Edited by Alexandre Alexakis, Norbert Krause, and
Simon Woodward

Copper-Catalyzed Asymmetric Synthesis

WILEY-VCH

Verlag GmbH & Co. KGaA



Contents

List of Contributors XIII

Introduction 1
Alexandre Alexakis, Norbert Krause, and Simon Woodward

1 The Primary Organometallic in Copper-Catalyzed Reactions 3
Simon Woodward

1.1 Scope and Introduction 3

1.2 Terminal Organometallics Sources Available 4

1.3 Coordination Motifs in Asymmetric Copper Chemistry 5

131 Classical Cuprate Structure and Accepted Modes of Reaction 6

1.3.1.1 Conjugate Addition 6
1.3.1.2 Sn2’ Allylation Reactions 9

132 Motifs in Copper-Main Group Bimetallics and Substrate Binding 9
1.4 Asymmetric Organolithium-Copper Reagents 11

1.5 Asymmetric Grignard—Copper Reagents 13

1.6 Asymmetric Organozinc—Copper Reagents 16

1.7 Asymmetric Organoboron—Copper Reagents 20

1.8 Asymmetric Organoaluminium-Copper Reagents 23

1.9 Asymmetric Silane and Stannane Copper-Promoted Reagents 25
1.10 Conclusions 28

References 29

2 Copper-Catalyzed Asymmetric Conjugate Addition 33
Alexandre Alexakis, Norbert Krause, and Simon Woodward

2.1 Introduction 33

2.2 Conjugate Addition 35

221 The Nucleophile 35

222 The Copper Salt 37

223 The Ligand 37

224 Scope of Michael Acceptors 40

2.2.4.1 Enones 42



vi

Contents

2242
2.2.4.3
2244
2.2.4.5
225
23

3.1
3.2

321
322
3.2.3
33

331
3.3.2

3.4

4.1

4.2

4.2.1
422
423
4.2.4
425
4.3

43.1
4.3.2
433
4.3.4
43.5
43.6
4.4

Enals 46

Nitroalkenes 47

a,B-Unsaturated Amide and Ester Derivatives 48
Other Michael Acceptors 52

Formation of All-Carbon Quaternary Stereocenters 53
Trapping of Enolates 57

References 63

Copper-Catalyzed Asymmetric Conjugate Addition and Allylic
Substitution of Organometallic Reagents to Extended Multipie-Bond
Systems 69

Matthieu Tissot, Hailing Li, and Alexandre Alexakis

Introduction 69

Copper-Catalyzed Asymmetric Conjugate Addition (ACA) to
Polyconjugated Michael Acceptors 69

Background 69

1,6 Selectivity in ACA to Polyconjugated Systems 72

1,4 Selectivity in ACA to Polyconjugated Systems 75
Copper-Catalyzed Asymmetric Allylic Substitution on Extended
Multiple-Bond Systems 80

Background 80

Copper-Catalyzed Enantioselective Allylic Substitution on Extended
Multiple-Bond Systems 82

Conclusion 83

References 83

Asymmetric Allylic Alkylation 85

Olivier Baslé, Audrey Denicourt-Nowicki, Christophe Crévisy, and
Marc Mauduit

Introduction 85

Nucleophiles in Enantioselective Process Development 87
Grignard Nucleophiles 87

Diorganozinc Nucleophiles 95

Triorganoaluminium Nucleophiles 98

Organoboranes Nucleophiles 98

Organolithium Nucleophiles 101

Functionalized Substrates 101

Trisubstituted Substrates 101

Ester Derivatives 103

Heterofunctionalized Substrates 105

Vinylic Boronates and Silanes 108

Substrates Bearing Two Leaving Groups (1,40r 1,1') 110
Enyne-Type Substrates 110

Desymmetrization of meso-Allylic Substrates 112



4.4.1

442
443
4.5

4.5.1

452
4.6
4.7

5.1
5.2

5.3

5.4

5.5

6.1
6.2
6.2.1
6.2.2

6.2.3
6.2.4
6.3

6.3.1
6.3.2

Polycyclic Hydrazines, Symmetric Allylic Epoxides, Oxabicyclic

Alkenes 112

Cyclic Allylic Bis(Diethyl phosphates) 112
Miscellaneous Desymmetrization 113
Kinetic Resolution Processes 115

Allylic Epoxides and Aziridines, Oxabicyclic Alkenes, Bicyclic

Oxazines 115

Stereodivergent Kinetic Resolution on Acyclic Allylic Halides

Direct Enantioconvergent Transformation 117
Conclusion and Perspectives 118
References 119

Ring Opening of Epoxides and Related Systems 127
Mauro Pineschi
Introduction 127

Copper-Catalyzed Asymmetric Ring Opening of Epoxides with

Amines 128

Copper-Catalyzed Asymmetric Ring Opening of Epoxides and

Aziridines with Organometallic Reagents 132

Contents

115

Copper-Catalyzed Kinetic Resolution of Racemic Allylic Epoxides and

Allylic Aziridines with Dialkylzincs 135

Copper-Catalyzed Enantioselective Desymmetrization of meso-Allylic

Epoxides with Dialkylzincs 138

Copper-Catalyzed Regiodivergent Kinetic Resolution of Racemic

Allylic Epoxides with Dialkylzincs 141

Copper-Catalyzed Asymmetric Ring Opening of Racemic Strained
Three-Membered Compounds with Organoaluminium and Grignard

Reagents 144

Copper-Catalyzed Asymmetric Ring Opening of Heterobicyclic

Systems with Organometallic Reagents 147
Conclusions 151
References 151

Carbon-—-Boron and Carbon-Silicon Bond Formation
Masaya Sawamura and Hajime Ito

Introduction 157

C-B Bond Formation Reactions 157

Boron Reagents and Copper(I)—Boryl Species 157

157

Allylic C—B Couplings to Produce Allylboron Compounds and Related

Reactions 159

B-Boration of a,8-Unsaturated Carbonyl Compounds
Hydroboration of Nonpolar Alkenes 168

C-Si Bond Formation Reactions 172

Allylic C-Si Coupling Producing Allylsilanes 172
B-Silylation of a,B-Unsaturated Carbonyl Compounds

162

173

vil



Vil

Contents

6.4

7.1
7.2
7.2.1
7.2.2
7.2.3
7.3
7.3.1
7.3.2
7.3.3
7.4
7.4.1
7.4.2
743
7.4.4
7.5

8.1

8.2
8.2.1
8.2.1.1
8.2.1.2

8.2.1.3

8.2.14
8.2.2
83
8.3.1
8311
83.1.2
8.3.1.3
83.1.4
8.3.15
8.3.1.6
8.3.2
8.4

Summary 175
References 175

CuH in Asymmetric Reductions 179
Bruce H. Lipshuiz

Introduction 179

Asymmetric Conjugate Reductions 182
w,B-Unsaturated Sulfones 182
o,B-Unsaturated Nitriles and Nitroolefins 183
«,B-Unsaturated Ketones and Esters 184
Asymmetric 1,2-Additions 189

Aryl Ketones 189

Dialkyl Ketones 193

«,B-Unsaturated Ketones 194
Heterogeneous Catalysis 196

Charcoal 196

Nanocrystalline CuO 197

Cu-Al Hydrotalcite 197

Copper Ferrite Nanoparticles 198
Conclusions and Perspective 199
References 199

Asymmetric Cyclopropanation and Aziridination Reactions 203
André B. Charette, Hélene Lebel, and Marie-Noelle Roy
Introduction 203

Asymmetric Cyclopropanation 203

Intermolecular Cyclopropanation Using Metal Carbenes 203
Using Unsubstituted Copper Carbenes: Diazomethane 205
Using Copper Carbenes Bearing One Electron-Withdrawing
Group 206

Using Metal Carbenes Bearing Two Electron-Withdrawing
Groups 213

Using Donor/Acceptor Copper Carbenes 214
Intramolecular Cyclopropanation Using Copper Carbenes 216
Asymmetric Aziridination 219

Intermolecular Aziridination Using Copper Nitrenes 219
Of Terminal Styrene Derivatives 222

Of B-Substituted Styrene Derivatives 225

Of Cyclic Styrene Derivatives 227

Of Cinnamate Derivatives 227

Of Chalcone Derivatives 230

Of Terminal Aliphatic Alkenes 233

Intramolecular Aziridination Using Copper Nitrenes 233
Conclusion 234

References 234



9.1
9.1.1
9.1.2
9.2

9.2.1
9.2.2
9.3

9.3.1
9.3.2
9.3.3
9.4

9.4.1

9.4.2

9.4.3
9.5

10

10.1
10.2
10.2.1
10.2.2
10.3
103.1

10.3.2
10.4

11

11.1
11.2
11.2.1
11.2.2
11.2.3

Contents | IX

Copper-Catalyzed Asymmetric Addition Reaction of Imines 239
Kiyoshi Tomioka, Ken-ichi Yamada, and Yasutomo Yamamoto
Introduction 239

Asymmetric Alkylation of Imines with Organometallic Reagents 239
Possibility of Catalytic Reaction 240

Copper-Catalyzed Asymmetric Addition Reaction of Dialkylzinc to
Imines 241

Addition to C=N Double Bonds of Imines 241

Conjugate Addition to «,8-Unsaturated Imines 247
Copper-Catalyzed Asymmetric Allylation, Arylation, and Alkynylation
Reactions of Imines 249

Copper-Catalyzed Asymmetric Allylation of Imines 249
Copper-Catalyzed Asymmetric Arylation of Imines 250
Copper-Catalyzed Asymmetric Alkynylation of Imines 252
Copper as a Lewis Acid Catalyst for Asymmetric Reaction of
Imines 255

Copper-Catalyzed Asymmetric Mannich-Type Reaction of

Imines 255

Copper-Catalyzed Asymmetric Diels—Alder-type Reaction of Dienes
with Imines 256

Copper-Catalyzed Asymmetric Henry Reaction of Imines 258
Conclusions 259

References 260

Carbometallation Reactions 267

Dorian Didier and Ilan Marek

Introduction 267

Carbometallation of Cyclopropenes 269
Copper-Catalyzed Carbomagnesiation 269
Copper-Catalyzed Carbozincation 273
Carbometallation of Alkynes 274

Copper-Catalyzed Carbometallation Followed by Zinc
Homologation 275

Copper-Catalyzed Carbomagnesiation — Elimination Sequence 276
Summary 279

Acknowledgments 281

References 281

Chiral Copper Lewis Acids in Asymmetric Transformations 283
Shinya Adachi, Ramkumar Moorthy, and Mukund P. Sibi
Introduction 283

Cycloadditions 283

Diels—Alder Cycloadditions 283

Hetero Diels—Alder Reactions 287

[3 + 2}, [2 + 2], and [4 + 3] Cycloaddition Reactions 290



X

Contents

11.2.4
11.3
11.4
11.5
11.5.1
11.5.2
1153

11.5.4
11.6
11.6.1
11.6.2
11.6.3
11.6.4
11.6.5
11.7
11.8
11.9
11.10
11.11

12

12.1
12.2
12.3
12.4
12.5
12.6
12.7

13

13.1
13.2
13.2.1
13.2.1.1
13.2.1.2
13.2.1.3
13.2.2
13.3
13.4
13.4.1

Nazarov Cyclization 296

Claisen Rearrangements 298

Ene Reactions 299

Nucleophilic Addition to C=O and C=N Double Bonds 300
Aldol Reactions 300

Mannich-Type Reactions 302

Nitroaldol/Nitro Mannich Reactions (Henry/Aza-Henry
Reactions) 303

1,2-Addition-Type Friedel-Crafts Alkylation 306
Conjugate Additions 307

Mukaiyama Michael Reaction 307

Michael Addition to Enamides 309

Michael Addition of Carbon Nucleophiles 310
Aza-Michae] Reaction 310

1,4-Addition-Type Friedel-Crafts Alkylation 311
a-Functionalization of Carbonyl Compounds 315
Kinetic Resolution 318

Asymmetric Desymmetrization 319

Free-Radical Reactions 320

Conclusions 321

References 321

Mechanistic Aspects of Copper-Catalyzed Reactions 325
Per-Fredrik Larsson, Per-Ola Norrby, and Simon Woodward
Introduction 325

Conjugate Addition 325

Allylic Alkylation and Substitution 327

Copper as Lewis Acid 333

1,2-Addition to Imines and Carbonyls 340

Copper Hydride 342

Cyclopropanation, Aziridination, and Allylic Oxidation 343
References 347

NMR Spectroscopic Aspects 353

Felicitas von Rekowski, Caring Koch, and Ruth M. Gschwind
Introduction 353

Copper Complexes with Phosphoramidite Ligands 355
Precatalytic Copper Complexes 355

Structure Determination 355

Temperature Dependence 357

Ligand-Specific Aggregation Trends 359

Phosphoramidite Trialkylaluminium Interactions 360

Copper Complexes with TADDOL-Based Thiolate Ligands 361
Copper Complexes with Ferrocenyl-Based Ligands 363
Structural Studies of Asymmetric Conjugate Addition Reactions

363



13.4.1.1
13.4.1.2
13.4.2
13.5

14

14.1
14.2

14.3

14.4
14.5
14.6
14.7

14.8
14.9
14.10
14.10.1
14.10.2

14.11

14.11.1
14.11.2
14.11.3
14.11.4
14.11.5
14.11.6

14.11.7
14.12

Contents

Precatalytic Copper Complexes 363

Transmetallation Intermediates with Grignard Reagents 365
Structural Studies of Asymmetric Allylic Alkylation 368
Conclusion 370

Acknowledgment 371

References 371

Applications to the Synthesis of Natural Products 373

Beatriz C. Calvo, Jeffrey Buter, and Adriaan J. Minnaard
Introduction 373

Copper-Catalyzed Conjugate Additions in Natural Product
Synthesis 373

Natural Product Synthesis Employing Asymmetric Allylic
Alkylation 392

Asymmetric Copper-Catalyzed Diels—Alder Reactions 402
Asymmetric Copper-Catalyzed Mukaiyama Aldol Reactions 406
Other Asymmetric Copper-Catalyzed Aldol-Type Reactions 408
Asymmetric 1,3-Dipolar Cycloaddition and Claisen
Rearrangement 410

Catalytic Asymmetric Cyclopropanation 416

Asymmetric Copper-Catalyzed Conjugate Reductions 422
Copper-Catalyzed Asymmetric 1,2-Type Addition Reactions 426
Additions to Imines 426

Asymmetric Copper-Catalyzed 1,2-Addition of Allyl Cyanides to
Aldehydes 427

Miscellaneous Asymmetric Copper-Catalyzed Reactions 427
Copper(l)-Catalyzed Asymmetric Desymmetrization 427
Copper-Catalyzed Enantiospecific Ring Expansion of Oxetane 430
Asymmetric Copper-Catalyzed Propargylic Substitution 430
Asymmetric Proto-Boryl Additions to Vinyl Silanes 432
Enantioselective Intramolecular Alkene Carboamination 435
Copper-Catalyzed Asymmetric Friedel-Crafts
Alkylation/N-Hemiacetalization 436

Atroposelective Copper-Catalyzed Oxidative Phenol Coupling 436
Conclusion 438

References 441

Index 449

Xl



