Edited by A. Stephen K. Hashmi §WILEY-VCH
and Dean F. Toste I

Modern Gold
Catalyzed Synthesis




Modern Gold
Catayzed Synthsis




57268
File Attachment
Cover.jpg





Edited by
A. Stephen K. Hashmi and
F. Dean Toste

Modern Gold Catalyzed
Synthesis



Further Reading

Mohr, F. (ed.)

Gold Chemistry
Highlights and Future Directions

2009

ISBN: 978-3-527-32086-8

Laguna, A. (ed.)

Modern Supramolecular

Gold Chemistry

Gold-Metal Interactions and Applications
2008

ISBN: 978-3-527-32029-5

Dupont, )., Pfeffer, M. (eds.)

Palladacycles

Synthesis, Characterization
and Applications

2008

ISBN: 978-3-527-31781-3

Ertl, G., Knézinger, H., Schiith, F.,
Weitkamp, J. (eds.)

Handbook of Heterogeneous
Catalysis

8 Volumes

2008

ISBN: 978-3-527-31241-2

Ding, K., Uozumi, Y. (eds.)

Handbook of Asymmetric
Heterogeneous Catalysis

2008

ISBN: 978-3-527-31913-8



Edited by A. Stephen K. Hashmi
and F. Dean Toste

Modern Gold Catalyzed Synthesis

WILEY-
VCH

WILEY-VCH Verlag GmbH & Co. KGaA



The Editors

Prof. Dr. A. Stephen K. Hashmi
Organisch-Chemisches Institut
Universitit Heidelberg

Im Neuenheimer Feld 270
69120 Heidelberg

Prof. F. Dean Toste
Department of Chemistry
University of California
Berkeley, CA 94720-1460
USA

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

Library of Congress Card No.: applied for

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

Bibliographic information published by

the Deutsche Nationalbibliothek

The Deutsche Nationalbibliothek lists this publica-
tion in the Deutsche Nationalbibliografie; detailed
bibliographic data are available on the Internet at

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

© 2012 Wiley-VCH Verlag & Co. KGaA,
Boschstr. 12, 69469 Weinheim, Germany

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

Print ISBN:  978-3-527-31952-7
ePDF ISBN: 978-3-527-64689-0
ePub ISBN: 978-3-527-64688-3
mobi ISBN:  978-3-527-64687-6
oBook ISBN: 978-3-527-64686-9

Cover Design Formgeber, Eppelheim
Typesetting Thomson Digital, Noida, India
Printing and Binding betz-druck GmbH,
Darmstadt, Germany



1.1
1.2
1.3

1.3.1
1.3.2
1.3.3

1.4
1.5
1.5.1
1.5.2
1.5.3

1.5.4

1.6
1.7

2.1
2.2

221

Contents

List of Contributors XIII

Hydrochlorination of Acetylene Catalyzed by Gold 1

Marco Conte and Graham J. Hutchings

Introduction 1

Reactions of Alkynes Using Gold Chloride as Catalyst 2

The Correlation of E°® with the Activity of Gold for the
Hydrochlorination of Acetylene 4

The Initial Correlation 4

Conceptual Developments of the E° Correlation 5

Further Study of the Correlation of E° with the Activity

of Platinum Group Metals 8

The E° Correlation Applied to Homogeneous and
Nonhomogeneous Gold Nanoalloys 9

Central Role of Au* and Regeneration of Au/C Catalysts 12
Reaction Mechanism of Alkynes Over Au/C Catalysts 14

Effect of the Individual Components of the Reactants to Au/C 14
Reaction of Higher Alkynes Over Au/C 16

Hydrochlorination of 1-hexyne, phenylacetylene, and 2-hexyne
Over Au/C Catalyst 17

Computational Studies of the Reaction of Acetylene Over Au/C 21
Chemical Origin of the E° Correlation and General Remarks 22
Commercial Processes and Economic Aspects of

Vinyl Chloride Monomer Manufacture 24

References 25

Gold-Catalyzed Reduction Reactions 27

Avelino Corma and Pedro Serna

Introduction 27

Hydrogenation of Multiple C=C Bonds. Role of the Gold
Oxidation State 28

Introduction 28



Vi

Contents

2.2.2

2.2.3

224
2.3

231
2.3.2
233

234
2.3.5
2.4

241
2.4.2
243

2.4.4

245

2.4.6

3.1
3.2
33
3.4
3.5
3.6
3.7

3.8
3.9

4.1
4.2

First Solid Gold Catalysts: from Extended Au Surfaces to Highly
Dispersed Nanoparticles 28

Recent Advances in Supported Gold Chemistry: from Highly
Dispersed Nanoparticles to Individual Supported Au Atoms 31
Summary 34

Hydrogenation of a,3-Unsaturated Aldehydes 34

Introduction 34

Chemistry of Gold Nanoparticles: First Studies and Hypotheses 36
Strong Metal-Support Interactions: Effect of Electronic Transfers
and Decoration on the Gold Nanoparticles 37

Effect of Morphological Factors: Size and Shape 38

Summary 39

Hydrogenation of Substituted Nitroaromatic Compounds 41
Introduction 41

Gold Catalysts for the Production of Substituted Nitro Compounds 42
Hydrogenation of -NO, Groups on Gold Catalysts:

Reaction Pathway 43

Chemoselectivity of Gold Catalysts for the Hydrogenation

of NO, groups 47

Activity of Gold Catalysts for the Hydrogenation of NO,

groups 49

Summary 51

References 51

Gold-Catalyzed Benzannulations: Asao-Yamamoto Benzopyrylium
Pathway 55

Naoki Asao and Yoshinori Yamamoto

Introduction 55

Acetylenic Compounds as 27 Systems 56

Enols as 2r Systems 60

Enol Ethers as 2n Systems 62

Benzynes as 2n Systems 63

Synthesis of Phthalazine Derivatives 64

Application to the Synthesis of Angucyclinone Antibiotics
and Other Applications in Total Synthesis 65
Copper-Catalyzed Benzannulations 67

Conclusion 68

References 69

Gold-Catalyzed Reactions of Propargyl Esters, Propargyl Alcohols,
and Related Compounds 75

Pablo Mauleon and F. Dean Toste

Introduction and Extent of This Chapter 75

Propargyl Esters 76



4.21

4211
4.2.1.2
4213
4.2.1.4
4.2.2

4.2.21
4.2.2.2
4223
4.2.2.4

4.2.3
4.2.3.1
4.2.3.2
4233
4234
4.2.3.5
4.2.3.6
4.2.3.7
43
431
4.3.2
433
4.4
441
4.4.2
443

444
4.45
45
4.6
4.7
4.8

5.1
5.2
5.3

5.4

General Mechanistic Considerations

[2,3]- and [3,3]-Rearrangements 77

Reversibility

78

Ionization 80
Double [2,3]-Rearrangements 83
Reactions Initiated by [2,3]-Rearrangements

The Rautenstrauch Rearrangement

Alkene Cyclopropanations 87

Enantioselective Transformations After [2,3]-Rearrangements

86

76

85

Nucleophilic Attack on Gold Carbenoids Generated
After [2,3]-Rearrangements 94
Reactions Initiated by [3,3]-Rearrangements
Nucleophilic Double Bonds 97

Triple Bonds

99

Aromatic Groups

Alkyl Groups
Heteroatoms

100
102

100

96

Electrophilic Trapping of Vinyl-Gold Intermediates 103

Other Processes

Propargyl Ethers
Propargyl Vinyl Ethers
Propargyl Alkyl Ethers
Other Ether Substitution Patterns
Propargyl Alcohols
Alkyne Hydration
Meyer-Schuster Rearrangements
Nucleophilic Substitution at the Propargylic
Position 117
Ring Expansions
Other Reactions Involving Propargyl Alcohols
Propargyl Amines
Propargyl Carbonates, Amides, and Carbamates 124
Other Propargyl Substitution Patterns

Conclusion
References

Intramolecular Hydroarylation of Alkynes

129
130

104

107

115
115

117

121

107
110

113

115

127

135

Paula de Mendoza and Antonio M. Echavarren

Introduction

135

119

Intramolecular Reactions of Arenes with Alkynes 137
Intramolecular Reactions of Electron-Rich Heteroarenes

with Alkynes

142

Conclusion and Outlook

References

148

148

Contents

92

Vil



Vil

Contents

6

6.1
6.2

6.3
6.4
6.4.1
6.4.2
6.4.3
6.5
6.6

7.1
7.2

7.3
7.3.1
7.3.1.1
7.3.1.2
7.3.2
7.3.2.1
7.3.2.2
7.4

7.5

8.1
8.1.1
8.1.2
8.2
8.2.1
8.2.2
8.2.2.1
8.2.2.2
8.3
8.3.1
8.3.2
8.3.3
8.3.4
8.3.5

Gold-Alkyne Complexes 153

Maria Agostina Cinellu

Introduction 153

Description of the M—n-Bond Interaction in Alkene and Alkyne
Complexes 154

Gold(0) Complexes 155

Gold(I) Complexes 155

Neutral Derivatives 155

Cationic Derivatives 158

n-Complexation of Gold(I) at Metal-Alkynyl Units M—-C=C-R 164
Gold(III) complexes 167

Theoretical Studies 167

References 171

Gold-Alkene Complexes 175
Maria Agostina Cinellu
Introduction 175
Gold(0) Derivatives 176
Gold(I) Complexes 176
Neutral Derivatives 176
14-Electron Species 176
16-Electron Species 178
Cationic Derivatives 181
14-Electron Species 181
16-Electron Species 186
Gold(III) Complexes 191
Theoretical Studies 192
References 196

Hydration and Hydroalkoxylation of CC Multiple Bonds 201

J. Henrique Teles

Historical Perspective 201

Addition of Water to Alkynes 201

Addition of Alcohols to Alkynes 202

Gold Catalysts 202

First Reports of Gold Catalysts 203

The Discovery of Au(l) Catalysts 204

Catalyst Precursors 206

The Importance of Chemical Equilibria 208

Hydration and Hydroalkoxylation of CC Triple Bonds (Alkynes) 209
Effect of Alcohol Structure 209

Addition of Water to Alkynes 211

Addition of Alcohols to Simple Alkynes 215

Reactions Involving Propargylic Alcohols 217

Additions to Homopropargylic Alcohols and Other Alkynols 220



8.3.6
8.4

8.4.1
8.4.2
8.4.3

9.1
9.1.1
9.1.1.1
9.1.1.2
9.1.1.3
9.1.1.4
9.1.1.5
9.1.1.6
9.1.1.7
9.1.2
9.1.2.1
9.1.2.2
9.1.3
9.1.3.1
9.1.3.2
9.1.3.3
9.2
9.2.1
9.2.2
9.2.3

10

10.1
10.2
10.3
10.4
10.5

1

11.1
11.2

Contents

Reactions Involving Propargylic Ethers 224
Hydration and Hydroalkoxylation of CC Double Bonds
(Allenes and Alkenes) 226

Addition of Alcohols to Allenes 226

Cyclization of Allenyl and Propargyl Ketones 227
Addition of Alcohols to Alkenes 230

References 234

Gold-Catalyzed Aldol and Related Reactions 237

Christoph Hubbert and A. Stephen K. Hashmi

The Gold-Catalyzed Aldol Reaction 237

Synthetic Scope 239

Reactions of Aldehydes with Methyl Isocyanoacetate 239
Reactions of Aldehydes with o-Substituted Isonitriles 241
Reactions of Aldehydes with Alkyl Isocyanoacetates 242
Reactions of Aldehydes with Alkyl Isocyanoacetamides 243
Reactions of Aldehydes with a-Isocyano Weinreb Amide 244
Reactions of Aldehydes with Isocyano Phosphonates 245
Reactions of Aldehydes with a-Keto Esters 246

Structure of the Ligand 247

Internal Cooperativity of Chirality 248

Conformation of the Pendant Side Chain 251
Mechanistic Aspects 253

The First Transition-State Model 253

Structure of the Ferrocenyl-Gold(I) Complex 253
Mechanistic Aspects 253

Related Reactions 257

Synthesis of Dihydroimidazole 257

Mannich Reactions 258

Michael Reactions 259

References 260

Gold-Catalyzed Oxidation Reactions: Oxidation of Alkenes 263
Yuanhong Liu

Introduction 263

Epoxidation Reactions 263

Aziridination Reactions 268

Oxidative Cleavage of C=C Double Bonds 269

Oxygen Transfer to Carbenoids 270

References 271

Gold-Catalyzed Oxygen-Atom Transfer to Alkynes 273
Maria Camila Blanco Jaimes and A. Stephen K. Hashmi
Introduction 273

Oxygen-Atom Transfer from NO Groups 273

IX



X | Contents

11.2.1 Nitrones 274
11.2.2 Nitro Compounds 276
11.2.3 N-Oxides 277

11.3 Oxygen-Atom Transfer from Sulfoxides 280
11.4 Oxygen-Atom Transfer from Epoxides 282
11.5 Gold-Catalyzed Oxidative Coupling 283

11.5.1 Introduction 283

11.5.2 Functionalization of C(sp?)-H Bonds 284

11.5.3 Gold-Catalyzed Nucleophilic Addition—Oxidative Coupling
Reactions 287
References 295

12 Gold-Catalyzed Additions to Alkenes: N-Nucleophiles 297
Zigang Li, David A. Capretto, and Chuan He
References 302

13 Gold-Catalyzed Additions to Alkenes: O-Nucleophiles 303
Zigang Li, David A. Capretto, and Chuan He
References 307

14 Oxidation of Alcohols and Carbohydrates 309

Cristina Della Pina, Ermelinda Falletta, and Michele Rossi
14.1 Introduction 309
14.2 Selective Oxidation of Alcohols 310

14.2.1 Catalyst Preparation 311
14.2.2 Oxidation of Diols 312
14.2.3 Oxidation of Other Polyols 315
14.2.3.1  Glycerol 315
14.2.3.2  Sorbitol 317
14.2.3.3  Other Alcohols 317
14.2.3.4  Amino Alcohols 318
14.3 Selective Oxidation of Carbohydrates 320
14.3.1 Oxidation of Glucose to Sodium Gluconate 321
14.3.1.1 Kinetics and Modeling 323
14.3.2 Synthesis of Free Gluconic Acid 325
14.4 Future Applications 326
14.5 Conclusion 327
References 328

15 Applications of Gold-Catalyzed Reactions to Natural
Product Synthesis 331
Matthias Rudolph

15.1 Introduction 331

15.2 Addition of Heteroatom Nucleophiles to Alkynes 332

15.2.1 Hydration of Alkynes: Pterosin B and C = 332

15.2.2 Tandem Reaction Including Hydration of Alkynes, Elimination, and
Conjugate Addition: (4)-Andrachcinidine 332



15.2.3
15.2.4

15.2.5

15.3
15.3.1

15.3.2
15.33
15.4

15.5
15.5.1
15.5.2

15.6

15.7
15.7.1

15.7.2
15.7.3
15.7.4

15.7.5

15.8
15.9
15.10
15.11

16

16.1
16.2
16.2.1
16.2.2
16.2.3
16.3
16.4

Contents

Hydroalkoxylation of Alkynes: Bryostatin 16 333
Bis-spiroketalization of Alkynes: A-D Ring of Azaspiracid and
(—)-Ushikulide A 334

Intramolecular Hydroamination of C-C Triple Bonds:
Solenopsin A, Comunesin B, Mersicarpine, and Nitidine 336
Addition of Heteroatom Nucleophiles to Allenes 339
Intermolecular Hydroalkoxylation of Allenes: Citreoviral,
(—)-Isocyclocapiteline, (—)-Isochrysotricine, and Bejarol 339
Intermolecular Hydroamination of Allenes: Swainsonine 341
Intermolecular Hydroarylation of Allenes: (—)-Rhazinilam 342
Cycloadditions via Pyrylium Intermediates from
o-Alkynylacylarenes 343

Rearrangements of Propargyl Esters 346

1,2-Acyl Shift of Propargyl Esters: a-Diazoketone Equivalents 346
1,3-Acyl Shift of Propargyl Esters and Subsequent Tandem
Cyclization of Ene Vinylallenes: A°*?-Capnellene 347

Skeletal Rearrangement of 3-Butynyl-N-Oxides: (+)-Cermizine
and (+)-Lentiginosine 349

Enyne Cyclizations 350

Silylenol Ethers as Nucleophiles: Platencin, (+)-Lycopaladin A,
and (+)-Fawcettimine 350

Iodoalkynes in Enyne Cyclizations: (+)-Lycopladine A 351
Furan—Yne Cyclization: (+)-Jungianol 352

Tandem Process of Enyne Rearrangement and Prins Cyclization:
(+)-Orientalol and (—)-Englerin A 353

Tandem Enyne Cycloisomerization and Semipinacol Rearrangement:
Ventricos-7(13)-ene 355

Propargyl Claisen Rearrangement: Azadirachtin 356
Gold-Catalyzed C—H Activation: (+)-Pterocarpan and Crassifolone 356
Gold-Catalyzed Allylic Amination: (+)-Angustureine 358
Catalytic Asymmetric Aldol Reaction of Isocyanoacetates and
Aldehydes 359

References 361

Gold-Catalyzed Addition Reactions to Allenes 363
Christian Winter and Norbert Krause

Introduction 363

Addition of Heteroatom Nucleophiles 363
Addition of Oxygen Nucleophiles 364

Addition of Nitrogen Nucleophiles 376
Addition of Sulfur Nucleophiles 381

Addition of Carbon Nucleophiles 382
Conclusion 386

References 386

Index 391

Xl






List of Contributors

Naoki Asao

Tohoku University
Graduate School of Science
Department of Chemistry
Sendai 980-8578

Japan

Maria Camila Blanco Jaimes
Universitit Heidelberg
Organisch-Chemisches Institut
Im Neuenheimer Feld 270
69120 Heidelberg

Germany

David A. Capretto
University of Chicago
Department of Chemistry
5735 South Ellis Avenue
Chicago

IL 60635

USA

Maria Agostina Cinellu
Universita di Sassari
Dipartimento di Chimica
Via Vienna 2

07100 Sassari

Italy

X1

Marco Conte

Cardiff University
School of Chemistry
Cardiff Catalysis Institute
Cardiff CF10 3AT

UK

Avelino Corma

Universidad Politécnica de Valencia
Instituto de Tecnologia Quimica
Avenida de los Naranjos s/n

46022 Valencia

Spain

Cristina Della Pina

Universita degli Studi di Milano
Dipartimento di Chimica Inorganica,
Metallorganica e Analitica

Via Venezian 21

20133 Milan

Italy

Paula de Mendoza

Institute of Chemical Research of
Catalonia (ICIQ)

Avinguda Paisos Catalans 16
43007 Tarragona

Spain



Xiv

List of Contributors

Antonio M. Echavarren

Institute of Chemical Research of
Catalonia (ICIQ)

Avinguda Paisos Catalans 16
43007 Tarragona

and

Universitat Rovira i Virgili
Departament de Quimica Analitica i
Quimica Organica

¢/ Marcel-li Domingo s/n

43007 Tarragona

Spain

Ermelinda Falletta

Universita degli Studi di Milano
Dipartimento di Chimica Inorganica,
Metallorganica e Analitica

Via Venezian 21

20133 Milan

Italy

A. Stephen K. Hashmi
Universitit Heidelberg
Organisch-Chemisches Institut
Im Neuenheimer Feld 270
69120 Heidelberg

Germany

Chuan He

University of Chicago
Department of Chemistry
5735 South Ellis Avenue
Chicago

IL 60635

USA

Christoph Hubbert

Universitidt Heidelberg
Organisch-Chemisches Institut
Im Neuenheimer Feld 270
69120 Heidelberg

Germany

Graham J. Hutchings
Cardiff University
School of Chemistry
Cardiff Catalysis Institute
Cardiff CF10 3AT

UK

Norbert Krause

Dortmund University of Technology
Organic Chemistry 11
Otto-Hahn-Strafle 6

44227 Dortmund

Germany

Zigang Li

University of Chicago
Department of Chemistry
5735 South Ellis Avenue
Chicago

IL 60635

USA

Yuanhong Liu

Chinese Academy of Sciences
Shanghai Institute of Organic
Chemistry

State Key Laboratory of Organometallic
Chemistry

354 Fenglin Lu

Shanghai 200032

China

Michele Rossi

Universita degli Studi di Milano
Dipartimento di Chimica Inorganica,
Metallorganica e Analitica

Via Venezian 21

20133 Milan

Italy

Matthias Rudolph

Universitit Heidelberg
Organisch-Chemisches Institut
Im Neuenheimer Feld 270
69120 Heidelberg

Germany



F. Dean Toste

University of California, Berkeley
Department of Chemistry
Latimer Hall

Berkeley

CA 94720

USA

Christian Winter

Dortmund University of Technology
Organic Chemistry II
Otto-Hahn-Strafse 6

44227 Dortmund

Germany

List of Contributors

Yoshinori Yamamoto
Tohoku University
Graduate School of Science
Department of Chemistry
Sendai 980-8578

Japan

XV






1
Hydrochlorination of Acetylene Catalyzed by Gold
Marco Conte and Graham J. Hutchings

1.1
Introduction

In recent years, there has been a revolution in the chemistry of gold. Until recently,
gold had been considered to be less reactive than its neighbors in the periodic table
(Figure 1.1) owing to it being the most noble of metals, having the highest standard
electrode potential. Indeed, until very recently, there had been the perception that
gold would be unreactive in catalytic applications. As gold does not chemisorb O, as a
bulk metal, it was considered that gold could not be effective in redox applications. As
this was the perceived wisdom, then it is unsurprising that the exceptional catalytic
activity of gold lay undiscovered for so long. For it is only when gold is prepared in
nanoparticulate form or as soluble complexes that its high activity is observed.
The traditional view of gold as an unreactive immutable metal has inspired great
works of art and literature. In the late nineteenth century Kipling wrote about the
relative roles of the coinage metals (gold, silver and copper) and iron in society:

“Gold is for the mistress — silver for the maid —
Copper for the crafisman, cunning at his trade.
‘Good!' said the Baron, sitting in his hall,
‘But iron — cold iron — is ruler of them all’.”
from Cold Iron
Rudyard Kipling
At that time, gold was used mainly in coinage and in artwork, whereas iron had
underpinned the industrial revolution and was at the heart of the manufacturing
industry. Itis no wonder thatiron was the prized commercial metal. This traditional
view has now been overturned and currently there is an amazingly rich chemistry of

catalysis based on gold nanoparticles and complexes. It is over 25 years since the
prediction was made that gold would be the best catalyst for the hydrochlorination

Modern Gold Catalyzed Synthesis, First Edition. Edited by A. Stephen K. Hashmi, and F. Dean Toste.
© 2012 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2012 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Hydrochlorination of Acetylene Catalyzed by Gold

Commercial catalysts

Fischer Tropsch Methanation Methanol synthesis
reaction Steam reforming Water gas shift reaction
AN
B R S
\Fe | Co | Ni | Cu [ zn
e |5 7 |= |
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e Ag'__Ed epoxidation
7o [e0
Au | Hg
Car exhaust Acetyle_ne _
catalysts hydrochlorination

Figure 1.1 Examples of commercial catalysts using elements near gold in the periodic table.

of acetylene. Since then, there has been a phenomenal growth in gold-based
reactions of acetylenes and a very rich field of homogeneous catalysis based on
gold has been established. To date, gold is still the best catalyst for acetylene
hydrochlorination, in addition to being the catalyst of choice for the low-temper-
ature oxidation of carbon monoxide. In this chapter, we introduce the reactions of
gold and acetylenes and set out in greater detail the discovery and chemistry of gold
as a catalyst for acetylene hydrochlorination.

1.2
Reactions of Alkynes Using Gold Chloride as Catalyst

The discovery that cationic gold supported on carbon is a highly effective catalyst for
hydrochlorination of acetylene to vinyl chloride led over the years to a surge of
applications of gold salts involving alkyne-based substrates [1, 2]. These include
hydrofluorination [3], hydration [4, 5], hydroxylation [6], and hydrocarboxylation [7]
reactions, and also hydroamination [8] and reactions over alkynes containing
proximate oxygen nucleophiles [9]. Some of these reactions will be briefly described
in this section; however, it should be noted that one of the first uses of Au®" salts for
catalytic purposes can be traced back to Thomas and co-workers in 1976 [10] in the
oxidation of phenylacetylene (1) in aqueous methanol in presence of HAuCl,, which
gave the ketone 2 as the major product, followed by the ether 3 and the chlorinated
vinyl adduct 4 (Scheme 1.1).

However, despiteaturnover number of ~6in thisreaction, therole of gold was merely
assignedasareagentandnotasacatalyst. [twasalmost10yearslater,in1985[11], thatthe
role of cationic gold was recognized in full as it was the best catalyst for the hydro-
chlorination reaction of acetylene (5) to vinyl chloride monomer (VCM) (6) and can be
consideredasamilestoneforrevealing cationicgold asan effective catalyst (Scheme 1.2).
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— 7 mol% HAuCI, O
<\ / MeOH/H,0
1

2 (38%)

OMe
3 (<5%)

Cl
4 (<5%)

Scheme 1.1 Reaction of phenylacetylene (1) with tetrachloroauric acid in aqueous methanol.
The ketone 2 is the major product, which is obtained by Markovnikov addition. Minor amounts of
methyl vinyl ethers (3) and vinyl chlorides (4) are obtained.

Au/C H H
H—=———H + HcCl —
H cl
5 6

Scheme 1.2 Hydrochlorination of acetylene (5) to vinyl chloride monomer (6). The reaction occurs
at 180°C and is catalyzed by an Au/C catalyst on which the active sites are Au®>© centers.

5 mol% NaAuCly,

Pent — MeCN \

Pent
7 8 (100%)

Scheme 1.3 Intramolecular addition of amine 7 to cyclic adduct 8, using sodium tetrachloroaurate
as the catalyst.

Soon afterwards, in 1987, the intramolecular addition of amines to triple bonds
(7) to yield cyclic adducts (8) with NaAuCl, as catalyst was reported [12]
(Scheme 1.3).

Addition of alcohols to alkynes has also been successfully achieved [13], as shown
by the cyclization of (Z)-3-ethylallyl alcohols (9), which can cyclize to furans (10 and
11) (Scheme 1.4).

Moreover, if two alcohol functional groups are present, such as in 12, it is even
possible to obtain bicyclic ketals such as 13 by means of AuCl or AuCls
(Scheme 1.5) [14].
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R4
AN R3
0.1 mol% AuCl3 O
R R2
10

9 forR°=H

RS R*
R3
for R®not H Aﬁ/
R: / R?
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Scheme 1.4 Cyclization of (2)-3-ethylallyl alcohols (9) to furans, with R® = hydrogen to yield 10
or R® = alkyl to yield 11.

Ph OH

Ph
— — Q
OH 2 mol% AuC| w
— MeOH, rt 0

12 13

Scheme1.5 Intramolecular reaction from the alcohol 12 to the bicyclic ketal 13. The reaction can be
catalyzed by AuCl or AuCls.

The interest in the latter reaction also relies on the circumstance that Au®" is
active towards carbon—carbon triple bonds, but not towards carbon—carbon double
bonds. Analogies can be found also in the hydrochlorination reaction of acetylene,
where Au/C-based catalysts are unreactive towards ethylene [15], making them
suitable for selective chemical synthesis.

13
The Correlation of E° with the Activity of Gold for the Hydrochlorination of Acetylene

1.3.1
The Initial Correlation

In this section, we demonstrate how the activity of gold can be correlated with the
standard electrode potential (E°) of the metal used to carry out the hydrochlorination
reaction and how this correlation can predict gold to be the most effective metal for
the catalytic hydrochlorination of acetylene.
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1.3.2
Conceptual Developments of the E° Correlation

Several metallic salts supported on carbon, such as HgCl,, are capable of carrying
out the catalytic hydrochlorination of acetylene. The reaction is exothermic
(AH® = —99 k] mol ') but in the absence of a catalyst no reaction occurs. Detailed
kinetic studies were carried out during the 1960s, identifying the addition of HCI
to adsorbed C,H, to produce vinyl chloride as the rate-determining step of the
reaction [16-18]. This led initially to a search for metallic salts that could lead to
both stable metal-acetylene and metal-hydrochloric acid complexes. A number
of metallic salts may lead to metastable acetylides, such as Cu, Ag, Au, Na, K, Rb,
Zn, Cd, Hg, Pd, Os, Ce, Al, Mg, Ca, Sr, and Ba and also the better known examples
of Pt, Ru, Rh, and Ir. As the stability of the acetylide species can be considered as
an essential parameter to control the activity, it was initially attempted to correlate
the activity of the catalyst with the electron affinity of the metal. However, when
this correlation was extended to a wider set of metals, as carried out by
Shinoda [19] (Figure 1.2), the correlation with electron affinity was no longer
valid even when the electron affinity of the metal was divided by its oxidation state
as a correction factor.

In the first instance, this relationship is important because it can correlate the
catalytic activity with the formation of metal-acetylene complexes, and consequently
provides information on which metal would be best to carry out the reaction. Only
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Figure1.2 Correlation of hydrochlorination activity of different metal chlorides supported on carbon
(200°C, GHSV 150h™"), with the electron affinity of the cation divided by the metal oxidation
state [19].
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metals able to lead to the formation of metastable acetylides would be expected to form
an active catalyst; in the plot shown in Figure 1.2, the metal species able to form the
most stable acetylides are Pd® ", Hg*", Cu®", and Ag™, whereas the lower set
includes metal cations that can form stable complexes with HCI and act as Friedel-
Crafts catalysts.

However, this kind of approach has two strong limitations: (i) if the correlation
exists then it consists of a set of two straight lines rather than one, hence, it cannot be
used predictably, and (ii) the correlation parameter used is the electron affinity, which
by definition takes into account only a single electron process, whereas the addition of
HCl to acetylene involves a two-electron process (from acetylene to the metal center).
Therefore, it was not considered chemically realistic to associate the formation of a
metal acetylide unit to a single-electron process. It was considered that a more
suitable correlation would be obtained by using the standard electrode potential
rather than electron affinity. It is important to note that all the metal chlorides
investigated exist in oxidation state 24 or 3+ . Plotting the data using the E° value of
the metal leads to the plot shown in Figure 1.3.

In this case, a single correlation curve is obtained, which, more importantly, can be
used as a predictive model. In fact, metals with higher standard electrode potentials
than Pd*" and Hg®* should lead to enhanced activity. This hypothesis, which is at
the basis of all the applications of gold as a catalyst, has been confirmed using
supported Au*" catalysts (Figure 1.4) [11, 20].

Although gold can be considered the best catalyst in terms of initial activity, it is
unfortunately affected by deactivation phenomena, the most important of which has
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Figure 1.3 Correlation of hydrochlorination activity of different metal chlorides supported on
carbon (200°C, GHSV 150h™"), with the standard reduction potential of the metal,
M™" + e~ — M®~ DT [11]. (conversion activity values after ref 19).
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Figure 1.4 Correlation of hydrochlorination activity of metal chlorides supported on carbon
(180°C, GHSV 1140 h ") with the standard electrode potential. Catalysts contain 0.0005 mol metal/
100 g catalyst. It should be noted that in this series, Pt is obtained from a Pt? ™ precursor [20].

been identified as Au®>" reduction [20, 21]; this aspect will be described further in this
chapter. A second deactivation pathway involves oligomer formation, and previous
observations showed that the deactivation rate is minimum at 100-120°C
(Figure 1.5), but at this temperature the catalyst is not sufficiently active compared
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Figure 1.5 Effect of reaction temperature on rate of deactivation (loss of HCI, conversion per hour,
averaged over the initial 3 h). Reaction conditions: C;H,: HCl=1:1.1[22].
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with temperatures in the region of 180 °C, which is the standard temperature to carry
out the reaction over gold on carbon catalysts [22].

Nevertheless, only catalysts containing gold have the interesting properties of
being reactivated on-stream by Cl,, NO, and NO, [22] and off-line by aqua
regia [23], making them still attractive for the catalytic hydrochlorination of
acetylene. In particular, the catalytic synthesis route used in the early studies
involved a relatively non-complex impregnation method and it is anticipated that
by using enhanced preparation methodologies, catalysts of higher activity and
durability will be produced.

1.3.3
Further Study of the Correlation of E° with the Activity of Platinum Group Metals

The correlation of E° with activity has been recently further confirmed using other
platinum group metals where the data for the chlorides were used (Figure 1.6) [24].

All the catalysts were obtained using the wetness impregnation technique and aqua
regia as solvent. The precursor salts were HAuCl,, PdCl,, H,PtCls, RhCl3-3H,0,
IrCl3-3H,0, and RuCl;-3H,0. This trend confirms the previous findings for this
reaction, that is, the higher the standard electrode potential, the higher is the
activity [11, 25], with the trend: that the Au/C catalyst gave the highest conversion
of acetylene, with the following order of initial activity: Au > Ru~Ir > Pd > Pt~ Rh.
However, there is a notable exception in the above series, as Pt, clearly does not fit the
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Figure 1.6 Correlation between initial the following chloride salts: RhClg*~, RuCls?™,
acetylene conversion and the standard PdCl,, PtCls?~, IrClg®>~, and AuCl,~. The
electrode potential of platinum group metals.  reaction was carried out at 180°C, GHSV
Potentials were obtained from the reduction of ~ 870h™" [24].
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data set. In contrast to the original set [11, 20], where Pt * was used, in this case Pt* *

data were used, whereas all the other metals had initial oxidation state 1 + or2 4, and
the reduction of M" ™ to M® was considered. In contrast, in this set[24], Pt has an initial
oxidation state of 4 +, we used the reduction Pt** to Pt** because the reaction is a
two-electron process, and reduction to the metal is unlikely.

Moreover, it is also worth noting that the initial activity displayed by platinum is
much lower than that expected from the correlation. This can be explained taking
into account that this catalyst deactivates very quickly, and can display dehydro-
chlorination properties [25]. Moreover, Pt** usually does not form stable com-
plexes with unsaturated species, and it is often considered inert towards alkyne
complex formation [26]. However, iodo-Pt* " complexes, in acidic aqueous or
methanolic solutions, catalyze acetylene hydroiodination to vinyl iodide [27], and
mechanically activated K,PtClg can catalyze the hydrochlorination reaction of
acetylene [28], but this latter case cannot take into account possible effects induced
by the carbon support.

1.3.4
The E° Correlation Applied to Homogeneous and Nonhomogeneous Gold Nanoalloys

Au nanoalloys, such as Au-Pd alloys, can be very efficient catalysts for the direct
synthesis of hydrogen peroxide [29] and the oxidation of alcohols to aldehydes [30].
This is not the case for the hydrochlorination reaction. Despite a wide range of alloys
containing Pd, Pt, Ru, Rh, and Ir, in different ratios, none except Au-Rh systems
(with a 90:10 atomic ratio) are capable of increasing the activity of gold for the
hydrochlorination reaction during the time on-stream. Apparently, at first sight this a
disappointing result with respect to catalyst design. However, it is rather a further
demonstration of the validity of the E° correlation and the formation of homogeneous
alloy systems. In order to clarify this important aspect of the hydrochlorination
reaction, the example of the bimetallic Au-Pd system will be illustrated.

Au and Pd are able to form an alloy at all Au : Pd ratios. This means that, if the total
metal loading per catalyst is kept constant, the addition of a second metal to gold leads
to dilution of gold by the second metal, in this case Pd, provided that a homogeneous
alloy is present. This implies that the addition of a second metal leads to a decrease in
the standard electrode potential which is a linear function of the atomic fraction x of
the second metal added. This can be explained by calculating E° for a general
homogeneous alloy of composition Pd, Au; _ .

It is necessary to consider first the following equilibria:

xPd + (1—x)Au==Pd,Au;_, (1.1)
Pd** 4 2e” =Pd (1.2)
At 43¢ =Au (1.3)

The value of E° for any alloy composition Pd,Au; _ , is required:

xPd*" + (1—x)Au* " + (3—x)e” =Pd,Aug_y) (1.4)
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The last equation can be obtained as a combination of the equilibria (1.1), (1.2)
and (1.3):

4 =M +x2)+(1-x)(3)
where 1-4 represent equilibria (1.1-1.4), and therefore

AG; = AGS + xAG; + (1-x)AGS (1.5)

—(3—x)FE; = AG;—2xFE;—3(1—x)FE; (1.6)

By using the E° potentials for equilibria (1.2) and (1.3) reported below:

Pd}) +2e” =Pdy E;=0951V (1.7)
AWl 43 =Au)  E5=1.498V (1.8)

~AGS 2xES  3(1-x)ES
E° — 1 2 3 1.
* 7 (3—x)F + 3—x * 3—x (19)

“AGS 1.902x  4.494(1—x)
Ej = : 11
* 7 (3—x)F + 3—x + 3—x (1.10)

—AG] 2592x = 4.494
E° = 1 1.11
*7 3-x)F 3—x * 3—x (111)

In order to calculate finally the value of E°,, estimates of AG® for the different
alloy compositions are required. In the case of Pd,Au; _ ), literature values are
available [31], and using the form of the equation reported above it is possible to
construct the plot shown in Figure 1.7. It is clear that E° decreases almost linearly
from the value for Au to that for Pd with change in composition of the homoge-
neous nanoalloy.

In view of this effect, we consider that gold will invariably always be the best metal
for the hydrochlorination reaction. However, alloys such as Au-Rh with an atomic
fraction ratio of 90:10 can actually be better catalysts than those containing only gold
(Figure 1.8) [24].

Whereas the Au-Pd catalyst leads to the formation of homogeneous alloys, Au and
Rh are basically immiscible in each other. Binary-phase diagrams suggest that Rh has
very limited solubility in Au (<1%), and vice versa. However, as the Au—Rh/C
catalysts showed VCM selectivities similar to those of undoped Au/C catalysts with no
marked deactivation, it is realistic to suggest that the increased activity for the Au-Rh
catalysts could be due to a slightly enhanced dispersion of gold and the inability to
form homogeneous alloy particles containing substantial quantities of Au and
Rh [32-34]. This also gives an insight into how Au-based catalysts with enhanced
performances can be prepared, that is, the focus should be on methods of catalyst
preparation that can lead to enhanced gold dispersion and improved stabilization of
its higher oxidation state.
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Figure 1.8 Acetylene conversion for (A) Au—Rh catalyst (90:10 molar ratio), () Au, and (e) Rh
only using carbon as support. Reaction conditions: 180°C, GHSV 870h™" [24].
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1.4
Central Role of Au*>" and Regeneration of Au/C Catalysts

As described previously, two main routes are responsible for the deactivation of Au/C
catalysts: (i) the possible formation of oligomers on the catalyst surface with
consequent site blocking and (ii) the reduction of Au>" to Au’. Whereas the oligomer
formation can be minimized by the choice of a suitable reaction temperature, the
Au** reduction is unavoidable. Moreover, it is possible to identify a direct correlation
between the activity of Au/C catalysts and the amount of Au*" . This correlation can be
obtained by treating Au®" catalysts off-line with aqua regia. In fact, unlike other
supports, carbon presents the interesting property that no significant amount of gold
is leached from the carbon even if it is treated with boiling aqua regia for a short
time (20 min) [23]. Moreover, such treatment can restore the initial gold activity
(Figure 1.9). X-ray photoelectron spectroscopic (XPS) characterization of an Au/C
catalyst before and after use, and before and after aqua regia treatment, indicated
(Figure 1.10) that the activity is related to the presence of Au*". This experimental
result was further confirmed by the use of Mossbauer spectroscopy (Figure 1.11) [20].
In addition to off-line treatment, it is also possible to proceed to time on-stream
treatment, by introducing into the reaction mixtures reagents such as HCl, Cl,, NO,
and NO,, with the most marked effect being displayed by NO [22], which allows full
recovery of catalytic activity and slower decay of activity after the catalyst was
regenerated. Moreover, when HCl and Cl, are compared, Cl, leads to a lower
deactivation rate for the regenerated catalysts, but also to a slower deactivation if it
is used to pretreat the catalysts (Figure 1.12). This indicates that control of the gold
oxidation state is of essential importance for the acetylene hydrochlorination reaction.
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Figure 1.9  Activity trend for the hydrochlorination reaction over Au/C, (M) fresh catalyst and ()

regenerated catalyst using a short treatment with aqua regia. Reaction conditions: 180°C, GHSV
870h™" [23].



