Amino Group Chemistry

From Synthesis to the Life Sciences

Edited by
Alfredo Ricci

WILEY-
VCH

WILEY-VCH Verlag GmbH & Co. KGaA






Innodata
9783527621279.jpg





Amino Group Chemistry

Edited by
Alfredo Ricci



Related Titles

Arya, Dev P.
Aminoglycoside Antibiotics

2007
ISBN: 978-0-471-74302-6

Yudin, A. K. (ed.)

Aziridines and Epoxides in
Organic Synthesis

2006
ISBN: 978-3-527-31213-9

Dyker, G. (ed.)

Handbook of C-H
Transformations
Applications in Organic Synthesis

2005
ISBN: 978-3-527-31074-6

Yamamoto, H., Oshima, K. (eds.)

Main Group Metals in
Organic Synthesis

2004
ISBN: 978-3-527-30508-7

Greenberg, A., Breneman, C. M., Liebman,
J. F. (eds.)

The Amide Linkage

2002
ISBN: 978-0-471-42025-5

Togni, A., Griitzmacher, H. (eds.)

Catalytic Heterofunctionalization

From Hydroamination to Hydrozirconation

2001
ISBN: 978-3-527-30234-5

Otera, J. (ed.)
Modern Carbonyl Chemistry

2000
ISBN: 978-3-527-29871-6

Greenberg, A., Breneman, C. M., Liebman,
J. F. (eds.)

The Amide Linkage

2000
ISBN: 978-0-471-35893-0



Amino Group Chemistry

From Synthesis to the Life Sciences

Edited by
Alfredo Ricci

WILEY-
VCH

WILEY-VCH Verlag GmbH & Co. KGaA



The Editor

Professor Alfredo Ricci
Dipartimento di Chimica Organica
Universita di Bologna

Viale Risorgimento 4

040136 Bologna

Italia

B 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

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

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim

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.

Composition SNP Best-set Typesetter Ltd.,
Hong Kong

Printing  Strauss GmbH, Mérlenbach
Bookbinding Litges & Dopf GmbH, Heppenheim
Cover Design Anne Christine KeRler, Karlsruhe

Printed in the Federal Republic of Germany
Printed on acid-free paper

ISBN: 978-3-527-31741-7



Contents

Preface XI
List of Contributors XIII

1 Simple Molecules, Highly Efficient Amination 1
Shunsuke Chiba and Koichi Narasaka
1.1 Introduction 1

1.2 Hydroxylamine Derivatives 1

1.2.1  O-Sulfonylhydroxylamine 1

1.2.2  O-Phosphinylhydroxylamine 4

1.2.3  O-Acylhydroxylamine 5

1.2.4  O-Trimethylsilylhydroxylamine 6

1.2.5 Experimental Procedures 7

1.3 Oxime Derivatives 9

1.3.1 Synthesis of Primary Amines by Electrophilic Amination of
Carbanions 9

1.3.2  Experimental Procedures 13

1.4 Azo Compounds 15

141 Azodicarboxylates 15

1.4.1.1 Allylic Amination through Ene-Type Reactions 15

1.4.1.2 Hydrohydrazination of Alkenes 16

1.4.2  Arylazo Sulfones 19

1.4.3  Experimental Procedures 20

1.5 Oxaziridine Derivatives 23

1.5.1  Electrophilic Amination of Carbon Nucleophiles 23

1.5.2  Amination of Allylic and Propargylic Sulfides by Use of a
Ketomalonate-Derived Oxaziridine 23

1.5.3  Experimental Procedures 25

1.6 Chloramine-T 26

1.6.1  Aminochalcogenation of Alkenes 26

1.6.2  Aminohydroxylation of Alkenes 26

1.6.3  Aziridination of Alkenes 27

1.6.4  Other Applications 32

1.6.5 Experimental Procedures 34



VI | Contents

1.7 N-Sulfonyliminophenyliodinane 35

1.7.1  Transition Metal-Catalyzed Amination of Alkenes 36

1.7.2  Experimental Procedures 37

1.8 Transition Metal-Nitride Complexes 38

1.8.1 Nitrogen Atom Transfer Mediated by Transition Metal/Nitride
Complexes 38

1.8.2  Experimental Procedures 39

1.9 Azido Derivatives 41

1.9.1  Electrophilic Amination of Organometallic Reagents with Organic
Azides 42

1.9.2 Radical-Mediated Amination with Sulfonyl Azides 43

1.9.3 Hydroazidation of Alkenes with Sulfonyl Azides 43

1.9.4  Experimental Procedures 44

1.10  Gabriel-Type Reagents 46

1.10.1 Nucleophilic Amination Reactions 46

1.10.2 Experimental Procedure 49

1.11  Conclusion 50

2 Catalytic C—H Amination with Nitrenes 55
Philippe Dauban and Robert H. Dodd
2.1 Introduction 55
2.2 Historical Overview 56
2.3 Hypervalent Iodine-Mediated C—H Amination 60
2.3.1 Intramolecular C—H Amination 60
2.3.1.1 From NH, Carbamates 60
2.3.1.2 From NH, Sulfamates 62
2.3.1.3 From Other Nitrogen Functionalities 65
2.3.2  Intermolecular C—H Amination 67
2.3.2.1 General Scope and Limitations 67
2.3.2.2 Recent Major Improvements 70
2.4 Other Nitrene Precursors for C—H Amination 73
241 Azides 73
2.4.2 Haloamines 74
2.4.3  Carbamate Derivatives 76
2.5 Amination of Aromatic C—H Bonds 77
2.6 Applications in Total Synthesis 80
2.6.1  Application of Intramolecular C—H Amination with
Carbamates 80
2.6.2  Application of Intramolecular C—H Amination with Sulfamates 83
2.6.3  Application of Intermolecular C—H Amination 87
2.7 Conclusions 88

3 Nitroalkenes as Amination Tools 93
Roberto Ballini, Enrico Marcantoni, and Marino Petrini
3.1 Introduction 93
3.2 General Strategies for the Synthesis of Nitroalkenes 93



33
33.1
3.3.2
333
334
3.4
341
3.4.2
3.5
3.6
3.7
371
3.7.2
3.7.3
3.8
3.9

4.1
4.2
421
4.2.2
4.3
4.4
4.5
4.6

5.1
5.2
5.3
5.4

6.1
6.2
6.2.1
6.2.2

Contents

Synthesis of Alkylamines 95

Monoamines 95

Amino Acid Derivatives 98

Amino Alcohols 103

Diamino Derivatives 106

Pyrrolidine Derivatives 112
Pyrrolidinones 112

Pyrrolidines 115

Piperidines and Piperazines 124
Pyrrolizidines and Related Derivatives 126
Arene-Fused Nitrogen Heterocycles 132
Pyrroloindole Derivatives 132

Carbolines and their Tryptamine Precursors 132
Arene-Fused Piperidine Compounds 135
Other Polycyclic Derivatives 140
Conclusion 144

Isocyanide-Based Multicomponent Reactions (IMCRs) as a Valuable Tool
with which to Synthesize Nitrogen-Containing Compounds 149
Alexander Doemling

Introduction 149

The Ugi Reaction 152

Intramolecular Ugi Reactions Involving Two Functional Groups 158
The Ugi Reaction and Secondary Transformations 166

Passerini Reaction 171

van Leusen Reaction 175

Other IMCRs 177

Outlook 180

Direct Catalytic Asymmetric Mannich Reactions and Surroundings 185
Armando Cdrdova and Ramon Rios

Introduction 185

Organometallic Catalysts 186

Metal-Free Organocatalysis 191

Conclusions 201

Amino-Based Building Blocks for the Construction of Biomolecules 207
André Mann

Introduction 207

Propargylamines (PLAs) 208

Synthesis of PLAs 209

PLAs in Synthesis 211

6.2.2.1 PLAs in the Synthesis of Heterocycles 211
6.2.2.2 PLAs in Pd(0)-Catalyzed Processes 211
6.2.2.3 PLAs in Pericyclic Reactions 213

vil



Vill | Contents

6.2.2.4 PLAs in Multicomponent Reactions (MCRs) 215

6.2.2.5 PLA in Radical Reactions 217

6.3 trans-4-Hydroxy-(S)-proline (HYP) 217

6.3.1  Structural Transformations of HYP 218

6.3.1.1 C-4 Alkylation of HYP 218

6.3.1.2 C-4 Fluorination and Fluoroalkylation of HYP 218

6.3.1.3 C-3 Functionalization of HYP 221

6.3.2  HYP in the Synthesis of Biomolecules 221

6.3.2.1 HYP in the Synthesis of Alkaloids 221

6.3.2.2 HYP in the Synthesis of Kainic Acid Derivatives 222
6.3.2.3 HYP in the Synthesis of Amino Sugars 222

6.3.2.4 Hepatitis C Inhibitors 224

6.4 L-Serine (SER) 224

6.4.1 SER and SER Derivatives in the Synthesis of Biomolecules 225
6.4.1.1 SER in the Synthesis of Carbolines 225

6.4.1.2 SER in the Synthesis of Furanomycin 226

6.4.1.3 SER in the Synthesis of Diketopiperazine Alkaloids 226
6.4.1.4 SER in the Synthesis of Cleomycin 226

6.4.1.5 SER in the Synthesis of Piperidine Alkaloids 228

6.4.1.6 SER in the Synthesis of Nonproteinogenic Amino Acids 228
6.4.1.7 SER in the Synthesis of o,0’-Diaminoacids 229

6.4.1.8 SER in the Synthesis of Rigidified Glutamic Acid 230

6.5 4-Methoxypyridine (MOP) 230

6.5.1 MOP in the Synthesis of Biomolecules 231

6.5.1.1 MOP in the Synthesis of Alkaloids 231

6.5.1.2 MOP in the Synthesis of Plumerinine 232

6.5.1.3 MOP in the Synthesis of 2,4-Disubstituted Piperidines 234
6.5.1.4 MOP in the Synthesis of Toxins 234

6.5.1.5 MOP in the Synthesis of Tropanes 235

6.6 Aziridines (AZIs) 236

6.6.1 AZIs in the Synthesis of Biomolecules 236

6.6.1.1 AZIs in the Synthesis of 1,2-Diamines 236

6.6.1.2 AZIs in the Synthesis of o-Amino Acids 237

6.6.1.3 AZI in the Synthesis of Ferruginine, an Acetylcholine Receptor 238
6.6.1.4 AZIs in the Synthesis of Tryptophan Derivatives 238
6.6.1.5 AZIs in the Synthesis of Functionalized Piperidines 239
6.6.1.6 An AZI in the Synthesis of the Alkaloid Pumiliotoxin 240
6.6.1.7 An AZI in the Synthesis of Phenylkainic Acid 240

6.6.1.8 AZIs in the Synthesis of Pseudodistomin Alkaloids 241
6.7 Homoallylamine (HAM) 242

6.7.1  Synthesis of HAMs 242

6.7.2 HAMs in the Synthesis of Biomolecules 243

6.7.2.1 HAM in the Synthesis of Imidazoazepines 243

6.7.2.2 HAMs in the Synthesis of Alkaloids 244

6.7.2.3 HAMs in the Synthesis of Piperidine Derivatives 246



6.7.2.4
6.8
6.8.1
6.8.2
6.9

7.1
7.11
7.1.2
7.1.3
7.1.4
7.1.5
7.1.6
7.1.7
7.1.8
7.2
7.2.1
7.2.1.1
7.2.1.2
7.2.2
7.2.2.1
7.2.2.2
7.2.2.3
7.2.3
7.2.4
7.3
7.3.1
7.3.1.1
7.3.1.2
7.3.1.3
7.3.2
7.3.3
7.4

8.1
8.2
8.3
8.4
8.4.1

Contents

HAMs in the Synthesis of Chiral Heterocycles 247
Indole (IND) 247

Synthesis of Indoles 248

INDs in the Synthesis of Biomolecules 251
Conclusion 252

Aminated Sugars, Synthesis, and Biological Activity 257
Francesco Nicotra, Barbara La Ferla, and Cristina Airoldi

Biological Relevance of Aminated Sugars 257
N-Acetylneuraminic Acid 257

Sialyl LewisX 258

Tumor-Associated Antigens 259

Chitin and Chitosan 260

Bacterial Polysaccharides 260

Glycosaminoglycans 261

Iminosugars 262

Sugar Amino Acids 264

Synthesis of Aminated Sugars 266

Amination at the Anomeric Center 266

Amination Exploiting Carbonyl Reactivity 267

Amination Exploiting Oxonium Ion Reactivity 270

Amination in the Sugar Chain 273

Amino Sugars by Nucleophilic Displacement 273

Amino Sugars through Intramolecular Displacements 279
Amino Sugars by Reductive Amination 279

Amination of Glycals 283

Amination through Ring-Opening of Epoxides 287

Synthesis of Iminosugars 288

Amination at the Anomeric center with Subsequent Cyclization 290
Exploitation of the Reactivity of the Carbonyl Function 290
Exploitation of the Reactivity of Lactones 291

Insertion of a New Electrophile 292

Amination at the Carbohydrate Chain and Subsequent Cyclization 293
Concomitant Insertion of Nitrogen at Both Carbon Atoms 297
Conclusions 300

Selective N-Derivatization of Aminoglycosides en Route to New
Antibiotics and Antivirals 305

Floris Louis van Delft

Aminoglycoside Antibiotics 305

RNA Targeting by Aminoglycosides 308

The Role of Amino Functions in RNA Binding 310
Development of RNA-Targeting Drugs 312

Regioselective N-Modification of Naturally Occurring
Aminoglycosides 313

IX



X| Contents

8.4.2 Neamine-Based RNA ligands 321
8.5 Concluding Remarks 327

9 Evolution of Transition Metal-Catalyzed Amination Reactions: the
Industrial Approach 333
Ulrich Scholz

9.1 Introduction: First Steps in the Field of Catalytic Aromatic
Amination 333

9.2 Alternatives to Transition Metal-Catalyzed Arylamination 335

9.2.1 Reduction of Nitroarenes 335

9.2.1.1 Transfer Hydrogenation 335

9.2.1.2 Direct Hydrogenation 336

9.2.1.3 Other Methods for Nitro Reductions 336

9.2.2 Transition Metal-Free Alternatives for Amine-Halogen Exchange 337

9.2.2.1 Metal-Free Replacement of Halogens with Amines 337

9.2.2.2 The Chichibabin Reaction 338

9.2.2.3 The Nucleophilic Aromatic Substitution of Hydrogen (NASH
Reaction) 339

9.2.2.4 Aromatic Amination by Use of Azides 339

9.2.2.5 The Minisci Reaction 340

9.2.2.6 The Bucherer Reaction 340

9.2.2.7 Metal-Free Replacement of Nitro Groups by Amines 341

9.2.2.8 Metal-Free Replacement of Sulfonic Acid Esters by Amines 341

9.3 The Quest for Industrial Applications of Transition Metal-Catalyzed
Arylamination 341

9.3.1 Industrial-Scale Halogen—-Amine Exchanges 342

9.3.2  Transition Metal-Catalyzed Direct Amination of Aromatic
Compounds 345

9.3.3 Industrial-Scale Aminolysis of Phenols 345

9.4 Copper-Catalyzed Processes — More Recent Developments 346

9.4.1 Alternative Arylating Agents 346

9.4.2  Catalyst Tuning 347

9.5 Palladium-Catalyzed Processes 353

9.5.1 Early Developments 353

9.5.2 Ligand Developments 355

9.5.3  Other Components of the Reaction 361

9.6 Nickel-Catalyzed Processes 361

9.7 Summary 363

Index 377



Preface

The book Modern Amination Methods, I edited for Wiley-VCH in 2000, was intended
to provide an almost exclusively methodological overview of several research areas
in which amination plays a key role and to introduce the reader to new concepts
that were at that time developed for generating new C—N bonds. The book was
well received by the chemical community and indicated the need for keeping sci-
entists aware of the progress in the field of amino group chemistry. The increasing
importance of the amino function, in simple or complex molecular systems, is in
fact fully acknowledged by chemists due to the presence of these molecules in the
most important areas of basic and applied chemistry, such as pharmaceutical,
medicinal, agricultural and natural product chemistry, and even more and more
in biochemistry. Far from being exhausted, this topic seeks novel breakthroughs
to face the novel challenges of third millennium chemistry. This prompted the
writing of a new book, focusing not only on the C—N bond forming methodolo-
gies, but also on the role played by the amino function in those processes that are
more closely related to the life sciences.

The contributions to this book are organized into interlinked sections and will
include several important aspects related to amino group chemistry. The first part
of the book deals with several more methodologically addressed chapters. Not only
is the use of simple amination reagents and pivotal intermediates disclosed,
making thus wider the already rich arsenal of conventional and unconventional
amination methods, but also the potential of synthetic strategies like MCR
(multicomponent reactions), or the most up-to-date metal- or organo-catalyzed
approaches to the assembly of polyfunctional complex nitrogen-containing
molecules is highlighted. Throughout each chapter, clear structures, schemes and
figures accompany the text. Synthetic procedures, mechanisms, reactivity, selectiv-
ity and, especially, stereochemistry are addressed. An emphasis is placed, even at
this stage, on target oriented synthesis with the insertion of the generated amino
function into N-containing densely functionalized chiral molecules, or precursors
therof, of interest in medicinal chemistry.

In the following chapters there is a greater focus on the life sciences. The rele-
vant role played by core units containing a preformed amino functionality, many
of them coming from the chiral pool, in the construction of important targets in
medicinal chemistry, exhibiting among others anticancer, antibiotic and antiviral

Xi
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Preface

activity, is discussed with a rich series of examples. An even deeper insight into
the field of clinically relevant drugs containing amino functionalities is provided
by those chapters dealing with the synthesis and biological activity of aminated
sugar and with the selective N-modification of aminoglycosides. The primary
importance of the amino group in glycol structures, toning the physico-chemical
properties, actively participating in recognition phenomena and, in the case of
iminosugars, in enzymatic inhibition, and the role of the amino functions in RNA
binding are treated in detail.

The last chapter is devoted to the industrial approach to amination reactions via
transition metal catalyzed aryl amination. The progress in this field and the trans-
formation of formerly extremely difficult processes into trivial tasks with lots of
possibilities for fine tuning apt to the large scale production of modern synthetic
targets, are disclosed.

This book is timely and the up-to-date reference sections together with several
laboratory protocols would make it immediately useful also for those researchers
not familiar with this field. It is aimed at a mixed audience including advanced
students, young researchers and, more generally, people working in scientific
institutions dealing with chemistry. Industrial chemists looking for a survey of
well-tried fundamental concepts as well as for information on modern develop-
ment in amino group chemistry, are also likely to be interested in this book con-
sidering the extensive number of industrially important targets treated.

As far as I know there are no books closely related to or similar to this book.
The only exception could be the already mentioned Modern Amination Methods
published by Wiley-VCH in 2000. This fact, instead of constituting a point of
weakness, guarantees that the new book will not give rise to a substantial super-
imposition with the previous publication but on the contrary will be fully comple-
mentary to it.

I would like to thank all the distinguished scientists and their coauthors for their
rewarding, timely and well-referenced contributions. Grateful acknowledgements
are offered to the Wiley-VCH editorial staff, in particular to Dr. Manfred Koehl for
proposing to me this new challenge and to Dr. Waltraud Wuest who was of pre-
cious help for the development of this project.

Bologna, July 2007 Alfredo Ricci
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]
Simple Molecules, Highly Efficient Amination
Shunsuke Chiba and Koichi Narasaka

1.1
Introduction

In the last two decades, explosive progress has been made in synthetic methods
for production of amino compounds, due to their rapidly increasing applications
in pharmaceutical and material sciences. Development of amination reagents for
the construction of new carbon—nitrogen bonds is one of the most important and
basic processes for the synthesis of amino molecules, and this chapter introduces
simple and useful amination reagents classified by reaction type, such as electro-
philic amination reagents, including transition metal-nitrene and nitrido
complexes, radical-mediated amination reagents, and nucleophilic amination
(Gabriel-type) reagents.

1.2
Hydroxylamine Derivatives

Hydroxylamine derivatives are one of the most versatile and simple amination
reagents, leading the variety of nitrogen-containing compounds. This section
mainly focuses on recent advances in electrophilic amination of carbon nucleo-
philes with various hydroxylamine derivatives.

1.2.1
O-Sulfonylhydroxylamine

Tamura has reported the synthesis of O-mesitylsulfonylhydroxylamine (MSH; 1;
Figure 1.1) and related compounds and has examined their reactions with various
nucleophiles in detail [1]. With regard to the formation of C—N bonds by the use
of MSH, however, the applicable carbanions were quite limited — to stabilized
enolates only — and the product yields of the resulting amines were quite low.
The electrophilic amination of organolithium compounds with the
methyllithium-methoxyamine system, long recognized as a potentially useful
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Q
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Figure 1.1 Tamura reagent (MSH) 1.
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Scheme 1.1 Electrophilic amination with the methyllithium-methoxyamine system.

amination method (Scheme 1.1), was discovered by Sheverdina and Kocheskov in
1938 [2]. Overall the process is a formal displacement of the methoxy group of the
lithium methoxyamide intermediate with the carbanion. Model calculations per-
formed to provide insight into the electrophilic properties of LIHN—OMe showed
that the N—O bond in LIHN—OMe is bridged by Li and is longer than the related
bond in H,N—OMe [3]. This would suggest a particular significance of the
nitrenoid-like structure for the facile cleavage of the N—O bond.

These concepts have been translated into the design of some O-
sulfonylhydroxylamines such as tert-butyl-N-tosyloxycarbamate (2) [4] and allyl-N-
tosyloxycarbamate (3) [5], which can be easily prepared and are stable enough to
handle. Actually, Boche et al. reported the crystal structure of lithium tert-butyl-N-
mesityloxycarbamate and revealed that the N—O bond is longer than that in the
neutral compound, tert-butyl-N-mesityloxycarbamate, which supports the calcula-
tions mentioned above [6].

Lithium  tert-butyl-N-tosyloxycarbamate  (4) and  lithium  allyl-N-
tosyloxycarbamate (5), generated by treatment of 2 and 3 with butyllithium in THF
at —78°C, are useful for the preparation of N-Boc and N-Alloc amines. A variety
of N-protected alkyl, aryl, and heteroaryl primary amines can be synthesized by
treatment with the corresponding organolithium and -copper reagents (Schemes
1.2-1.5).

The amination of a-cuproamides and o-cuprophosphonates also proceeds effec-
tively through the use of lithium tert-butyl-N-tosyloxycarbamate (4) and allyl-N-
tosyloxycarbamate (5) to give o-amino acid derivatives. Asymmetric synthesis of
o-amino acid derivatives is achieved by the amination of chiral amide cuprates
with lithium tert-butyl- N-tosyloxycarbamate (4; Scheme 1.6) [7].

These methods can be applied to the amination of organoboranes [8]. Primary
alkyl boranes rapidly react with lithium tert-butyl-N-tosyloxycarbamate (4) ina 1:1
molar ratio to give N-Boc-protected primary amines in good yield (Scheme 1.7).
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The reaction presumably proceeds through the aniotropic rearrangement of an
organoborate complex.

In addition, arylsulfonyloxycarbamates such as 6-8 can be used for aziridination
of alkenes by treatment with inorganic bases such as CaO or Cs,CO;. The treat-
ment of, for example, cyclohexene with ethyl N-arylsulfonyloxycarbamates 6 and
7 in the presence of CaO gives N-ethoxycarbonylaziridine along with a small
amount of an allylic amination product (Scheme 1.8) [9]. As judged from the
formation of an sp’ C—H amination product, the reactive intermediate of this
reaction seems to be ethoxycarbonylnitrene. Silyl enol ethers are aminated by
the same procedure to afford a-amino carbonyl compounds, presumably via N-
ethoxycarbonyl azirines (Scheme 1.9).
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0 NHCO,Et

Eto—4 a0
+ N-0SO,Ar N-CO,Et +
H, CH20|2, rt

A= i Hme 51% 3%
TAr= i YNo, 4% 5%

Scheme 1.8
OSiMeg o]
. Eto—/{ NHCO,Et
N 0S0,_)-NO, CHzClz
7 67%
Scheme 1.9
o]
NO, et0—4 Ca0 NO2
+ N-0S0,4_)-NO; i n N-CO,Et
H '
7 89%
Scheme 1.10
O 0O O
o 0 tBu0—~ Ca0
+ — _—
Me)kﬂ)kOEt H’N 0302‘©’N02 CHCly 1t Me 9 OEt
8 \COZt-BU
85%
Scheme 1.11

The corresponding reactions with electron-deficient alkenes also afford aziri-
dines, but through some other mechanism, such as an aza-Michael addition—
elimination process (Schemes 1.10, 1,11) [10].

1.2.2
O-Phosphinylhydroxylamine

As well as O-sulfonyloximes (Section 1.2.1), O-(diphenylphosphinyl)hydroxylami
ne (9) has also been utilized for the electrophilic amination of various carbanions
to prepare primary amines [11]. Grignard reagents and organolithiums including
enolates are aminated with 9 (Table 1.1).

The application of O-(diphenylphosphinyl)hydroxylamine (9) is limited by its
low solubility in most organic solvents. Recently, Vedejs reported that O-di-(p-
methoxyphenylphosphinyl)-hydroxylamine (10), which is soluble in THF even at
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Table 1.1 Electrophilic amination with O-(diphenylphosphinyl)hydroxylamine (9).

Ph\ﬁ
Ph” 9\ONH2
R-M R-NH,
THF, rt
R-M R-NH, (yield / %) R-M R-NH, (yield / %)
PhMgCI Ph-NH,  (35) PhsCLi PhsC-NH,  (30)
Ph” “MgCl Ph” “NH, (70) Ph  OLj NH,
i:< Ph— (45)
OEt COzEt
1) KOt-Bu, THF, =78 °C NHAG
OEt 2)10, -78 ~23 °C OEt
3) AcyO, EtsN
o) 0
67%
MeO 9
10= P~ONH,
MeO

Scheme 1.12

-78°C, reacts efficiently with stabilized sodium or potassium enolates derived
from malonates, phenylacetates, and phenylacetonitrile as shown in Scheme 1.12
[12].

1.2.3
O-Acylhydroxylamine

O-Acylhydroxylamines have not been employed for electrophilic amination as
extensively as O-sulfonyl- and O-phosphinylhydroxylamines [13]. Recently, though,
J. S. Johnson has developed a mild and widely applicable method for the prepara-
tion of various secondary and tertiary amines through the copper-catalyzed elec-
trophilic amination of organozinc reagents with O-benzoylhydroxylamines such
as 11 or 12 [14]. The O-benzoylhydroxylamines, most of which are stable enough
to be used in the subsequent amination, are prepared by the oxidation of the cor-
responding primary and secondary amines with benzoyl peroxide and K,HPO, in
DMEF (Schemes 1.13 and 1.14).

Secondary and tertiary amines are synthesized by treatment of organozincs with
O-benzoylhydroxylamines 11 and 12 in the presence of catalytic amounts of
[Cu(OTH)]- C¢He (Schemes 1.15 and 1.16).
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0 O__Ph
NH KH>PO N
cQ T e a OQ T

0 1173%
Scheme 1.13
S S S L TV VN
NH, Ph™ "O \n/ DMF, rt N T
o} H o
12 91%
Scheme 1.14
[CUOTﬂ2°CGH6 ]
ﬁN’OTPh (1.25 mol%) ﬁN’R R=_Ph —91%
+RoZn —————— p-EtO,CPh; 77%
o J o THF,25°C  o._J 2 00
1 15 ~ 60 min '
Scheme 1.15

[CUOTf]z'CGHS
XX ,O\H/Ph + Ryzn _(1:25 mol%) M R R= Ph:74%
_(1.25mol%) _ N

N N Rl 430
H o THF, 25 C H t BU, 43%
12 15 ~ 60 min
Scheme 1.16
o . VAT o
_ i .
- ' Ni/-Pr
N/-Pry 2) ZnCl, 2
H —78°Ctort 7n
THF 2
g,O\gPh o
© 11 N/-Pry
2.5 mol% CuCl, /~\
S —— N 0
THF, rt,2—-6h \_/
88%
Scheme 1.17

This methodology can be used for aromatic C—H amination by combination
with directed ortho-lithiation/transmetalation (Scheme 1.17).

1.24
O-Trimethylsilylhydroxylamine

Ricci developed the electrophilic amination of higher-order cyanocuprates with
N,O-bis(trimethylsilyl)hydroxylamine (13), providing a suitable method for the
preparation of primary amines (Scheme 1.18) [15].
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1) RoCu(CN)Liy

MesSi,  SiMes RPN R = Ph; 80%
N_G THF,+ 50°C, 1h R=NH, R = n-Bu: 48%
H 2) H30 R = t-Bu; 80%
13
Scheme 1.18
MesSi  SiMe; MesSi,  SiMes
N-O + RyCU(CN)Liy — N-0 + RCU(CN)Li + R-H
H Li
13 14
/SiMe3
—CN- ,Li—CN—2Cu
I s P DI .siMe; / .
RCUCNLI = R R — RN xR —  RNHSiMe3
Cu-CN—Li S —
Cu—CN—1Li

Scheme 1.19 Electrophilic amination with N,O-bis (trimethylsilyl)hydroxylamines (13).

Me, ~ SiMes Ar,Cu(CN)Liy Me Ar = Ph; 58%
N-O o~ Ar—N, Ar = 2-pyridyl; 65%
H THF, -50°C ~ 1t H Ar = 2-thienyl; 60%
15
Scheme 1.20

N,O-Bis(trimethylsilyl)hydroxylamine (13) first reacts with the higher-order
cuprate to generate lithium N-silyl-N-siloxyamide 14 and monoanionic lower-order
cyanocuprate. The new C—N bond may be formed by the interception of lithium
amide 14 with the thus formed cuprate via an amide—copper intermediate as
shown in Scheme 1.19.

Similarly, by starting from N-alkyl-O-(trimethylsilyl)hydroxylamines such as 15,
N-alkyl aromatic and heteroaromatic amines are prepared by treatment with
aryl- and heteroarylcyanocuprates (Scheme 1.20) [16].

1.2.5
Experimental Procedures

Representative synthesis of O-benzoylhydroxylamines Morpholine (5.2mL.
60mmol) was added by syringe in one portion to a mixture of benzoyl peroxide
(12.1g, 50mmol) and dipotassium hydrogen phosphate (13.1g, 75 mmol) in DMF
(125mL). The suspension was stirred at ambient temperature for 1h. Deionized
water (200mL) was added, and the contents were stirred vigorously for several
minutes until all solids had dissolved. The organic materials were extracted with
ethyl acetate (150mL) and the combined extracts were washed with saturated
aqueous NaHCO; (100mL x 2). The aqueous fractions were combined and extracted
with ethyl acetate (100mL x 3), and the organic fractions were combined and
washed with deionized water (100mL x 3) and brine (100mL), and dried over
MgSO,. Volatile materials were removed in vacuo and the resulting crude mixture
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was purified by flash column chromatography, with elution with 50% ethyl acetate/
hexane, to afford 4-benzoyloxymorpholine (11, 7.71g, 37mmol, 74%) of >95%
purity by "H NMR spectroscopy.

0 O._Ph
NH KH,PO N
()Q * Ph)J\O'o\n/Ph DMF, r: O\) 0

0 11 73%

Representative electrophilic amination with O-benzoylhydroxylamines A THF solu-
tion of diphenylzinc, prepared from an ethereal solution of PhMgBr (1.0M, 1.1mlL,
1.1mmol) and ZnCl, (75mg, 0.55mmol) in THF (2.0mL), was added by cannula
in one portion to a mixture of 4-benzoyloxymorpholine (11, 103mg, 0.50mmol)
and [CuOT{],- C¢H, (3mg, 0.0056mmol) in THF (5.0mL). The resulting solution
was stirred at ambient temperature for 1h. The reaction mixture was diluted with
Et,0 (10mL) and transferred into a separating funnel. The mixture was washed
with saturated aq. NaHCO; (10mL x 3) and the amino components were extracted
with 10% aqueous HCI (10mL x 3). The aqueous extracts were basified with 10%
aq. NaOH and the amino components were extracted with CH,Cl, (10mL x 3).
The organic fraction was washed with brine (10mL), dried over Na,SO,, and con-
centrated in vacuo to afford 4-phenylmorpholine as a white solid (80 mg, 0.49 mmol,
98%) of >95% purity by '"H NMR.

[CuOTf]*CeHe _Ph
(\N/O\[f Ph (1.25 mol%) K\N
+Phyzn ——2MOA) o
o) o THF, 25 °C
1 91%

Representative electrophilic amination with N,O-bis(trimethylsilyl)hydroxylamine N,
O-Bis(trimethylsilyl)hydroxylamine (0.426mL, 2.0 mmol), commercially available
from Aldrich Chemical Co., Inc., was added dropwise at —=50°C to a clear brown
solution of Ph,CuCNLi, (2.0mmol) in THF After stirring for 1h, the dark reaction
mixture was hydrolyzed with 20% aq. HCI (30mL). The aqueous layer was basified
with NaOH, and aniline was extracted with Et,0 (2 x 20mL). The organic layer
was washed with brine and dried over Na,SO,. The solvent was removed in vacuo
and the resulting crude materials were purified by distillation to afford aniline
(167mg, 90%) as a clear liquid.

MesSi, Shiey D PMECHCNLL
/N_o Y'l'
H 2) H30
13

Ph—NH;
90%
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Oxime Derivatives

Oxime derivatives are readily converted into a variety of amino compounds through
representative reactions such as the Beckmann rearrangement, Beckmann frag-
mentation, and the Neber reaction [17]. This section mainly focuses on C—N bond
formation by electrophilic amination of carbanions with oxime derivatives by
substitution on the sp” nitrogen atom.

1.31
Synthesis of Primary Amines by Electrophilic Amination of Carbanions

Oxime sp” nitrogen atoms possessing suitable leaving groups (OR') react with
organometallic reagents (R-M) to afford the corresponding N-alkyl- or N-
arylimines, which are readily hydrolyzed to primary amines (Scheme 1.21). To
make this substitution reaction efficient, competing side reactions such as the
Beckmann rearrangement and the Neber reaction have to be suppressed by suit-
ably masking the oxime derivatives.

Murdoch reported that treatment of tetraphenylcyclopentadienone O-tosyloxime
(17) with excess amounts of aryllithium and aryl Grignard reagents gives N-ary-
limines, which can be converted into primary amines and cyclopentadienone
oxime by treatment with excess hydroxylamine in aqueous pyridine (Scheme 1.22)
[18]. The formation of the imines probably proceeds through nucleophilic addition
to the nitrogen atom of oxime 17 to generate stabilized cyclopentadienyl anions,
which undergo elimination of tosylate.

Acetone O-(2,4,6-trimethylphenylsulfonyl)oxime (18) can be applied in the ami-
nation of arylmagnesium and arylzinc reagents [19]. Treatment of oxime 18 under
Barbier conditions (i.e., treatment of aryl bromide with 18 and magnesium in THF
at reflux temperature), followed by the hydrolysis of the resulting imines under

3 4
N ~OR N SR Hs0"
iy + RA-M —— iy R4-NH,
R "R? R "R?
(+ORY)
Beckmann rearrangement  Neber reation
1 1
N[6R3 E+ @R3
-OR3) ! N base 4N
M, L e e
R1 Rz R2 E R2
! H
HZ0 jJ)\ 1 | HgO* RH)OL )
.R"
RN ; R
H : NH,

Scheme 1.21 Synthesis of primary amines by use of oxime derivatives.

9
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_0SO,p-Tol o(j\
N 2P Li =\ -0S0zp-Tol
Ph Ph / <
P/ ,
0 THF, 78 °C
Ph Ph
17 L i
/CO OH
\ -
N NH, N
Ph Ph NH,OH U , P Ph
_ aq. pyridine
- o)
p-TolSO4 - oh PH Ph
90% 95%

Scheme 1.22 Electrophilic amination with tetraphenylcyclopentadienone O-tosyloxime (17).

UA
MeN/(') N r
+ A-Br + M
P ° THF, reflux ME)LMe
Me Me
18 Ar = CgHs; 52%
conc. HCI

Ar-NH,  Ar=4-MeOCgH,; 56%
Ar = 1-naphthyl; 40%

Scheme 1.23 Electrophilic amination with acetone O-(2,4,6-
trimethylphenylsulfonyl)oxime (18).

acidic conditions, afforded N-aryl primary amines, although the yields were
moderate (40-56%) (Scheme 1.23) [20].

Narasaka developed the amination of Grignard reagents with bis[3,5-bis(trifluo
romethyl)phenyl] ketone O-tosyloxime (19) [21], the introduction of the electron-
withdrawing trifluoromethyl groups suppressing the competing Beckmann rear-
rangements. Various primary amine derivatives are synthesized by the reaction
with aryl and alkyl Grignard reagents, except in the case of tertiary alkyl reagents
(Scheme 1.24).

A chiral secondary amine is prepared without loss of optical purity by treatment
of a chiral Grignard reagent with oxime 19 (Scheme 1.25) [22]. This means that
the reaction proceeds not through an electron-transfer mechanism but by nucleo-
philic substitution at the oxime nitrogen.

The employment of O-sulfonyl oximes of cyclic ureas and carbonates [23, 24]
works effectively for the electrophilic amination of Grignard reagents, because
they never undergo Beckmann rearrangements or Neber reactions. Among them,
4,4,5,5-tetramethyl-1,3-dioxolan-2-one O-(phenylsulfonyl)oxime (20), which can be
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/OSOZp-ToI
R\N
Ay X
(|n Et,0) toluene Ar” DAr
rt, 30 min
R =Ph: 96%
19 1) HyO* Ve
2BOLEN pye; r= (4o
Me
R = Et: 87%
R = t-Bu: 35%
Scheme 1.24 Electrophilic amination with bis[3,5-
bis (trifluoromethyl) phenyl] ketone O-tosyloxime (19).
/]/'t 1) HCI
aq.
MgCl ' NHAc
oxime 19 N~ “Ar 2) AcCl, EtzN
Ph = -~ Pn
\)\/MG toluene th'\/Me \)V'V'e
. 919 -70° 259 0
ca. 91% ee 70 °C Ar = 3,5-(CF),CqHs 5%, 90% ee
Scheme 1.25 Synthesis of a chiral secondary amine with oxime 19.
Nar, P P" N NH0HH N
.Ph an, AR
N % J EtsN J
)]\ o 0 — > 0O 0
cI”Cl THF, i, 87% % EtOH, rt, 86% %
.0S0O,Ph
PhSO,CI N
BN

CH20|2 rt, 88% %

Scheme 1.26 Synthesis of 4,4,5,5-tetramethyl-1,3-dioxolan-2-one O-(phenylsulfonyl)oxime (20).

prepared easily from commercially available phenylcarbonimidic dichloride
(Scheme 1.26), was found to be most suitable [25]. The imidic dichloride was
treated with pinacol and NaH to give 2-phenylimino-1,3-dioxolane, which was
transformed into O-(phenylsulfonyl)oxime 20 by imino-exchange by treatment
with hydroxylamine followed by O-sulfonylation of the resulting oxime.

Various Grignard reagents react with oxime 20 in nonpolar solvents to afford
the corresponding imines, which are easily converted into primary amines under
mild acidic conditions (Table 1.2). Aryl Grignard reagents, regardless of steric
congestion and the electronic effects of the substituents on the aryl group, are
smoothly aminated with 20, and anilines are obtained after hydrolysis or solvolysis
of the resulting N-aryl imines. Primary, secondary, and tertiary alkylamines are

n
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Table 1.2 Synthesis of primary amines by the electrophilic
amination of Grignard reagents with O-(phenylsulfonyl)oxime

(20).
OSOZPh R method A
)J\ N HCl'in Et,0
MeOH
R-MgBr o) eof R-NH5*CI
(in Et,0) % “PhClor CHoCly CH,Cl, % method B
0°C~rt -6 M HCl aq.
EtOH, reflux
R yield / % R yield / %
Ph A 93 PhCH,CH, B 90
p-CF3-CgHy A 94 PhCH,CH(CHs) B 89
2,4-(Me0),-CgH3 A 91 1-adamantyl B 89
2,6-Mep-CgHs B 90 CHy=CH(CH3)  — 937

a) Yield of 2-aza-1,3-diene.

CuCN-2LiCl

P(OMe); [ O }

__POMe)s | g CUCN(MgBr

R@Mgm THF, 1t, 0.5 (MgBn)
Jl\/osozph <

N 1 M HCl in Et,0
0" o nEt R—©7NH3+CI‘
THF, 1t, 0.5 h % MeOH, rt
R = CO,Et: 87%

R = COyEt: 94% R=CN: 91%
R=CN: 92%

Scheme 1.27 Electrophilic amination of arylcopper reagents

with O-(phenylsulfonyl)oxime (20).

prepared in high yield from the corresponding alkyl Grignard reagents, and even
alkenyl Grignard reagents reacted with 20 to give 2-aza-1,3-dienes.

Aryl Grignard reagents bearing a cyano or an alkoxy carbonyl group, prepared
by iodine-magnesium exchange [26], cannot be used directly for this amination
procedure, because of their instability at temperatures higher than 0°C. Arylcopper
reagents generated by transmetalation of such arylmagnesium compounds with
CuCN-2LiCl in the presence of trimethyl phosphite [27] react with 4,4,5,5-
tetramethyl-1,3-dioxolan-2-one O-(phenylsulfonyl)oxime (20) to afford the cor-
responding N-arylimines, which are hydrolyzed to anilines (Scheme 1.27) [28].
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1.3.2
Experimental Procedures

Procedure for the preparation of 4,4,5,5-tetramethyl-1,3-dioxolan-2-one O-phenylsul-
fonyloxime Pinacol (15.2g, 128 mmol) in THF (60mL) was slowly added under
argon at 0°C to a suspension of NaH (6.36g, 264 mmol) in THF (250mL), after
which phenylcarbonimidic dichloride (20.5g, 128 mmol) in THF (40mL) was
added over 15 min. This mixture was stirred at room temperature for 30 min, after
which the reaction was quenched with a pH 9 ammonium buffer and the mixture
was extracted three times with ethyl acetate. The combined extracts were washed
with brine and dried over Na,SO,, and the ethyl acetate was removed in vacuo
to give an 87% yield of 4,4,5,5-tetramethyl-2-phenylimino-1,3-dioxolane (22.5g,
111 mmol), which was used without further purification.

Triethylamine (61.7g, 611mmol) and NH,OH-HCI (34.1g, 491 mmol) were
added to a solution of 4,4,5,5-tetramethyl-2-phenylimino-1,3-dioxolane (26.7g,
122mmol) in ethanol (300mL), and this mixture was stirred at room temperature
for 24h. After the reaction had been quenched with pH 9 ammonium buffer, the
mixture was extracted three times with ethyl acetate. The combined extracts were
washed with water and brine and dried over Na,SO,, the ethyl acetate was removed
in vacuo, and the crude materials were purified by flash column chromatography
(hexane/ethyl acetate 1:1 to 1:4) to give 4,4,5,5-tetramethyl-1,3-dioxolan-2-one
oxime (16.7g, 105 mmol) in 86% yield.

Benzenesulfonyl chloride (5.59g, 31.6mmol) in dichloromethane (15mL) was
slowly added under argon at 0°C to a solution of 4,4,5,5-tetramethyl-1,3-dioxolan-
2-one oxime (4.49g, 22.8 mmol) and triethylamine (5.90mL, 42.3 mmol) in dichlo-
romethane (100mL), and the mixture was stirred at room temperature for 1h.
After the reaction had been quenched with ice water, the mixture was extracted
three times with ethyl acetate, the combined extracts were washed with brine and
dried over anhydrous sodium sulfate, the ethyl acetate was removed in vacuo,
and the crude materials were purified by recrystallization (hexane/ethyl acetate)
to give 4,4,5,5-tetramethyl-1,3-dioxolan-2-one O-phenylsulfonyloxime (20, 7.40g,
25.9mmol) in 88% yield.

Nap Q. OH NP y-OH
aH, NH,OH-HCI
N % PN 2Et3N L
)J\ oo ——3 . 0 0
cl” THF, 1t, 87% % EtOH, rt, 86% %
.0SO,Ph
PhSO,CI N
Et;N

0" o
CH,Cly, rt, 88%
20

13
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Representative procedure for the preparation of primary amine hydrochlorides by
treatment of 4,4,55-tetramethyl-1,3-dioxolan-2-one O-phenylsulfonyloxime with
Grignard reagents An ether solution of phenylmagnesium bromide (0.96M,
2.3ml, 2.2mmol) was added dropwise under argon at 0°C to a solution of 4,4,5,5-
tetramethyl-1,3-dioxolan-2-one O-phenylsulfonyloxime (20, 593 mg, 1.98 mmol) in
chlorobenzene (15mlL), and this mixture was stirred at the same temperature for
30min. The reaction was then quenched with pH 9 ammonium buffer at 0°C, and
the mixture was extracted three times with ethyl acetate. The combined extracts
were washed with brine and dried over Na,SO,, and the ethyl acetate was removed
under vacuum. Hydrogen chloride in ether (1.0M, 4.0mL) was added at 0°C to the
crude imine in methanol (10mL), and this mixture was stirred at room tempera-
ture for 1.5h. Volatile materials were removed in vacuo, and anhydrous ether
(40mL) was added. The insoluble materials were collected by filtration to give
aniline hydrochloride (239 mg, 1.84 mmol) in 93% yield.

.0SO,Ph .
N 2 Phoy

P HCl in Et,0
Ph-MgBr o” o Ph-NH5*CI-

i O)ko PhCI
(in Et,0) % s H MeOH, rt 93%

Representative procedure for the preparation of primary arylamines possessing
electron-withdrawing groups by use of 4,4,55-tetramethyl-1,3-dioxolan-2-one O-
phenylsulfonyloxime A THF solution of isopropylmagnesium bromide (1.15M,
0.96mL, 1.1 mmol) was slowly added under argon at —20°C to a solution of ethyl
4-iodobenzoate (278 mg, 1.01 mmol) in THF, and this mixture was stirred at the
same temperature for 30min. A THF solution of CuCN-2LiCl (0.50M, 2.0mL,
1.0mmol) was then added, the temperature again being kept below —20°C. After
completion of the addition, the reaction mixture was allowed to warm to room
temperature over 30 min. Trimethyl phosphate (128 mg, 2.0 mmol) was then added
and the clear solution was stirred for an additional 5min. 4,4,5,5-Tetramethyl-1,3-
dioxolan-2-one O-phenylsulfonyloxime (20, 290mg, 0.969mmol) in THF (3mL)

| -0S0zPh Q/ooza
o)J\o N

CUCN-2LiCl % )J\
EtO C@M Br —OMe)s P
2 ' THF , 05h  THF. 1t 05h %

94%

1 M HCl in Et,O
EtOZC@NH3+C|_
MeCOH, rt

87%
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was then added dropwise and the reaction mixture was stirred at this temperature
for 15min. After the reaction had been quenched with a pH 9 buffer at 0°C, the
mixture was extracted three times with ethyl acetate, and the combined extracts
were washed with brine and dried over anhydrous sodium sulfate. The ethyl
acetate was removed under vacuum and the crude materials were purified
by flash column chromatography (silica gel, hexane/ethyl acetate 8:2) to
give 2-(4-ethoxycarbonylphenyl)imino-4,4,5,5-tetramethyl-1,3-dioxolane (266mg,
0.913mmol) in 94% yield. The resulting imine was converted into aniline by the
same procedure as described in Section 1.3.2.

1.4
Azo Compounds

In this section some amination reactions utilizing azodicarboxylates (Section 1.4.1)
and arylazo sulfones (Section 1.4.2) as nitrogen sources are illustrated. In the
azodicarboxylate section, amination reactions of alkenes are discussed, because
there are some reviews on the electrophilic amination of carbanions leading
various hydrazine dicarboxylates [29].

1.4.1
Azodicarboxylates

1.4.1.1  Allylic Amination through Ene-Type Reactions
Ene reactions play an important role in organic transformations, and the use of
azo compounds such as diethyl azodicarboxylate (DEAD; 21) as enophiles provides
a useful method for amination of alkenes (aza-ene reaction) to give allyllic hydra-
zines (Scheme 1.28). Although thermal aza-ene reactions of various alkenes with
DEAD have been reported, such reactions generally require high temperatures
and are difficult to control because of the formation of bis-adducts [30].

Leblanc improved this thermal aza-ene reaction by use of bis-(2,2,2-
trichloroethyl) azodicarboxylate (22) [31]. Reactions between alkenes and 22

\-COzE!
P avd + I -
(2.0 mol amt.) EtO,C” heat, 80 °C
21
H
Et0,C. N
EtOC Et0,C N COEt
NN N i =
I
CO,Et CoyEt
64% 25%,

(trans : cis =83 :17)
Scheme 1.28
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N-CO2CHCCly

T o N b 40°C, 18 h
Cl3CH,CO,C” enzene, ,
22
(1.2 mol amt.)
GO2LH;CCls 1) Zn, AcOH H

HN’N\WWOAC 2) Acy0, pyridine N~

) > Ac X OAc

CO,CH,CCl3

) 89%
85% (trans : cis = 85: 15)

Scheme 1.29 The aza-ene reaction with bis(2,2,2-trichloroethyl) azodicarboxylate (22).

~COEL | mol amt. Snc NHCOES
.0 mol amt. Sn
P s l{ll - 4_ /\/\/N\COQEt
EtO,C” CH,Cl,, =80 °C, 5 min
(2.0 mol amt.) 21 87% (E:Z=11:1)
; /\/\/H
liquid NH3, —60 °C = CO,Et
86%

Scheme 1.30 Lewis acid-mediated allylic amination of alkenes with DEAD (21).

proceed under milder conditions to give the corresponding ene adducts in good
yield without the formation of bis-adducts (Scheme 1.29). In addition, by treatment
with Zn dust and acetic acid, the reductive cleavage of the N—N bonds in the
resulting allyllic hydrazines proceeds to give allylic amine derivatives.

Heathcock developed Lewis acid-mediated allylic amination of alkenes with
DEAD (Scheme 1.30) [32]. The use of SnCl, in dichloromethane promotes the
reaction at —60°C, affording the ene adducts in good yield with excellent selectivity
for the formation of (E)-alkenes. The allylic hydrazines can be converted into
carbamates by treatment with lithium in liquid ammonia. In addition, LiClO,
was also able to catalyze aza-ene reactions of azodicarboxylate derivatives [33].

1.41.2 Hydrohydrazination of Alkenes

Carreira has recently developed the Co- and Mn-catalyzed hydrohydrazination of
alkenes with azodicarboxylates, which enables the preparation of various alkylhy-
drazines from a broad range of alkenes [34].

Mono-, di-, and trisubstituted alkenes, including vinyl heterocycles, react with
azodicarboxylates such as 23 in the presence of phenylsilane and the Co(III) cata-
lyst 24, bearing Schiff base ligands, to give alkylhydrazines in good yields (Table
1.3). Monosubstituted, 1,1-disubstituted, and trisubstituted alkenes give exclu-
sively the Markovnikov-type hydrohydrazination products with broad functional
group tolerance. In the reaction behavior of 1,2-disubstituted alkenes, the selectiv-
ity is governed by electronic effects. Phenyl substitution results in the formation
of the benzylic hydrazine, while the presence of an ethoxycarbonyl group produces
an o-hydrazinyl ester.
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Table 1.3 Co-catalyzed hydrohydrazination of alkenes with azodicarboxylate 23.

CO,t-Bu
N=N

alkene  +  £BLOLC
23

(1.5 mol amt.)

2.5 ~5mol% 24
1 mol amt. of PhSiH3

EtOH, 23°C, 4 h

alkylhydrazide

Co(lll) cat. 24
L H,

< CO\E\ M
~:.°‘\N e

No. .9/ ™M
R O\:X e

Me ©0°
(L = MeOH)

alkene product (yield / %) alkene product (yield / %)
BocHN—NBoc Me BocHN—-NBoc
N Me
Ph Ph/\)\Me Ph/& Ph™ Ve
(85) (88)
BocHN—NBoc Me BocHN—NBoc
F
Br BrMMe Me)\/\OH Me OH
(90) Me
7
BocHN,_ (70)
Q/\ s NBoc < u BocHN—NBoc
e
@/LMG PR Ph Me
(84) (88)
H BocHN
N H NBoc Me. BocHN—NBoc
N SFTNCoEt M
Q_/?/\ MMe 22 e copet
(82) (66)

The above cobalt catalyst could not be employed for the hydrohydrazination
of tetrasubstituted alkenes. As an alternative, Mn(III) complex 25 exhibits high
catalytic reactivity even for the hydrohydrazination of hindered alkenes such as
tetrasubstituted ones (Table 1.4).

The proposed mechanism of the Co-catalyzed reaction is shown in Scheme 1.31.
The first step is the formation of the active Co(III)-hydride complex I. From I,
hydrocobaltation of an alkene proceeds to form Co-alkyl complex II. It is believed
that this step is rate-determining, whereas the following amination step is fast.
The crucial amination step from II to III could proceed either by radical addition
to the N=N double bond (path A) or by direct insertion of the N=N double bond
into the Co-alkyl complex II (path B). The thus generated Co-hydrazido complex
III reacts with a silane to regenerate Co-hydride complex I with the formation of
silylated hydrazine derivatives, which are readily transformed into the alkylated
hydrazines after ethanolysis.

This Co(III) catalyst was successfully applied to the hydrohydrazination
of dienes and enynes. Although a simple reaction between di-tert-butyl
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Table 1.4 Mn-catalyzed hydrohydrazination of tetrasubstituted
alkenes with azodicarboxylate 23.

Mn(lll) cat. 25
CO,t-Bu
alkenes  + 500 C'N:N _
t-Bu
2 0.9 &
(1.5 mol amt.) = i@
N\ O/ :n\o
2 mol% 25 C)\ /
1 mol amt. of PhSiH
mo’ amt. o 3 alkylhydrazide
i-PrOH, 0 °C
alkene product (yield / %) alkene product (yield / %)
Me BocHN—NBoc BocHN—NBoc
et (I OO,
e
Me Me (78) (74)
BocHN—NBoc Me Boc

O:Me Me ©)\r e BocHN-N Me
Me (j,\,,e (79) m (81

HoPhSi,  Boc Boc
N—N H| EtOH H/N—N H

1
Co" cat. 24 Bod > /

R
PhSiH; -
Co™\ |

Boc

Il
PhSiHs Co
. Boc
Ve Boc m N—=N
R N=N /
/ Boc >—/
B
oc B R
col  H A H
/—/ _ Boc
R R /N N
" col Boc o3

Scheme 1.31 Proposed mechanism of the hydrohydrazination
of alkenes catalyzed by the Co(lll) catalyst 24.
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BocHN.
2.5 1% 24 NBoc
M Me _Boc <: mol% Me
ejCNBoc i . N (Me,HSi),0 |
° /N o
Me NBoc EtOH,23°C e Boc EtOH, 23°C 11 “Me
85% 23 83%
Scheme 1.32 Hydrohydrazination of dienes catalyzed by the Co(lll) catalyst 24.
_Boc 1~5mol% 24 BocHN
Me-Si—=— . M 1.5 mol amt. of PhSiH3 NBoc
€SI\ MesSi—=
’ N oM EtOH, 23 °C &3S y
e
23 83%

Scheme 1.33

azodicarboxylate (23) and 2,3-dimethyl-1,3-butadiene results in the formation of a
[4+2] adduct in 85% yield at ambient temperature [35], the reaction in the presence
of Co(III) catalyst 24 and tetramethyldisiloxane results in the preferential forma-
tion of allylic hydrazine in 83% yield (Scheme 1.32). The selective formation of
the primary hydrazine derivative contrasts with the same reaction with alkenes, in
which the formation of Markovnikov-type products was observed.

Propargylic hydrazines can be obtained from enynes through the selective
amination of the double bonds (Scheme 1.33).

1.4.2
Arylazo Sulfones

Arylazo p-tolyl sulfones 26 (Scheme 1.34) are readily prepared from aromatic
amines in a two-step sequence consisting of the formation of the corresponding

Ph Ph
. NC._CN /
Ny £BUOK HN _ ON
]
SOzp-TO| DMSO, rt NC CN
26a 87%
NCo o+ Ph Ph
NC NC.N-g —-TsNH- NG N
1 N — Y
CN SOyp-Tol CN
NC._  + NC - Ph
ne” K ch:N‘Ph —cn HN  CN
NC” CN NC  CN

Scheme 1.34 Synthesis of tetrasubstituted ethylenes.
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N=C:
Ph CO,t-Bu
N <C02t-Bu NX
< | 1
N LU SN S
SOgp-Tol DMSO, rt Ph
26a 82%
:C=N__ +
K .
t—BuOZC> . CO,t-Bu H Cozt Bu
:C=N N=C N
26a (2 mol amt.) \ - 4
7[}] COzt—BU y Ozt Bu
Ph
_ _COut-Bu COyt-Bu
N
) N=C: | -CN ; \
— L < — QN CO,t-Bu

COQl'-BU Ph

Scheme 1.35 Synthesis of tetrasubstituted 1-arylimidazoles.

arene diazonium salts and subsequent treatment with sodium p-tolyl sulfinate [36].
There are some reports on the synthesis of amino compounds by treatment of 26
with carbanions.

Potassium salts of active methylene compounds such as malononitrile react with
phenylazo p-tolyl sulfones (26a) in DMSO to afford tetrasubstituted ethylenes
bearing arylamino moieties (Scheme 1.34) [37]. Nucleophilic attack of the carban-
ion at the N=N double bond of 26a and subsequent elimination of a tosylamide
anion gives N-arylimines, on which a second nucleophilic attack by the carbanion
proceeds to give tetrasubstituted ethylenes.

Substituted 1-arylimidazoles can be synthesized by treatment of phenylazo p-
tolylsulfone (26a) with (tert-butoxycarbonyl)methyl isocyanides (Scheme 1.35) [38].
After double attack of the nucleophiles as described above (Scheme 1.34), intra-
molecular attack at the electrophilic isocyano group carbon, aromatization through
proton transfer, and elimination of cyanide ion proceed successively to give
imidazoles.

Knochel identified the utility of various arylazo p-tolyl sulfones 26 as synthetic
equivalents of N-positively charged arylamine synthons. Arylazo p-tolyl sulfones
26 react under mild conditions with various polyfunctional arylmagnesium halides,
and allylation of the resulting addition products, followed by treatment with zinc,
provides polyfunctionalized diarylamines in good yield as shown in Table 1.5.
Aliphatic magnesium halides are also aminated [39].

1.4.3
Experimental Procedures

Representative procedure for the Lewis acid-mediated allylic amination of alkenes with
DEAD SnCl, (0.41mlL, 3.56mmol) was added at —60°C to a solution of DEAD
(21, 620mg, 3.56mmol) and pent-1-ene (0.78 mL, 7.12mmol) in CH,Cl,. After
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Table 1.5 Synthesis of diarylamines by treatment of
organomagnesium compounds with aryl p-tolyl sulfones 26.

Ar’ 1) R2-MgBr (or MgCl) f At
Nay THF p-TolO8 Zn \H
' 2) allyl-l, NMP N AcOH / TFA 5
SO,p-Tol : _ R
2P0 3) solvent evaporation A7 OR2 (5:1)
diazo o 1 /9 diazo ) o
reagent R MgX  product (yield/%) o ont R2-MgX product (yield / %)
Br EtO,C
N,Ts  MgBr NoTs MgCl
N—CO,Et
NH (83) N 2 NH (71)
Bn A\
Br CO,Et COzEt @COZEt
26b 26e N
CO,Et
NC Br,
N,Ts MgBr Q Q
MgBr
="
NH (64) 26b % NH (58)
e Cog S @Feﬁ@
26¢
CO,Et
MeO Br.
{ ? MgBr Q
N2TS MgBI’ 26b
NH (83) <rNH (67)
OMe OTf
26d oTf

stirring for 5min, the yellow solution had turned colorless and water (15mlL) was
added. The organic materials were extracted with CH,Cl, (3 x 50mL), and the
combined extracts were dried over Na,SO,. The solvents were concentrated under
vacuum to afford crude materials, which were purified by flash column chroma-
tography (silica gel, hexane/ethyl acetate 2:1) to give N-(pent-2-enyl)-N’-(ethoxycar
bonyl)hydrazinecarboxylic acid ethyl ester (760mg, 3.11 mmol) in 87% yield.

NCOEL o NHCO,Et
.0 mol amt. SnCly N

P Il\ll - : N “COLEt

2.0 mol amt EtO,C” CH,Cl,, —60 °C, 5 min

(2.0molamt) 21 87% (E:Z=11:1)

Representative procedure for the Co-catalyzed hydrohydrazination of alkenes The
alkene (75pL, 0.5mmol) and phenylsilane (65pL, 0.52mmol) were added under
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argon at 23 °C to the Co catalyst 24 (10mg, 0.025 mmol) in ethanol (2.5mL). Di-tert-
butyl azodicarboxylate (23, 0.17 g, 0.75mmol) was then added in one portion, and
the resulting solution was stirred at 23°C for 4h. The reaction mixture was
quenched with water (1mL) and brine (5mL) and extracted with ethyl acetate (3 x
10mL). The solvents were removed in vacuo to afford crude materials, which were
purified by flash column chromatography (silica gel, hexane/ethyl acetate 10:1) to
give N-(3-phenyl-1-methylpropyl)-N'-(tert-butoxycarbonyl)hydrazinecarboxylic acid
tert-butyl ester (155mg, 0.425mmol) in 85% yield.

CO,t-Bu Co(lll) cat. 24
Ph/\/\ + ,N:N L H,
£-BUO,C 0. N Me
23 _ Co,
" NO .Y/ Me
5 mol% 24 ~ eﬂ
1 mol amt. of PhsiH, ~ DecHN—NBoc Me 0°
EtOH, 23°C, 4 h Ph Me (L = MeOH)
85%

Representative preparation of arylazo tosylates: 4-bromophenylazo p-tolyl sulfone
4-Bromoaniline (1.72g, 10mmol) was dissolved in an aqueous HBF, solution
(50% in water, 15mL) and cooled to 0°C, and then a solution of NaNO, (760mg,
11mmol) in water (5mL) was added dropwise. After stirring for 30 min, the reac-
tion mixture was allowed to warm to room temperature. The resulting white pre-
cipitate was filtered off and washed with aqueous HBF, solution (10mL), ethanol
(10mL), and Et,0 (20mL). The white crystalline powder was dissolved in CH,Cl,,
TsNa (2.14 g, 12mmol) was then added, the mixture was stirred overnight, and the
resulting salts were removed by filtration. The solvent was removed under vacuum,
and the resulting crude materials were purified by crystallization from ethanol
to give 4-bromophenylazo p-tolyl sulfone (26b; 2.71g, 8.0mmol) in 80% yield
(Scheme 1.36).

NH, No*BF 4~ NoTs
NaNO,, ag. HBF4 TsNa
HZO' rt CH2C|2, rt
Br Br Br

26b 80% (2 steps)
Scheme 1.36

Representative procedure for the amination of arylmagnesium reagents with arylazo
tosylates A THF solution of i-PrMgCl (0.95M, 1.15mL, 1.1mmol) was added
dropwise at —20°C to a solution of ethyl 4-iodobenzoate (306 mg, 1.1 mmol) in THF
(5mL). After the mixture had been stirred for 30min, a solution of 4-bromophenyl-
azo tosylate (26b, 339mg, 1mmol) in THF (3mlL) was added dropwise to the
solution of the Grignard reagent, and the reaction mixture was stirred for 1h at
—20°C. The mixture was treated with allyl iodide (510mg, 3mmol) and NMP
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(N-methyl-2-pyrrolidone; 2mL), and stirred for 2h at room temperature. After the
solvent had been removed under vacuum, the resulting residue was dissolved in
glacial acetic acid (10mL). Zn powder (10mmol) and trifluoroacetic acid (2mL)
were added to the mixture, which was then heated at 75 °C until no starting mate-
rial was evident by TLC analysis (2h). After cooling to room temperature, the
mixture was poured into crushed ice (ca. 30g) and aqueous NaOH (2M, 20mL).
The organic materials were extracted three times with Et,O (30mL) and the
combined extracts were washed with saturated aqueous NaHCOj; and brine. The
solvent was removed in vacuo, and the resulting residue was purified by flash
column chromatography (silica gel, pentane/Et,0 9:1) to give ethyl 4-(4-bromoph
enylamino)benzoate (265mg, 0.83 mmol) in 83% yield as a colorless solid.

= Br.
e vE0e-ptes 1, Q

© THF, - 20 °C 7 "
2) allyl-l, NMP _ /©/ \©\ AcOH/TFA Q
Br 3) solvent evaporation g, Cco,et  (5:1)
26b CO,Et
83% (2 steps)
1.5

Oxaziridine Derivatives

Oxaziridines exhibit unique reactivity as a result of their ring strain and their
relatively weak N—O bonds. They are utilized either as amination or as oxygenation
reagents of nucleophiles. The site of nucleophilic attack (at the N or the O atom)
in an oxaziridine is governed by the substituent at the nitrogen [40, 41].

1.5.1
Electrophilic Amination of Carbon Nucleophiles

N-Alkoxy- or -aminocarbonyl oxaziridines, easily prepared by treatment of the cor-
responding imines with mCPBA/n-Bulli, are used as aminating reagents of enolate
anions [42]. N-Carboxamide oxaziridine 27, for example, is used for the o-
amination of various enolate anions in good to moderate yields (Table 1.6) [43].
These N-transfer reactions contrast sharply with those of N-sulfonyloxaziridines,
which give o-hydroxylated product exclusively [40].

1.5.2
Amination of Allylic and Propargylic Sulfides by Use of a
Ketomalonate-Derived Oxaziridine

Armstrong found that amination of sulfides proceeded with the oxaziridine 28,
derived from 2-oxomalonate, to afford a wide range of sulfimides (Scheme 1.37)
[44].
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Table 1.6 Electrophilic amination of lithium enolates with oxaziridine 27.

X
1) LDA o N7 NEt
substrates L» products 27 =
THF, =78 °C
CN
substrates products (yield / %) substrates products (yield / %)
(0]
(0] H H
A t.Bqu\/N\ﬂ/'\“ft2 EtO-P, EtO-P.__N__NEt,
£BuO EtO Me EtO hd
O (55) 0 (51)
i i N NC H NEt:
N NEt: A 2
ph)]\/'\"e Ph)K( g 2 NC™ “Me Y
Me O (60) Me O (56)
O—-NBoc
1.05 molamt. EtO,C° CO,Et
28

S

NBoc  R'=ph, R2=Me; 97%
R1/S\R2 R!=Ph, R2 =Bn; 77%
979 R = t-Bu, R2 = Me; 75%

179~Rp2
RO R CH,Cly, —40 °C
Scheme 1.37
O—NBoc
CGH13\S R 1.05 mol amt. EtOZC COzEt

CH,Cly, =78 °C ~ 1t

[2,3]-sigmatropic

I|30c
Hqiz< 2N
CeHiz 2N s
Me” N “R2

CgH13S.. .B
613~ oc

rearrangement
_eaaigeret

<R
Me/\/LRZ

R! = H, R2 = Me; 69%, > 95% ee
R' = H, RZ = CO,Me; 72%, > 95% ee
R' = Me, R? = CO,Et; 77%, > 94% ee

Scheme 1.38 Synthesis of allylic amine derivatives by the

[2,3]-sigmatopic rearrangement of allylic sulfides.

By this method, allyl amine derivatives are prepared from allylic sulfides through
the rapid [2,3]-sigmatropic rearrangement of the resulting sulfimides (Scheme
1.38). A high level of chirality transfer is observed in this rearrangement and a
quaternary stereocenter is successfully constructed [45].



