Copper-Mediated
Cross-Coupling Reactions

o
\
NH ;
E 'Cu- Nu
NH
\

\
NH :
( (:.u-X
NH
\

NH
'C ~
\

Ar—X

Edited by
Gwilherm Evano ana Nicolas Blanchard







COPPER-MEDIATED
CROSS-COUPLING
REACTIONS






COPPER-MEDIATED
CROSS-COUPLING
REACTIONS

Edited by

GWILHERM EVANO

Laboratoire de Chimie Organique

Service de Chimie et PhysicoChimie Organiques
Université Libre de Bruxelles

Brussels, Belgium

NICOLAS BLANCHARD

Université de Strasbourg

Ecole Européenne de Chimie

Polymeres et Matériaux

Laboratoire de Chimie Moléculaire associé au CNRS
Strasbourg, France

WILEY



Copyright © 2014 by John Wiley & Sons, Inc. All rights reserved

Published by John Wiley & Sons, Inc., Hoboken, New Jersey
Published simultaneously in Canada

No part of this publication may be reproduced, stored in a retrieval system, or transmitted in
any form or by any means, electronic, mechanical, photocopying, recording, scanning, or
otherwise, except as permitted under Section 107 or 108 of the 1976 United States Copyright
Act, without either the prior written permission of the Publisher, or authorization through
payment of the appropriate per-copy fee to the Copyright Clearance Center, Inc., 222
Rosewood Drive, Danvers, MA 01923, (978) 750-8400, fax (978) 750-4470, or on the web at
www.copyright.com. Requests to the Publisher for permission should be addressed to the
Permissions Department, John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ 07030, (201)
748-6011, fax (201) 748-6008, or online at http://www.wiley.com/go/permissions.

Limit of Liability/Disclaimer of Warranty: While the publisher and author have used their best
efforts in preparing this book, they make no representations or warranties with respect to the
accuracy or completeness of the contents of this book and specifically disclaim any implied
warranties of merchantability or fitness for a particular purpose. No warranty may be created
or extended by sales representatives or written sales materials. The advice and strategies
contained herein may not be suitable for your situation. You should consult with a professional
where appropriate. Neither the publisher nor author shall be liable for any loss of profit or any
other commercial damages, including but not limited to special, incidental, consequential, or
other damages.

For general information on our other products and services or for technical support, please
contact our Customer Care Department within the United States at (800) 762-2974, outside the
United States at (317) 572-3993 or fax (317) 572-4002.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in
print may not be available in electronic formats. For more information about Wiley products,
visit our web site at www.wiley.com.

Library of Congress Cataloging-in-Publication Data:

Copper-mediated cross-coupling reactions / edited by Gwilherm Evano, Laboratoire de chimie
organique, Service de chimie et physicochimie organiques, Université libre de Bruxelles,
Brussels, Belgium; Nicolas Blanchard, Université de Strasbourg, Ecole européenne de chimie,
polymeres et Matériaux, Laboratoire de chimie moléculaire associé au CNRS, Strasbourg,
France.

pages cm

Includes bibliographical references and index.

ISBN 978-1-118-06045-2 (hardback)

1. Copper catalysts. 2. Copper—Reactivity. 3. Chemical bonds. 4. Organic
compounds—Synthesis. 1. Evano, Gwilherm, editor of compilation. II. Blanchard, Nicolas,
editor of compilation.

QDS505.C685 2013

546'.652595-dc23

Printed in the United States of America

10987654321


http://www.copyright.com
http://www.wiley.com/go/permissions
http://www.wiley.com

CONTENTS

FOREWORD
Stephen L. Buchwald

PREFACE:

COPPER CATALYSIS FROM A HISTORICAL PERSPECTIVE:

A LEGACY FROM THE PAST

Gwilherm Evano and Nicolas Blanchard

CONTRIBUTORS

PART 1

FORMATION OF C-HETEROATOM BONDS

1 Modern Ullmann-Goldberg Chemistry: Arylation of
N-Nucleophiles with Aryl Halides

Yongwen Jiang and Dawei Ma

1.1
1.2
1.3
1.4
1.5

1.6

Introduction, 3

Arylation of Amines, 4

Arylation of Amides, Imides, and Carbamates, 15
Arylation of Conjugated N-Heterocycles, 24
Synthesis of Anilines by Coupling with Ammonia or
Synthetic Equivalents, 32

Conclusion and Future Prospects, 37

References, 37

Xvii

Xix

Xxxili



vi

CONTENTS

2 Ullmann Condensation Today: Arylation of Alcohols and
Thiols with Aryl Halides
Anis Tlili and Marc Taillefer

2.1
22

23

24

Introduction, 41

Formation of C-O Bonds via Copper-Catalyzed

Cross-Coupling Reactions with Aryl Halides, 42

221 Coupling of Aryl Halides with Hydroxide Sources:
Synthesis of Phenols, 42

222 Coupling of Aryl Halides with Aliphatic Alcohols:
Synthesis of Alkyl Aryl Ethers, 49

223 Coupling Reactions of Aryl Halides with Phenols:
Synthesis of Biaryl Ethers, 54

Formation of C-S Bonds via Copper-Catalyzed

Cross-Coupling Reactions with Aryl Halides, 67

231 Coupling of Aryl Halides with Sulfur Sources:
Synthesis of Thiophenols, 67

232 Coupling of Aryl Halides with Aliphatic Thiols:
Synthesis of Alkyl Aryl Thioethers (or Alkyl Aryl
Sulfides), 70

233 Coupling of Aryl Halides with Aryl Thiols:
Synthesis of Diaryl Thioethers (or Diaryl
Sulfides), 74

Conclusion, 84

References, 86

3 Copper-Catalyzed Formation of C-P Bonds with
Aryl Halides

Carole Alayrac and Annie-Claude Gaumont

31
32

33

34

Introduction, 93

Arylation of Phosphines, 94

321 Arylation of Diarylphosphines, 94

322 Arylation of Dialkylphosphines, 95

323 Application to the Synthesis of Bulky Tertiary
Phosphine Ligands, 97

Arylation of Phosphine Oxides and Phosphites, 98

331 Arylation of Phosphine Oxides, 98

332 Synthesis of Aryl Phosphonates by Arylation of
Trialkylphosphites and H-Phosphonates, 101

333 Arylation of Other Phosphorus
Derivatives, 108

Conclusion, 110

References, 110

41

93



CONTENTS vii

4 Alternative and Emerging Reagents for the Arylation
of Heteronucleophiles 113
Luc Neuville

4.1 Introduction, 113
42  Chan-Lam-Evans Coupling: Copper(II)-Promoted
Oxidative Aryl Transfer from Arylboron Derivatives, 115
421 Initial Discovery of the Chan-Lam-Evans
Coupling, 115
422 Developments in the Oxidative Copper-Mediated
Arylation of Heteronucleophiles with Boronic
Acids, 117
423 Mechanism of the Coupling, 129
424 Scope, 130
4.3  Copper-Promoted Aryl Transfer from Metallated Aryl
Derivatives (Nonboron), 141
4.3.1 Bismuth and Lead, 142
432 Arylstannanes and Aryl-Alkoxysilanes, 146
433 Aryliodonium Salts, 148
44  Copper-Catalyzed Arylation Reactions Involving
Masked S- and N-Nucleophiles, 151
44.1 C-S Bond Formation, 152
442 C-N Bond Formation, 152
4.5  Copper-Catalyzed Direct Heterofunctionalization of
Aromatic C-H Bonds, 160
4.5.1 Functionalization of Acidic Aromatic C-H Bonds, 161
452 Directed Aromatic C-H Bonds Functionalization, 166
453 Intramolecular Copper-Catalyzed
Heterofunctionalization of Aromatic C-H Bonds, 172
4.6  Conclusion and Future Prospects, 178
References, 178

5 Beyond Ullmann-Goldberg Chemistry: Vinylation,
Alkynylation, and Allenylation of Heteronucleophiles 187

Kévin Jouvin and Gwilherm Evano

5.1 Introduction, 187
5.2  Copper-Mediated Alkenylation of Heteronucleophiles: Among
the Best Routes to Heteroatom-Substituted Alkenes, 189
5.2.1 Synthesis of Enamides, Enamines, and
N-Alkenyl-Heterocycles, 189
522 Synthesis of Enol Ethers, 201
523 Synthesis of Vinyl Sulfides and Other
Sulfur-Substituted Alkenes, 210



viii

CONTENTS

524 Synthesis of Vinylphosphonates and Phosphine
Oxides, 215

5.3  Alkynylation of Heteronucleophiles: The Emergence of
General Methods for the Synthesis of
Heteroatom-Substituted Alkynes, 219
531 Bringing Ynamides into the New Millennium:
Copper-Mediated Alkynylation of Nitrogen
Nucleophiles, 219

532 Copper-Mediated Synthesis of Ynol Ethers:
The First Development, 228

533 Copper-Mediated Preparation of Alkynyl
Chalcogenides, 229

534 Synthesis of Phosphorus-Substituted Alkynes:
The Development of Mild Protocols Based on
Copper Catalysis, 230

5.4  Allenylation of Heteronucleophiles: New Tools for the
Synthesis of Allenamides, 232

5.5 Conclusion and Future Prospects, 233
References, 234

Aromatic/Vinylic Finkelstein Reaction 239

Alicia Casitas and Xavi Ribas

6.1 Introduction, 239

6.2  Copper-Mediated Halogen Exchange Reactions in
Aryl Halides, 241
6.2.1 From Early Discoveries to Most Recent Reports, 241
6.2.2 Copper-Mediated Fluorination of Haloarenes, 245
6.2.3 Mechanistic Investigations in Aryl-Cu(I1T) Model

Systems, 246
6.3  Most Recent Developments and Overview, 247

References, 249

Insights into the Mechanism of Modern Ullmann-Goldberg
Coupling Reactions 253
Alicia Casitas and Xavi Ribas

7.1
7.2
7.3
7.4

General View and Key Mechanistic Aspects, 253

Oxidation State of Copper Catalysts, 254

Identity of the Active Copper(I) Complex, 255

Activation Mode of Aryl Halides by Copper Complexes, 261

7.4.1 Oxidative Addition/Reductive Elimination
Pathway, 262

742 SET Mechanism, 270

743 AT Mechanism, 272



CONTENTS ix

7.4.4 Mechanism Involving n-Complexation of
Copper(I) to Aryl Halides, 273
7.4.5 Mechanism Involving 6-Bond Metathesis, 275
7.5  Overview, Conclusions, and Future Prospects, 275
References, 277

PARTII FORMATION OF C-C BONDS 281

8 Modern Copper-Catalyzed Hurtley Reaction:

10

Efficient C-Arylation of CH-Acid Derivatives 283
Irina P. Beletskaya and Alexey Yu. Fedorov

8.1 Introduction, 283
8.2 Classical Hurtley Reaction, 285
8.3  Ligation Effect in Copper-Catalyzed Reactions of
Aryl Halides with Carbanions, 286
8.4  Cascade Reactions Proceeding via a Hurtley
Arylation Reaction, 293
8.5  Mechanism of the Copper-Catalyzed C-Arylation Reactions, 303
8.6  Concluding Remarks, 308
References, 308

Copper-Catalyzed Cyanations of Aryl Halides and
Related Compounds 313

Thomas Schareina and Matthias Beller

9.1 Introduction, 313
9.2 Modifications and Updates of Classical Cyanation
Reactions (Rosenmund-von Braun, Sandmeyer), 315
9.3  Copper-Catalyzed Cyanations of Aryl Halides, 316
9.4  Copper-Mediated Oxidative Cyanations, 324
9.5 Conclusion, 331
References, 331

Copper-Mediated Aryl-Aryl Bond Formation Leading to
Biaryls: A Century after the Ullmann Breakthrough 335

Yoshihiko Yamamoto

10.1 Introduction, 335
10.2  Biaryl Synthesis by Coupling of Aryl Halides and
Diazonium Salts, 336
10.2.1  Ullmann Couplings of Aryl Halides, 336
10.2.2  Coupling of Organocopper Reagents
Generated from Aryl Halides, 342
10.2.3  Coupling of Aryl Diazonium Compounds, 346



1

10.3

104

10.5
10.6

CONTENTS

Biaryl Synthesis by Coupling of Aryltin, Boron, and

Silanes, 347

10.3.1  Coupling of Organostannanes, 347

10.3.2  Coupling of Organoboranes, 351

10.3.3  Coupling of Organosilanes, 356

Biaryl Synthesis by Arylation Involving Arene C-H or

C-C Bond Fission, 357

10.4.1  Direct C-H Arylation of Arenes with
Prefunctionalized Arylating Reagents, 357

10.4.2  Direct C-H Arylation with Nonfunctionalized
Arylating Agents, 368

10.4.3  Decarboxylative Coupling of Benzoic
Acid Derivatives, 373

Biaryl Synthesis by Oxidative Coupling of 2-Naphthols, 376

Conclusions and Outlook, 387

References, 388

Copper-Catalyzed Alkynylation, Alkenylation, and Allylation
Reactions of Aryl Derivatives 401
Ren-Jie Song and Jin-Heng Li

11.1
11.2

11.3

Introduction, 401

Copper-Catalyzed Alkynylation of Aryl Derivatives, 402

11.2.1  Synthesis of Aryl-Ynes by Stille-Type
Cross-Coupling Reaction, 402

11.2.2  Synthesis of Aryl-Ynes by Sonogashira-Type
Cross-Coupling Reaction, 405

11.2.3  Synthesis of Aryl-Ynes by Oxidative Cross
Coupling of Alkynes and Arylboronic Acids, 422

11.2.4  Synthesis of Aryl-Ynes by Decarboxylative Cross
Coupling from Propiolic Acids, 424

11.2.5  Synthesis of Aryl-Ynes by Direct C-H
Functionalization of Arenes, 427

Copper-Catalyzed Alkenylation of Aryl Derivatives, 432

11.3.1  Synthesis of Aryl-Enes by Stille-Type Cross
Coupling, 432

11.3.2  Synthesis of Aryl-Enes by Suzuki-Miyaura-Type
Cross Coupling, 435

11.3.3  Synthesis of Aryl-Enes by Heck-Type Cross
Coupling, 437

11.3.4  Synthesis of Aryl-Enes by Direct C-H
Functionalization of Arenes, 441

11.3.5  Synthesis of Aryl-Enes by Decarboxylative Cross
Coupling, 444



CONTENTS xi

12

13

11.4 Copper-Catalyzed Strategies for the Formation of
Allyl-Aryl Bonds, 445

11.5 Conclusion and Outlook, 450
References, 450

Copper-Catalyzed Alkynylation and Alkenylation Reactions of
Alkynyl Derivatives: New Access to Diynes and Enynes 455

Ruimao Hua

12.1 Introduction, 455

12.2  Copper-Catalyzed Synthesis of Symmetrical and
Unsymmetrical 1,3-Diynes, 456

12.3 Copper-Catalyzed Synthesis of 1,4-Diynes, 468

12.4 Synthesis of 1,3-Enynes by Direct Reaction of Vinyl
Halides with Alkynes, 468

12.5 Synthesis of 1,3-Enynes by Stille-Type Cross-Coupling
Reaction, 474

12.6  Synthesis of 1,3-Enynes by the Suzuki-Miyaura-Type
Cross-Coupling Reaction, 476

12.7 Synthesis of 1,4-Enynes by Allylation Reaction of
Terminal Alkynes, 478

12.8 Conclusion, 480
References, 480

Copper-Mediated Alkenylation Reaction of Alkenyl Derivatives:
A Straightforward Elaboration of 1,3-Dienes 485
Hao Li, Songbai Liu, and Lanny S. Liebeskind

13.1 Introduction, 485
13.2  Symmetrical 1,3-Dienes by Homocoupling Reaction of
Vinyl Derivatives, 486
13.2.1  Coupling of Vinylboranes, 486
13.2.2  Coupling of Vinylsilanes, 487
13.2.3  Coupling of Vinylstannanes, 489
13.2.4  Coupling of Vinyl Halides, 493
13.2.5 Miscellaneous, 496
13.3 Unsymmetrical 1,3-Dienes by Cross-Coupling Reactions, 496
13.3.1  Synthesis of 1,3-Dienes by Stille-Type Coupling, 497
13.3.2  Synthesis of 1,3-Dienes by Suzuki-Type
Coupling, 505
13.3.3  Synthesis of 1,3-Dienes by Heck-Type Coupling, 508
13.4 Conclusions, 510
References, 511



xii

CONTENTS

14 Emerging Areas in Copper-Mediated Trifluoromethylations of
Aryl Derivatives: Catalytic and Oxidative Cross-Coupling
Processes 515
Kévin Jouvin, Céline Guissart, Cédric Theunissen, and Gwilherm Evano

14.1
14.2

14.3

14.4

Introduction, 515

Copper-Catalyzed Trifluoromethylation of Aryl Halides:
A Long-Lasting Quest Finally Reached, 517
Copper-Mediated Oxidative Trifluoromethylation
Reactions, 523

Conclusion and Future Prospects, 528

References, 528

PART III APPLICATIONS OF COPPER-CATALYZED
CROSS-COUPLING REACTIONS: HETEROCYCLES,

NATURAL PRODUCTS, PROCESS, AND

SUSTAINABLE CHEMISTRY 531

15 Copper-Mediated Cyclization Reactions: New Entries
to Heterocycles 533
Daoshan Yang and Hua Fu

15.1
15.2

15.3

Introduction, 533

Cyclization by C-N Bond Formation, 534

15.2.1  Copper-Catalyzed Synthesis of Pyrroloindole
Derivatives, 536

1522  Copper-Catalyzed Synthesis of Benzimidazole
Derivatives, 536

1523  Copper-Catalyzed Synthesis of
1,3-Dihydrobenzimidazol-2-One Derivatives, 544

1524  Copper-Catalyzed Synthesis of Quinazolines, 547

15.2.5  Copper-Catalyzed Synthesis of Quinazolinone
Derivatives, 551

15.2.6  Copper-Catalyzed Synthesis of
1,2,4-Benzothiadiazine 1,1-Dioxides, 552

15.2.7  Copper-Catalyzed Synthesis of 1-Aryl-2-Thioxo-
2,3-Dihydroquinazolin-4(1H)-Ones, 553

15.2.8  Copper-Catalyzed Synthesis of Indole Derivatives, 554

1529  Copper-Catalyzed Formation of Cyclic Enamides:
Efficient Routes to Unsaturated Lactams,
Alkylideneazetidines, and Dihydropyrroles, 556

15.2.10 Copper-Catalyzed Synthesis of 1,4-Benzoxazines, 558

Cyclization by C-O Bond Formation, 560

15.3.1  Copper-Catalyzed Synthesis of Benzoxazole
Derivatives, 560



CONTENTS

16

153.2  Copper-Catalyzed Synthesis of Cyclic Enol and
Aryl Ethers, 562
15.3.3  Copper-Catalyzed Synthesis of Enol Lactones and
Benzopyranones, 565
15.4 Cyclization by C-C Bond Formation, 567

xiii

15.4.1  Copper-Catalyzed Synthesis of Indole Derivatives, 567

15.42  Copper-Catalyzed Synthesis of 3-Acyloxindoles, 569

15.43  Copper-Catalyzed Synthesis of Isoquinoline and
Isoquinolinone Derivatives, 571

15.4.4  Heterocyclic Synthesis Based on a Copper-Catalyzed

Sonogashira-Type Cross Coupling, 574

15.5 Copper-Catalyzed Double Cross-Coupling Reactions for the

Assembly of Heterocycles, 576

15.5.1  Synthesis of Benzoxazoles and Oxazoles by Double

Copper-Catalyzed Cross Coupling, 576

15.5.2  Synthesis of Benzimidazoles by Double Copper-
Catalyzed Cross Coupling, 578

15.5.3  Synthesis of Benzofurans by Double
Copper-Catalyzed Cross Coupling, 579

15.5.4  Synthesis of Benzimidazo[1,2-b]isoquinolin-11-one
Derivatives by Double Copper-Catalyzed Cross
Coupling, 580

15.5.5  Synthesis of Pyrrole and Thiophene Derivatives by
Double Copper-Catalyzed Cross Coupling, 581

15.6 Conclusion and Future Prospects, 583
References, 584

Application of Copper-Mediated C-N Bond Formation in
Complex Molecules Synthesis
Jihoon Lee and James S. Panek

16.1 Introduction, 589
16.2 Aryl Amination in Complex Molecule Synthesis, 590
16.3 Aryl Amidation in Complex Molecule Synthesis, 595

589

16.4 Arylation of N-Heterocycles in Complex Molecule Synthesis, 601

16.5 Vinyl Amidation in Complex Molecule Synthesis, 606
16.6 Alkyne Amidation in Complex Molecule Synthesis, 620
16.7 Intramolecular C-N Bond Formation in Natural Product
Synthesis, 622
16.7.1  Copper-Mediated Synthesis of Small- to

Medium-Sized N-Heterocycles in Total Synthesis, 622

16.7.2  Copper-Mediated Macrocyclization by C-N Bond
Formation in Natural Product Synthesis, 632
16.8 Summary and Outlook, 637
References, 638



xiv CONTENTS

17 Natural Products and C-O/C-S Bond-Forming Reactions:
Copper Showed the Way 643

Doron Pappo

17.1 Introduction, 643
17.2  Total Synthesis of Naturally Occurring Diaryl
Ethers by Arylation of Phenols, 644
17.3 Intramolecular Diaryl Ether Bond-Forming Reactions, 659
17.3.1  Macrocyclization, 659
17.3.2  Small- to Medium-Sized Oxygenated Heterocycles, 663
17.4  Arylation of Alcohols, 666
17.5 Vinylation of Alcohols, 673
17.6 Copper-Mediated C-S Bond Formation in Natural Product
Synthesis, 675
17.7 Conclusion and Future Prospects, 677
References, 678

18 Copper-Catalyzed C-C Bond Formation in Natural Product
Synthesis: Elegant and Efficient Solutions to a Key Bond
Disconnection 683
Morgan Donnard and Nicolas Blanchard

18.1 Introduction, 683
18.2 Natural Biaryls by Copper-Catalyzed Cross Coupling, 684
18.2.1  Classical Ullmann Cross-Coupling Reaction, 685
18.2.2  Oxidative Biaryl Coupling of Phenols and
Naphthols, 687
18.3 Copper-Catalyzed 1,3-Enyne Formation, 691
18.4 Copper-Mediated Synthesis of Dienes, Trienes, and
Extended Polyenes, 694
18.4.1  Copper-Mediated Synthesis of 1,3-Dienes, 694
18.4.2  Copper-Mediated Synthesis of 1,3,5-Trienes, 701
18.4.3  Copper-Mediated Synthesis of Extended
Polyenes, 704
18.44  Copper Salts as Essential Cocatalysts of
Palladium-Catalyzed Stille Cross-Coupling
Reactions, 704
18.5 Copper-Catalyzed Synthesis of 1,N-Polyynes Natural
Products, 711
18.5.1  Cadiot-Chodkiewicz Strategies, 712
18.5.2  Eglinton Strategies, 714
18.5.3 Hay Strategies, 716
18.5.4  Copper-Catalyzed Synthesis of Skipped Dienes, 718
18.6  Conclusions and Future Prospects, 718
References, 719



CONTENTS XV

19 Process Chemistry and Copper Catalysis 725
Klaus Kunz and Norbert Lui

19.1 Introduction and Scope, 725
19.2 Copper versus Palladium, 727
19.3 Applications, 727
19.3.1 Materials Sciences, 727
19.3.2  Pharmaceutical Chemistry, 731
19.3.3  Crop Science Chemistry, 737
19.4 Conclusion, 739
References, 740

20 Reusable Catalysts for Copper-Mediated Cross-Coupling
Reactions under Heterogeneous Conditions 745
Zhiyong Wang, Changfeng Wan, and Ye Wang

20.1 Introduction, 745
20.2  Copper Nanoparticle-Catalyzed Cross-Coupling Reactions, 746
20.2.1 C-C Bond Formation, 746
20.2.2 C-N Bond Formation, 750
20.2.3  C-S Bond Formation, 754
20.2.4  C-O Bond Formation, 757
20.2.5 C-Se Bond Formation, 762
20.3 Supported Copper-Catalyzed Cross-Coupling Reaction, 766
20.3.1 C-C Bond Formation, 766
20.3.2 C-X Bond Formation, 769
20.4 Conclusion, 780
References, 780

INDEX 785






FOREWORD

The development of efficient methods for use in organic synthesis, particularly
applicable to polyfunctionalized molecules and heterocycles, remains one of
the top challenges in organic chemistry. Oftentimes older reactions are redis-
covered and improved, sometimes substantially, in order to solve modern
problems. A prime example of this is copper-catalyzed methodology. This
topic, studied at the beginning of the twentieth century by Ullmann, Goldberg,
and others has experienced a renaissance in the past two decades. A significant
reason for this is the development of new and improved ligands to facilitate
the transformations of interest.

While the most obvious difference between catalysts based on palladium
and copper is the lower cost of the latter, this is only a small part of what
makes copper catalysts so attractive. For most chemists in academia or discov-
ery chemistry, the cost is not a major issue. In addition, one must take in to
account many factors, such as volumetric productivity (reactor time, labor
cost), substrate cost, yield, and substrate scope, which affect the total cost when
comparing any two processes. Among the major advantages of using copper
catalysts (in addition to cost) are that they tend to show excellent functional
group compatibility and, in fact, are often at their best in promoting reactions
of substrates that contain coordinating functional groups. A prime example,
as delineated in Evano and Blanchard’s preface to this book, is seen in Ull-
mann’s seminal work: he was able to accomplish the coupling of aniline with
2-chlorobenzoic acid well before the same transformation could be carried out
with palladium catalysts. In fact, the chemistry based on these two metals is
really quite complementary. In support of this notion, today these are used
interchangeably for many synthetic operations depending on the nature of the
substrate combination to be examined.

The chapters in the book cover a range of synthetically and mechanistically
important topics. Many aspects of carbon-heteroatom and carbon-carbon,

xvii



xviii FOREWORD

bond-forming reactions are described. These have become an everyday part
of the practicing synthetic organic chemist’s arsenal. In addition, topics such
as the formation of trifluoromethylated organic molecules and the application
of copper-catalyzed methods to the total synthesis of natural products and
pharmaceuticals are also covered. Taken together, the chapters in this book
provide an up-to-date overview of the state of the field, providing the reader
with the knowledge of both what has been accomplished and what new areas
remain for further investigation.

Massachusetts Institute of Technology STEPHEN L. BUCHWALD



PREFACE

Copper Catalysis from a Historical Perspective:
A Legacy from the Past

GWILHERM EvaNo AND NIcoLAS BLANCHARD

THE HISTORICAL AND REMARKABLE FIRST DISCOVERIES BY
FRITZ ULLMANN AND IRMA GOLDBERG

It all started in 1901 in Geneva when Fritz Ullmann, born in 1875 in Fiirth,
where his father owned a fabric... of metallic powders,! reported, in a
remarkable publication that we highly recommend, that “Erhitzt man
o-Bromnitrobenzol mit fein vertheiltem Kupferpulver, so bemerkt man, dass
letzteres seinen Glanz verliert und in eine matte graue Masse verwandelt wird.
Bei Aufarbeitung des Reactionsproductes zeigte sich nun, dass das Kupfer
zum grossten Theil in Cuprobromid und das Bromnitrobenzol in eine bromfreie
Substanz verwandelt worden ist, welche sich bei ndherer Untersuchung iden-
tisch, mit der von Tauber auf andere Weise dargestellten 2.2’-Dinitrobiphenyl,
erwies.” (If one heats o-bromonitrobenzene with finely divided copper powder,
so one recognizes that the last one is losing its shine and turns into a matt grey
mass. After purification of the reaction products, it appears that copper has
turned into copper bromide and that the bromonitrobenzene has turned into
a bromine-free substance, which, on a closer look, turns out to be identical
with the 2,2-dinitrobiphenyl synthesized in a different way by Tauber) (Fig.
P.1).#! The reaction can also be performed from aryl iodides and, which is
just astonishing, even from aryl chlorides (Scheme P.1). Two molecules of aryl

* The editors are truly indebted to Dr. Théophile Tschamber from the University of Mulhouse
(France) for his expertise in translating the numerous original German research papers and
patents that are cited in the Preface.

Xix



XX PREFACE

2174

335. F. Ullmann und Jean Bielecki: Ueber Synthesen in
der Biphenylreihe ).
[1. Mittheilung.]

(Bing. am 13. Juni 1901: mitgeth. i. d. Sitzung am 24. Juni v. Hmn. 0. Diels)

Erhitzt man o-Brommitrobenzol mit fein vertheiltem Kupferpulver,
80 bemerkt man, dass letzteres seinen Glanz verliert und in eine matte
grane Masse verwandelt wird. Bei Aufarbeitung des Reactionsproductes
zeigte sich oun, dass dus Kupfer zum grdssten Theil in Cuprobromid
und des Bromnitrobenzol in eine bromfreie Substanz verwandelt
worden ist, welche sich bei niherer Untersuchung identisch, mit der
von TiHuber?) auf andere Weise dargestellien 2.2'-Dinitrobiphenyl,
erwies.

Die Reaction verlief also auf folgende Weise:
~~RBr Br—">- — o~

3 - 7 4 2CuBr.
Ny TEMBREE gy L NS O nle

Figure P.1 Fritz Ullmann (1875-1939) and an extract from his original publication.

halides can be coupled together in the presence of stoichiometric amounts of
metallic copper: The Ullmann reaction had just been discovered.

Obviously fascinated with the power of the metallic copper, Ullmann
next reported in 1903 an equally fascinating reaction in a publication enti-
tled “Uber eine neue Bildungsweise von Diphenylaminderivaten” (On a New
Method for the Formation of Diphenylamine Derivatives). By mixing aniline
(or other aniline derivatives) and ortho-chlorobenzoic acid in the presence of
metallic copper at reflux, the aniline was smoothly arylated to the correspond-
ing diarylamine with a remarkable efficiency (Scheme P2).C! Two years after
his initial discovery of the biaryl synthesis, Ullmann continued to set the foun-
dations of copper-mediated cross-coupling reactions and the arylation of
amines that would later on be named after him was invented. Also remarkable
is that the aryl halide substrate chosen for this study, ortho-chlorobenzoic acid,
already possessed a non-innocent chelating group: the ortho-effect, which still
has a deep impact in copper catalysis today and which was crucial to the
success of many copper-mediated transformations including in Nicolaou’s syn-
thesis of vancomycin (see further), was already touched upon in 1903.

Following these two reports, Ullmann’s assistant in Geneva, Irma Goldberg,
reported 3 years later that a related reaction could be performed using only
catalytic amounts of copper. By reacting anthranilic acid and bromobenzene
in the presence of potassium carbonate and catalytic amounts of “Naturkupfer
C”in refluxing nitrobenzene for 3 hours, the reaction proceeded with a remark-
able efficiency, the corresponding condensation product being isolated in 99%
yield (Scheme P.3)."I The arylation could also be efficiently performed with
para-nitro-bromobenzene and, even better, the arylation of amides (benza-
mide in this case), known nowadays as the Goldberg condensation reaction,
could also be catalyzed by traces of metallic copper. These three remarkable
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Scheme P.1 1901: the discovery of the Ullmann reaction.

HO,C
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Scheme P.2  1903: the discovery of the Ullmann condensation reaction for the synthe-
sis of diarylamines.
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Scheme P.3 1906: the discovery of the copper-catalyzed arylation of anilines and
amides by Irma Goldberg.
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Scheme P4 1905: the discovery of the copper-catalyzed arylation of phenols by Fritz
Ullmann.

reactions published between 1901 and 1906 mark the beginning of cross-
coupling reactions and clearly paved the way for all recent developments.

Last but not least, Ullmann also studied the cross coupling involving phenols
and reported in 1905 that “if you try to react potassium phenoxide with bro-
mobenzene, the yield of the biphenyl ether is 0.9%. If you however add small
quantities of copper to the reaction mixture, the yield goes to 90%” (Scheme
P.4).P! 1t is therefore possible to catalyze the cross coupling between phenols
and aryl bromides with small amounts of copper, which obviously have a dra-
matic effect on the reaction rate and yields.

FURTHER HISTORICAL DEVELOPMENTS: THE CYANATION OF
ARYL HALIDES BY ROSENMUND AND VON BRAUN AND THE
ARYLATION OF DIKETONES AND MALONATES BY HURTLEY

In a series of just four publications, Fritz Ullmann and Irma Goldberg, who
eventually got married in 1910, clearly set the foundations of modern copper
catalysis. This pioneering work was followed by other key reports in the next
30 years or so, which further demonstrated the potential of copper-mediated
cross-coupling reactions.

The next major development in this field was stimulated by the interest
in the copper-mediated cyanation of aryl halides, which appeared closely after
the seminal publications of Ullmann and Goldberg. Although this transfor-
mation is known as the “Rosenmund-von Braun” reaction, many academic
and industrial research groups contributed to the development of this very
useful reaction.**! Indeed, the first report of such a reaction appeared
in the patent literature in 1913 by the Meister, Lucius & Briining Company
who found that chloro- and bromoanthraquinones reacted with copper(I)
cyanide in pyridine at 150°C to give the corresponding nitriles (Fig. P2 and
Scheme P.5).1!

Karl W. Rosenmund and his PhD student Erich Struck described next in
1919 that potassium cyanide in combination with copper(I) cyanide converted
aryl halides to the corresponding benzoic acids in water at 200°C under pres-
sure. The intermediate nitriles were not isolated, but the central role of the
copper(I) species was put forward (Scheme P6, Eq. 1).’) Rosenmund dis-
closed a year later™ that stoichiometric copper(I) thiocyanate in pyridine
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PATENTSCHRIFT
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KLASSE 120, GRUPPE 10.

FARBWERKE vfonm. MEISTER LUCIUS & BRUNING i HOCHST a. M.

Verfahren zur Darstellung von Anthrachinen-x-nitrilen.

Patentiort im Deutschen Reicho vom 18, Februar 1913 ab,

Es wurde gefunden, daB Anthrachinon-u-
nitrile erhalten werden, wenn man o-Halogen-
anthrachinone mit Kupfercyaniir in Gegensvart
von indifferenten Mitteln erhitzt, wahrend
cine shaliche Umsetzung mittels Cyankaltums
nicht geliogt. )

Dies war nicht vorauszusehen, da in ver-
schiedenen organischen Halogenverbindungen
nit leicht beweglichem Ha]ogen sich dieses
iiberhaupt nicht durch eine Cyangruppe er-
setzen JiBt (vgl. Windisch, Dissertation,

. Berlin 1887; V. v. R:chter, Ber 1V, 1871,

20

‘2§

3

Seite 462).

H. Dienel hat bereiis das a-Cyananthrachi- |
non sowohl durch Oxydation von «-Cyan- -
anthracen wie durch trockne Destillation von :

anthrachinonsulfosanrem Kalium mit Cyan-
kalium erhalten (Ber. XXXIX, 1906, Selteg,z]
Ullmann und van der.Schalk haben dann
nachgewlcsen, daB man beim Nacharbeiten des
Ietzteren Verfahrens an «-Cyananthrachinon im
giinstigsten Falle 1 Prozent der Theorie erhfilt
(Ana. 388, 205), und gezeigt, daB u-Cyananthra-
chinon im allgemeinen aus den a-Aminoantbra-
chinonen @iber die Diazoniumverbindungen mit-
tels der Sandmeyerschen Reaktion gewonnen
werden (Ann. 388, 203); Patent 243788.

Den bisher bekannten Verfahren gegeniiber
bedeutet das vorliegende schon, deshalb -einen
grofcn technischen Fortschritt, weil es ver-
schiedene neue, auf anderem Wege nicht er-

Jh#ltliche Derivate des Anthrachinon-a- mtuls-

darzustellen gestattet.

Beispiele.

I. Anthrachinon-x-niteil: 24 Teile .x-Chlor-
anthrachinon werden mit g Teilen Kupfer-
cyanilt und 100 Teilen Pyridin wihrend eini-
ger Stunden auf x50° erhitzt. Das Reaktions-
produkt wird mit Ammoniak verdinnt und
das abgeschiedene rohe Nitril abgesaugt. Zur
Reinigung wird ¢s z. B. aus Chlorbenzol um-
kristallisiert und so in Form brauner Kristalle
etholten, die bei 247° schmelzen und eine
reine blaue Kiipe geben.

2. 2-3mino - 3-bromanthrachinon-z-nitril;
20 Teile 1 » 3-Dibrom-z-aminoanthrachinon wer-

3

40

45

den mit 5 Teilen Kupfercyantir und 1oo Teilen -

Pyridin etwa 6 Stunden am RiickBuSkihler
erhitzt. Nach dem Erkalten wird das griin-
lichgelbe, schon kristallisierte Nitril abgesangt
und gewaschen, Aus Chlorbenzol kristallisiert
es in gelblichen Nadeln, die bei 2g7 bis 300°
schimelzen, Die Losung -in  konzentrierter

Schwefelsdore ist rotorange und wird beim Er- *

warmen rot. GieBt man die schwefelsaure
Losung des Nitrils in Wasser, so filit die
2- Amino-3-bromanthrachinon-1-carbonsiure in
gelben Flocken aus.

3. 2-0xy -3 -bromanthrachinon -1 - nitril:
20 Teile 13- lerom -2-oxyanthrachinon wer-
den mit 5 Teilen Kupfercyaniir und 200 Teilen

Pyridin 6 Stunden am RiickfuBkihler erhitzt.

Nach dem Erkalten wird das rote, in Pyridin
schwer losliche Pyridinsalz des 2-Oxy-3-brom-
anthrachinon-1-nitrils abgesaugt, Aus der Lo-

Figure P.2 The 1913 Meister, Lucius & Briining Company patent.
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Scheme P.5 1913: The first copper(I)-mediated cyanations of haloanthraquinones by

the Meister, Lucius & Briining Company.

CuCN

Br KCN CN CO,H
H,0
sealed tube
200°C CuCN (1 equiv), 78%
CuCN (1 mol %), 4%
CuSCN
©/Br (1.16 equiv) (j SCN
— |l
pyridine =
180°C (Eq.2)
N S
— + §
P
Br CuCN
(3 equiv)
(Eq. 3)
Br pyridine
200°C
Cl CuCN
(1 2 equiv)
OO pyridine (Eq. 4)
245°C

92%

Scheme P.6 1919-1923: Karl W. Rosenmund and Henri de Diesbach early reports on

the cyanation of aryl halides.
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Br

=
CuCN
OO (4.6 equiv)
— (Eq. 1)
quinoline
‘ 240°C
Br
95%
CuCN
—_— (Eq.2)

neat
260°C

NC
80%

Scheme P.7 1927-1931: Alfred Pongratz and Julius von Braun cyanation of aryl
halides.

converted aryl bromides to intermediate aryl thiocyanates, which spontane-
ously gave the corresponding nitriles at 180°C in the presence of the copper
species,! the nitriles being characterized as carboxylic acids after aqueous
acidic treatment (Scheme P.6, Eq.2). Shortly after, Henri de Diesbach reported
in two back-to-back articles in 1923 that dibromoxylene derivatives could be
converted to the corresponding dinitriles in excellent yield using an excess of
copper(I) cyanide in pyridine at 200°C (Scheme P.6, Eq. 3),!'”! and even aryl
chlorides could be transformed to the corresponding nitriles, as seen in Scheme
P6, Eq. 4.""

In 1927, Alfred Pongratz described that copper(I) cyanide in refluxing quin-
oline was efficient for the cyanation of perylene-3,9-dibromide (Scheme P.7,
Eq. 1) and that the corresponding chloride could be converted in the absence
of solvent at 300°C, although no yield was given in the latter case.'” Finally,
during investigation on the chemistry of fluoranthene derivatives, Julius von
Braun, who gave his name to this cyanation reaction, demonstrated that
4-bromo-fluoranthene could be transformed to the corresponding nitrile
in 80% yield when reacted with copper(I) cyanide at 260°C (Scheme P.7,
Eq.2)."!

The pioneering investigations of Ullmann, Goldberg and Rosenmund
were a source of inspiration for William R. H. Hurtley, who recognized their
contributions in his seminal 1929 report, stating that “under the catalytic influ-
ence of copper, the halogen in o-bromo-benzoic acid is much more reactive
than is commonly realized.”!"*! Hurtley showed that copper bronze or copper
acetate can promote the C-arylation of some families of CH-acids in reaction
with o-bromobenzoic acid in the presence of sodium ethoxide as a base
(Scheme P.8). Since then, this transformation,commonly known as the “Hurtley
reaction”, has triggered mechanistic investigations as well as very elegant
applications in organic synthesis. Mild conditions are now available thanks to

[8b]
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Cu(OAc), CO,Et

Br Na
©/ + B0, _COEt — —  » COLEL
EtOH

reflux

Scheme P.8 1929: the discovery of the copper-mediated arylation of CH-acid deriva-
tives by William R. H. Hurtley.

new classes of ligands that even allowed the development of an asymmetric
version of the Hurtley reaction.

FROM THE HISTORICAL DISCOVERIES TO THE
DEVELOPMENT OF MODERN COPPER-MEDIATED
CROSS-COUPLING REACTIONS

While remarkable, these reactions, however, have found only a limited number
of applications, especially when compared to their impressive potential. Indeed,
drawbacks associated with the use of harsh reaction conditions (strong bases,
stoichiometric amounts of copper in some cases, and high reaction tempera-
tures) have clearly hampered the development of these copper-mediated
cross-coupling reactions. From the first discoveries in the early 1900s up to the
beginning of the twenty-first century, no real breakthrough was made to sig-
nificantly improve the original systems and the strategy was to tailor the
substrate, not the catalyst, to obtain systems that would perform under milder
conditions. Nicolaou’s remarkable total synthesis of vancomycin is one of the
most representative example of such a strategy. Capitalizing on the well-
known ortho-effect in copper-mediated transformations, a mild copper-
mediated arylation reaction was designed based on the ingenious incorporation
of a triazene unit in the starting material strategically placed ortho to the
bromine: this internal helper auxiliary served both as a potential “electron
sink” and to coordinate the intermediate copper species. The triazene indeed
considerably helped the reaction, which enabled the formation of the C-O-D
and D-O-E ring systems under remarkably mild conditions since the reaction
could be performed in refluxing acetonitrile (Scheme P.9).1'%)

Besides these strategies based on substrate modifications, the inherent
shortcomings of the original copper-mediated cross-coupling reactions were
still not overcome at the end of the twentieth century and palladium was in
most cases preferred to copper. Despite remarkable work done with palladium
catalysis for the construction of an impressive and ever-increasing number of
C-C and C-heteroatom bonds, limitations still exist and the high cost of pal-
ladium and ligands has forced chemists to consider alternative metals. This
evolution eventually led to the renaissance of copper catalysis, which has been
extremely revisited over the past decade. Following extensive and remarkable
studies of the Ullmann condensation by Payne," who showed that the active
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Scheme P.9 The Ullmann condensation reaction under milder conditions: redesigning
the substrate to improve the efficiency (Nicolaou’s total synthesis of vancomycin).
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catalytic species are soluble cuprous ions and pioneering work by Bryant,!'”]
Capdevielle,"¥ and Goodbrand,””’ who investigated the idea of a “ligated
copper catalysis”, the key breakthrough was the introduction of chelating
ligands for copper.

Remarkable and pioneering studies in this area from, among others, the
Buchwald, Ma, and Taillefer groups had a strong impact in the renaissance of
copper catalysis, and the Ullmann, Goldberg, Rosenmund—-von Braun, Hurtley,
and other related copper-mediated processes can now be conducted under
much milder conditions together with dramatically enhanced yield. Recent
advances in the arylation of N-, O-, and S- as well as P-nucleophiles with aryl
halides will be described in Chapters 1, 2, and 3, respectively.

In addition to the development of improved protocols for the arylation of
various heteronucleophiles, the introduction of chelating ligands also consider-
ably expanded the scope of the original procedures and allowed for the use
of new reaction partners for the introduction of vinyl, alkyne, and allene func-
tional groups. These copper-mediated syntheses of heterosubstituted alkenes,
alkynes, and allenes will be overviewed in Chapter 5. Copper-catalyzed aro-
matic versions of the Finkelstein reaction have also been recently reported:
they proceed with remarkable efficiencies and will be covered in Chapter 6.

These recent developments also had a strong impact on the develop-
ment of new and improved protocols for the formation of C-C bonds, and a
variety of robust, mild, and reliable procedures have been designed with the
assistance of copper complexes.

The classical Hurtley-type transformation as well as the tremendous pro-
gresses that have been reported recently in this central C-arylation reaction
of CH-acid derivatives will be presented in Chapter 8, with an emphasis on
the importance of the different types of ligands, mechanisms, and synthetic
applications. The copper-catalyzed synthesis of nitriles from aryl halides is then
covered in Chapter 9, including discussions on the different catalytic systems
and sources of cyanide that have been greatly improved in the past two
decades.

A central reaction in the realm of copper-catalyzed and copper-mediated
transformations is of course the aryl-aryl coupling that has continuously
evolved into an efficient and practical tool with multiple applications. Chapter
10 is devoted to this vibrant field of research that has recently witnessed a shift
of paradigm with even more direct reactions such as the copper-catalyzed
direct C-H arylations. The next three chapters, Chapters 11, 12, and 13, have
captured relevant advances in some of the most practical and efficient copper-
catalyzed transformations that have clearly modified our conception of
carbon—carbon bond disconnections: the alkenylation and alkynylation of aryl,
alkynyl, and vinyl derivatives.

To close this section dedicated to the formation of carbon-carbon bonds,
the central role of copper catalysts in methods aiming at the introduction of
the trifluoromethyl moiety will be exposed. Indeed, the occurrence of the
trifluoromethyl motif in pharmaceutical and agrochemical active ingredients



