335
Zhoveta Yhobu, Monica Vijayakumar, Nagaraju D. Hanumantharayudu, and
Srinivasa Budagumpi

16.1 Organometallic Compounds for Fixation of CO2 335
16.2 Organometallic Compounds in Reduction of CO2 336
16.2.1 Nickel Complexes 338
16.2.2 Iron and Manganese Complexes 339



xvi Contents

16.2.3 Copper and Cobalt Complexes 341
16.2.4 Palladium Complexes 342
16.2.5 Ruthenium, Rhenium, and Rhodium Complexes 343
16.2.6 N-Heterocyclic Carbenes 344
16.3 Organometallic Compounds in Gas Adsorption and Purification 346
16.3.1 Metal Organic Frameworks (MOFs) for Gas Adsorption 347
16.3.2 Classification of MOFs as Adsorbents for Gas Separation 348
16.3.2.1 Rigid MOFs as Adsorbents for Selective Gas Separation 348
16.3.2.2 Flexible MOFs as Adsorbents for Gas Separation 349
16.4 Gas Purification with MOFs 352
16.4.1 Kinetic Separation 352
16.4.2 Quantum Sieving Effect for H2/D2 Separation 352
16.4.3 Membrane-Based Gas Separation 353

References 353

17 Emerging Role of Organometallic Compounds for Drug
Delivery, Renewable Energy, and Wastewater Treatment 357
Shokoh Parham, Hadi Sarvari, Seyed-Shirin Parham, and Hadi Nur

17.1 Introduction 357
17.2 Organometallic Compounds 359
17.3 Organometallic Compounds for Drug Delivery 363
17.4 Organometallic Compounds for Renewable Energy 364
17.5 Organometallic Compounds for Wastewater Treatment 365
17.6 Conclusion 366
17.7 Outlook 366

Acknowledgment 367
References 367

18 Computational Approaches in Some Important
Organometallic Catalysis Reaction 375
Pratibha Gumasta, Naresh C. Deshmukh, Aseel A. Kadhem, Snehlata
Katheria, Reena Rawat, and Bhawana Jain

18.1 Introduction 375
18.2 Computational Method 376
18.2.1 Geometry Calculation 377
18.2.2 Energy 378
18.3 Organometallic Catalysis Reactions 379
18.3.1 Palladium 379
18.3.1.1 C—H Bond Activation 380
18.3.1.2 Coupling Reactions 382
18.3.2 Nickel 386
18.3.2.1 Coupling Reactions 386
18.3.2.2 C—O Bond Activation 388
18.3.2.3 Cyclization Reactions 389
18.3.2.4 Olefin Functionalization 389



Contents xvii

18.3.3 Rhodium 390
18.3.3.1 Hydrogenation 390
18.3.3.2 Olefin Functionalization 391
18.3.3.3 Reactions of Rh Carbenoids and Nitrenoids 391
18.3.4 Iridium 394
18.3.4.1 Hydrogenation 394
18.3.4.2 Other Bond Activations 396
18.4 Conclusion 396

References 397

Index 409





xix

Preface

The present edited book titled Organometallic Compounds: Synthesis, Reactions,
and Applications discusses the basics, current trends, challenges, and future
prospects, showing the value and scope of organometallic compounds toward
current applications. This edited book will be carefully written to present a mod-
ern account of traditional methods and the latest details of recent advances in
organometallic chemistry. The edited book will contain a traditional and logical
approach in detail about introduction, nomenclature, synthesis methods, current
applications, metallocenes, natural organometallic compounds, emerging role of
organometallic compounds, F-block-based organometallic compounds, toxicity and
applications of computational modeling for organometallic compounds. The book
will be of significant interest to students of chemistry, pharmacy, biochemistry, and
chemical engineering at the advanced undergraduate, graduate, and postgraduate
levels, as well as academic and industry researchers who wish to familiarize
themselves with the concepts and applications of organometallic chemistry. A book
to wrap the developments in detailed synthetic reaction mechanisms and industrial
applications is long overdue, and the present one will be a milestone in the field.

This will be the only book that provides chronological advancements of
organometallic compounds (both synthetic and natural), their synthesis mech-
anisms, and recent industrial applications in the fields of material science,
engineering, and science. The book will also serve as a valuable source for new
learners about fundamentals, basics, reactions, catalytic mechanisms, and modern
applications such as carbon dioxide fixation, reduction, gas adsorption and gas
purification, drug delivery, renewable energy, and waste water treatment. It serves
as a valuable reference for scientists, organochemists, biochemists, pharmacists,
and engineers who are searching information on organometallic compounds, their
current applications, toxicity, and computational modeling.

To confine the comprehensive description of organometallic compounds and
to propose a rational and expressive design of the topic and a concentrated
up-to-date reference, the book is divided into many chapters. Topics covered in
Chapters 1–4 are fundamental aspects, nomenclature, classification properties, and
synthesis methods of organometallic compounds. Chapter 5 explains the metal
carbonyls’ synthesis, properties, and structure. Chapter 6 covers metal-carbon
multiple-bonded compounds. Chapter 7 describes the metallocenes’ synthesis,
properties, and structure. Chapter 8 explains σ-complexes, p-complexes, and



xx Preface

ηn-CnRn carbocyclic polyenes-based organometallic compounds. Chapter 9 cov-
ers the organometallic complexes of the lanthanoids and actinoids. Chapter 10
describes bio-organometallic chemistry. Chapter 11 explains the important reactions
of organometallic compounds. Chapter 12 shows the characterization techniques of
organometallic compounds. Chapter 13 discusses the organometallic compounds
based on important reagents. Chapter 14 covers homogeneous and heterogeneous
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1.1 Introduction

1.1.1 Organometallic Chemistry

The branch of chemistry deals with the study of molecules having a metal–carbon
bond, in which a compound is said to be an organometallic compound when
the metal–carbon bond in a molecule should be completely or partially covalent.
Depending upon the elements in the periodic table, organometallic chemistry
is mainly classified into main groups metal, transition metal, lanthanide, and
actinide-based organometallics.

1.1.2 Organometallic Compounds

The organic compounds contain at least one metal–carbon bond in which metal is
directly attached to the carbon atom in which there should be a bonding interac-
tion (covalent, ionic, localized/delocalized) between the metal and the carbon atom
are defined as organometallic compounds. The metals may be alkaline metals, alka-
line earth metals, and metalloids (boron, silicon, arsenic, germanium, tellurium, and
selenium). The bond present between the metal atom and the carbon is likely cova-
lent in nature.

Examples: Organocadmium compounds, organoboron compounds, organoz-
inc compounds, organomagnesium compounds, organolithium compounds,
organolead compounds, and organotin compounds.

1.1.3 Structure of Organometallic Compound

The nature of the metal–carbon bond varies from ionic to covalent. The
organometallic compounds have some effect on the nature of metal–carbon
and these compounds have both organic and metal portions in which the metallic
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C– M+

Figure 1.1 General representation of organometallic compound.

portion has greater importance. The electropositive nature of metal will be the ionic
nature of the metal–carbon bond.

In organometallic compounds, the carbon is bonded to an electropositive atom,
which has a negative charge, whereas the metal has a slightly positive charge; hence,
the organometallic compounds having the organic part behave as nucleophilic or
basic as shown in Figure 1.1.

1.2 Milestones in Organometallic Compounds

In 1760, the first organometallic compound of the main group (Eq. (1.1)), cadet
fuming liquid was discovered. In the Paris military pharmacy, a cadet discovered a
fuming liquid while working on ink while preparing cobalt salt from cobalt minerals
consisting of arsenic, which is called cacodyl(malodorous)oxide [1, 2].

As2O3 + 4CH3COOK−−→ [(CH3)2As]2O (1.1)

1.2.1 Equation (1.1): Synthesis of First Organometallic Compound

In 1827, W. C. Zeise, a Danish pharmacist, discovered the first organometallic com-
pound with a transition metal called Zeise’s, K[PtCl3C2H4]H2O. When K2PtCl4 was
refluxed in ethanol, it resulted in the formation of Zeise’s salt (Eq. (1.2)). It was char-
acterized as the first organometallic olefin complex. Herein, they have used platinum
because the Nobel metal complexes are stable toward air and moisture [3, 4].

K2PtC14 + EtOH + H2O + KC1K

Cl

Cl Cl

CH2

CH2

Pt (1.2)

1.2.2 Equation (1.2): Preparation of Zeise’s Salt

In 1849, Edward Frankland prepared diethylzinc (a pyrophoric liquid), while trying
to prepare an ethyl radical, he ended up with ethylzinc iodide (solid) and diethyl-
zinc (liquid) [5, 6]. Whereas in 1852, he used sodium amalgam and methyl halide
to prepare dimethyl mercury. Furthermore, many people have used R2Hg and R2Zn
following an alkyl transfer reaction to prepare main group elements of organometal-
lic compounds.
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In the same year 1852, Schweizer and Lowig used an alloy of Na/Pb to prepare
tetraethyllead (Eqs. (1.3) and (1.4)). In 1863, organochlorosilane was prepared by
Friedel and Craft using alkylzinc as a reagent (Eq. (1.5)).

3C2H5I + 3Zn−−→ (C2H5)2Zn + C2H5ZnI + ZnI2 (1.3)

2CH3X + 2Na∕Hg−−→ (CH3)2Hg + 2NaH (1.4)

SiCl4 + m∕2 ZnR2 −−→ RmSiCl4−m + m∕2 ZnCl2 (1.5)

1.2.3 Equations (1.3)–(1.5): Preparation of Organochlorosilane
Compound

In 1868, [PtCl2(CO)]2 the first metal carbonyl compound (Eq. (1.6)) was prepared by
Schutzenberger [7].

PtCl2 + CO−−→ [PtCl2(CO)]2 + cis PtCl2(CO)2 (1.6)

1.2.4 Equation (1.6): Synthesis of First Metal Carbonyl Compound

In 1890, Ludwig Mond prepared the first binary metal carbonyl Ni(CO)4 (Eq. (1.7)),
which is used for the refining of nickel [8–10].

Ni + 4CO
1 bar,25∘C

−−−−−−−−−−→ Ni(CO)4 (1.7)

1.2.5 Equation (1.7): Synthesis of First Binary Metal Carbonyl Complex

In 1899, the Philippe Barbier, Grignard’s teacher introduced Barbier reaction
(Eq. (1.8)). It was a one pot reaction carried out in the presence of water. Compared
to Grignard reaction this is less versatile.

Br

H
Zn/ THF /H2O

OHNH4Cl, 5h

O

+
(1.8)

1.2.6 Equation (1.8): Barbier Reaction

Whereas in 1900, in RMgX, Zn was replaced by Mg in Barbier by Grignard and called
as Grignard reagent (Eq. (1.9)). This reagent is more versatile than the Barbier reac-
tion and has more applications compared to organozinc reagents [11].

BrMg H3O
+

O
R R

HO
R

O
+ MgBr

(1.9)
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1.2.7 Equation (1.9): Synthesis of Organic Compound Using a Grignard
Reagent

In 1912, P. Sabatier and V. Grignard were awarded the Nobel Prize for Grignard
reagent, and they followed Sabatier’s method for the hydrogenation by using metal
powders.

In 1917, the first alkyllithium derivatives (Eqs. (1.10) and (1.11)) were prepared
by Wilhelm Schlenk, and he followed the transalkylation of organomercury com-
pounds. Whereas the synthetic strategies of lithium derivatives replace the Grignard
reagent as the primary anionic intermediate (1.10).

2Li + R2Hg−−→ 2RLi + Hg (1.10)

2EtLi + Me2Hg−−→ 2MeLi + Et2Hg (1.11)

1.2.8 Equations (1.10) and (1.11): Synthesis of Alkyllithium Compound

In 1921, Thomas Midgley introduced tetraethyllead as an additive in gasoline while
working on GE motors [12].

In 1930, K. Ziegler prepared organolithium compounds (Eqs. (1.12) and (1.13)) by
a simple synthetic procedure and, furthermore, fine-tuned by Gilman. Later on, this
compound was widely used.

2Li + PhCH2OMe−−→PhCH2Li + MeOLi (1.12)

RX + 2Li−−→ RLi + LiX (1.13)

1.2.9 Equations (1.12) and (1.13): Synthesis of Organolithium
Compound

In 1938, hydroformylation (Eq. (1.14)) was discovered by Otto Roelen, for the
first time in homogeneous catalysis an organometallic compound has been
used [13, 14].

R
+ H2 + CO Co

R

O

H
(1.14)

1.2.10 Equation (1.14): Hydroformylation Reaction

In 1943, direct synthesis of organochlorosilane (Eq. (1.15)) was discovered by E G
Rochow, further it initiated for large scale production of silicones [15].

2CH3Cl + Si(Cu) −−→ (CH3)2SiCl2 (1.15)

1.2.11 Equation (1.15): Synthesis of Organochlorosilane Compound

In 1948, acetylene trimerization (Eq. (1.16)), which was catalyzed by nickel was dis-
covered by W. Reppe [16].

R

R
R

R

R
R

R R3
Ni

(1.16)
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1.2.12 Equation (1.16): Trimerization of Acetylene

In 1951, the sigma bonded structure of ferrocene (Eq. (1.17)) was suggested and inde-
pendently prepared by two groups. Fischer, Woodward, and Wilkinson proposed the
sandwich structure of ferrocene [17].

Ferrocene

Fe + Cp

Fe
FeCl3 + CpMgBr (1.17)

1.2.13 Equation (1.17): Synthesis of Ferrocene

In 1955, W. Hafner and E. O. Fischer followed rational synthesis to prepare bis
(benzene)chromium (Figure 1.2), even though in 1919 same reaction was carried
by F. Hein with CrCl3 and PhMgBr [18, 19].

In 1955, G Natta and K Ziegler used a mixed metal catalyst to develop olefin poly-
merization at lower pressure.

In 1959, the stabilization of cyclobutadiene was done by complexation in
[(C4Me4)NiCl2]2.

In 1961, Vaska’s complex was discovered, which binds reversibly to O2 trance
IrCl(CO)(PPh3)2 [20].

In 1963, Ziegler and Natta both were awarded Nobel prize for Ziegler Natta
catalyst.

In 1964, the first carbene complex with metal W (tungsten) (Figure 1.3) by
E. O. Fischer [21].

In 1965, Coffey and Wilkinson, for hydrogenation of alkenes, they have used
(PPh3)3RhCl as a homogeneous catalyst [22].

In 1968, asymmetric catalysis (Eq. (1.18)) was discovered by William S. Knowles,
the achiral substrates can be converted into chiral products with the help of com-
plexes consisting of ligands that are chiral with high enantiomers [23].

COOH

NHAc
AcO

OMe

H2, H3O
+

Rh(DIPAMAP)+
HO

HO

COOH

H NH2

L-DOPA
(S-DOPA)

(1.18)

1.2.14 Equation (1.18): Asymmetric Catalysis Reaction

In 1972, T Mizorki and R. F. Heck discovered the substitution reaction of aryl halides
with vinylic hydrogen atom a palladium based catalysis reaction [24].

Cr

Figure 1.2 Bis(benzene)chromium compound.
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OC

OC W C

OC CO OCH3

CO CH3

Figure 1.3 First carbene complex with tungsten.

CO

Cr C R

OC

OC

I

CO

Figure 1.4 First chromium carbene complex.

In 1973, the first Chromium carbene complex (Figure 1.4) was prepared by E. O.
Fischer. In the same year G. Wilkinson and E. O. Fischer were awarded Nobel Prize
for working on metal sandwich compound [25].

In 1976, M. F. Lappert prepared first double bonded compound tin–tin using
dimetallenes first main group element [26].

[(Me3Si)2CH]2Sn = Sn[CH(SiMe3)2]2

In 1979, the first paper on palladium catalyzed Suzuki coupling reaction
(Eq. (1.19)) of aryl boronic acids was published by Suzuki and Miyaura [27].

RR

Pd(PPh3)4, K2CO3BrB(OH)2 + (1.19)

1.2.15 Equation (1.19): Palladium Catalyzed Suzuki Coupling Reaction

In 1980, the zirconocene-based catalyst (Figure 1.5a,b) was prepared by Walter
Kaminsky only for syndiotactic and isotactic polypropylene.

In 1981, the compound having Si=Si (silicon–silicon double bond) was prepared
by Robert West [28].

(1,3, 5 − Me3C6H2)4Si2

In 1990, for olefin metathesis, a molybdenum-based catalyst (Figure 1.6) was dis-
covered by Richard Schrock [29].

Cl

Cl
Zn

Me

Me

Zn
Cl

Cl

(a) (b)

Figure 1.5 Zirconocene-based catalyst.


