
Contents

Foreword V
Preface XV
List of Contributors XVII

1 Photochemical Methods 1
Angelo Albini and Luca Germani

1.1 Photochemical Methods 1
1.1.1 Photochemistry and Organic Synthesis 1
1.2 Irradiation Apparatus 2
1.2.1 General 2
1.2.2 Low-Pressure Mercury Arcs 3
1.2.3 Medium- and High-Pressure Mercury Arcs 7
1.2.4 Other Light Sources 9
1.3 Further Experimental Parameters 11
1.3.1 Concentration and Scale 11
1.3.2 Effect of Impurities, Oxygen, and Temperature 15
1.3.3 Safety 17
1.3.4 Planning a Photochemical Synthesis 17
1.4 Photochemical Steps in Synthetic Planning 19

References 22

2 Carbon–Carbon Bond Formation by the Photoelimination
of Small Molecules in Solution and in Crystals 25
Saori Shiraki and Miguel A. Garcia-Garibay

2.1 Introduction 25
2.1.1 Synthesis of Unstable Molecules 27
2.2 Photochemical C–C Bond Formation in Solution 30
2.2.1 Concerted Reactions 30
2.2.2 Photoelimination of N2 31
2.2.2.1 Synthesis of Three-Membered Rings 31

Handbook of Synthetic Photochemistry. Edited by Angelo Albini and Maurizio Fagnoni
Copyright � 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32391-3

VII



2.2.2.2 Synthesis of Cyclobutanes and Polycyclic Compounds 33
2.2.3 Photoelimination of CO from Ketones in Solution 35
2.2.4 Photoelimination of CO2 from Lactones 39
2.2.5 Photoelimination of Sulfur from Sulfides, Sulfoxides,

and Sulfones 40
2.3 Reactions in the Solid State 41
2.3.1 Reactivity and Stability in the Solid State 42
2.3.2 Restricting the Fate of the Radical Intermediates in Solids 43
2.3.3 Crystalline Diacyl Peroxides 44
2.3.4 Decarbonylation of Crystalline Ketones 50
2.3.4.1 Early Observations 50
2.3.4.2 Reactivity and Stability 51
2.3.4.3 The RSE > 11 kcal mol�1 Condition 53
2.3.4.4 Scope of the Reaction 55
2.3.4.5 Reaction Enantiospecificity 56
2.3.4.6 Synthesis of Natural Products 57
2.3.4.7 Quenching Effects 57
2.3.4.8 Reaction Scale and Experimental Conditions 59
2.4 Concluding Remarks 60

References 60

3 Intermolecular Addition Reactions onto C–C Multiple Bonds 67
Valentina Dichiarante and Maurizio Fagnoni

3.1 Introduction 67
3.1.1 Scope and Mechanism 68
3.2 Addition to C–C Double Bonds 69
3.2.1 H–C Addition (Hydroalkylation Reactions) 69
3.2.1.1 Addition of Alkanes 70
3.2.1.2 Addition of Alcohols (Hydrohydroxymethylation), Ethers, and

(2-substituted) 1,3-Dioxolane(s) 71
3.2.1.3 Addition of Amines (Hydroaminomethylation) or Amides 72
3.2.1.4 Hydrofluoromethylation 74
3.2.1.5 Addition of Nitriles or Ketones 75
3.2.1.6 Hydroacylation and Hydrocarboxylation Reactions 75
3.2.1.7 Hydroarylation (Photo-EOCAS) 76
3.2.2 H–N Addition (Hydroamination) 76
3.2.3 H–P Addition 78
3.2.4 H–O Addition 80
3.2.5 H–S Addition 82
3.2.6 Addition of X-Y Reagents to Alkenes 83
3.2.6.1 Halogenation 84
3.2.6.2 Addition with the Formation of C–C Bonds 84
3.3 Addition to C–C Triple Bonds 86
3.3.1 Hydroalkylation Reactions 87
3.3.2 Addition of X–Y Reagents 87

VIII Contents



3.4 Concluding Remarks 88
References 89

4 Formation of a Three-Membered Ring 95
Takashi Tsuno

4.1 Introduction 95
4.2 Di-p-Methane Rearrangement 96
4.2.1 Di-p-Methane Rearrangement of Barrelene, Benzobarrelene,

Dibenzobarrelene, and Related Derivatives 96
4.2.2 Di-p-Methane Rearrangement of Acyclic Systems 100
4.2.3 Di-p-Methane Rearrangement in Natural Compounds 103
4.3 Oxa-di-p-Methane Rearrangement and Related

Rearrangements 105
4.3.1 Oxa-di-p-Methane Rearrangement of b,g-Unsaturated Ketones

and Aldehydes 105
4.3.2 Aza-di-p-Methane Rearrangement 109
4.3.3 Synthetic Applications of Oxa-di-p-Methane Rearrangement 110
4.4 [2þ1] Cycloaddition of Alkenes with Carbenes 111
4.4.1 Intramolecular [2þ1] Cycloaddition 111
4.4.2 Novel Triplet Sensitizers for the Generation of Carbenes 111
4.4.3 Metal-Catalyzed Cyclopropanation-Supported Photochemistry 112
4.4.4 Novel Precursors of Carbenes 113
4.5 Formation of a Cyclopropane via Intramolecular Hydrogen

Abstraction 114
4.5.1 Formation of Cyclopropanol via Intramolecular

b-Hydrogen Abstraction 115
4.5.2 Formation of Cyclopropane Ring via Intramolecular

g-Hydrogen Abstraction 117
4.6 [3þ2] Cycloaddition of Arenes with Alkenes 119
4.6.1 Intermolecular [3þ2] Cycloaddition 119
4.6.2 Intramolecular [3þ2] Cycloaddition 119
4.6.3 Application of the Photochemical [3þ2] Cycloaddition in the

Synthesis of Natural Products 122
4.7 Photochemical Synthesis of Three-Membered Heterocycles 123
4.7.1 Epoxides 123
4.7.2 Aziridines 123

References 126

5 Formation of a Four-Membered Ring 137
Norbert Hoffmann

5.1 Introduction 137
5.2 [2þ2]-Photocycloaddition of Nonconjugated Alkenes 137
5.3 [2þ2]-Photocycloaddition of Aromatic Compounds 144
5.4 Photochemical Electrocyclic Reactions 150
5.5 Intramolecular g-Hydrogen Abstraction (Yang Reaction) 153

Contents IX



5.6 Metal-Catalyzed Reactions 156
5.7 Other Methods 157
5.8 Concluding Remarks 160

References 160

6 Formation of a Four-Membered Ring: From a Conjugate Alkene 171
Jörg P. Hehn, Christiane Müller, and Thorsten Bach

6.1 Introduction 171
6.2 [2þ2]-Photocycloaddition of Enones (Substrate Type A1) 173
6.2.1 Cyclopentenones 173
6.2.2 Cyclohexenones 177
6.2.3 para-Quinones and Related Substrates 181
6.3 [2þ2]-Photocycloaddition of Vinylogous Amides and Esters

(Substrate Classes A2 and A3) 182
6.3.1 Endocyclic Heteroatom Q in b-Position (Substrate Class A2) 183
6.3.1.1 4-Hetero-2-Cyclopentenones 183
6.3.1.2 4-Hetero-2-Cyclohexenones 185
6.3.2 Exocyclic Heteroatom Q in b-Position (Substrate Class A3) 186
6.4 [2þ2]-Photocycloadditon of a,b-Unsaturated Carboxylic Acid

Derivatives (Substrate Classes A4, A5, and A6) 189
6.4.1 No Further Heteroatom Q in b-Position (Substrate Class A4) 189
6.4.1.1 a,b-Unsaturated Lactones 189
6.4.1.2 a,b-Unsaturated Lactams 192
6.4.1.3 Coumarins 193
6.4.1.4 Quinolones 194
6.4.1.5 Maleic Anhydride and Derivatives 196
6.4.1.6 Sulfur Compounds 197
6.4.2 Endocyclic Heteroatom Q in b-Position (Substrate Class A5) 198
6.4.2.1 1,3-Dioxin-4-Ones 198
6.4.2.2 4-Pyrimidinones 200
6.4.3 Exocyclic Heteroatom Q in b-Position (Substrate Class A6) 201
6.4.3.1 Lactones 202
6.4.3.2 Lactams 203
6.5 Concluding Remarks 205

References 205

7 Formation of a Four-Membered Ring: Oxetanes 217
Manabu Abe

7.1 Introduction 217
7.2 The Generally Accepted Mechanism of the Paternò–Büchi

Reaction 220
7.3 Regioselective and Site-Selective Syntheses of Oxetanes 221
7.4 Stereoselective Syntheses of Oxetanes 226
7.5 Concluding Remarks 233

References 233

X Contents



8 Formation of a Five-Membered Ring 241
Ganesh Pandey and Smita R. Gadre

8.1 Introduction 241
8.2 Formation of Five-Membered Rings: Intramolecular d-H

Abstraction 241
8.2.1 Formation of Cyclopentanol Ring System 242
8.2.1.1 Synthesis of Indanols 243
8.2.2 Synthesis of Tetrahydrofuranols 247
8.2.2.1 Formation of Benzofuranols 250
8.2.3 Synthesis of Pyrrolidine Derivatives 250
8.3 Formation of Five-Membered Rings via [3þ2]-Cycloadditions 254
8.3.1 Photofragmentation of Oxiranes to Carbonyl Ylides: Synthesis of

Tetrahydrofurans 254
8.3.2 Generation of Azomethine Ylides by the Photolysis of Aziridines:

Synthesis of the Pyrrolidine Framework 258
8.3.3 Vinyl Cyclopropane to Cyclopentene Rearrangement 260
8.4 Photochemical Electrocyclization Reactions: Synthesis of Fused,

Five-Membered Ring Compounds 261
8.5 Photoinduced Electron Transfer-Mediated Cyclizations: Synthesis

of Five-Membered Carbocyclic and Heterocyclic Ring Systems 266
8.5.1 Radical Cation-Mediated Carbon–Carbon Bond Formation 266
8.5.2 Radical Anion-Mediated Cyclizations 272
8.5.3 Intramolecular Trapping of Radical Cations by Nucleophiles 276

References 279

9 Formation of Six-Membered (and Larger) Rings 287
Julia Pérez-Prieto and Miguel Angel Miranda

9.1 Introduction 287
9.2 Photoelectron Transfer-Initiated Cyclizations 287
9.2.1 Phthalimides as Electron Acceptors 287
9.2.2 Aromatic Ketones as Electron Acceptors 291
9.2.3 Chloroacetamides as Electron Acceptors 292
9.2.4 Electron-Deficient Aromatic Compounds as Electron Acceptors 293
9.3 Photoinduced 6p-Electrocyclization 295
9.3.1 Stilbene-Like Photocyclization 295
9.3.2 Vinyl-Biphenyls Photocyclization 299
9.3.3 Anilides and Enamides Photocyclization 299
9.4 Photocycloaddition Reactions 300
9.4.1 Photochemical Diels–Alder Reaction 301
9.4.2 Photoenolization/Diels–Alder Reaction 302
9.4.3 [4þ4]-Photocycloaddition 302
9.4.4 Transition Metal Template-Controlled Reactions 304
9.5 Remote Intramolecular Hydrogen Abstraction 307
9.6 Ring Contraction and Ring Enlargement 308
9.7 Other Reactions 311

Contents XI



9.7.1 Intramolecular [2þ2]-Cycloadditions 311
9.7.2 Photocyclization of Cinnamylanilides 311
9.7.3 Photocycloaddition of Aromatic Compounds 311
9.8 Concluding Remarks 313

References 313

10 Aromatic and Heteroaromatic Substitution by SRN1 and SN1
Reactions 319
Alicia B. Peñéñory and Juan E. Argüello

10.1 Introduction 319
10.2 General Mechanistic Features 320
10.2.1 SRN1 Mechanism 320
10.2.2 SN1 Mechanism 322
10.3 Carbon–Carbon Bond Formation 323
10.3.1 Carbanions from Ketones, Esters, Acids, Amides, and Imides

as the Nucleophiles 323
10.3.2 Alkenes, Alkynes, Enols, and Vinyl Amines as the Nucleophiles 326
10.3.3 Aryl Alkoxide and Aryl Amide Anions as the Nucleophiles 329
10.3.4 Cyanide Ions as the Nucleophile 331
10.4 Carbon–Heteroatom Bond Formation 332
10.4.1 Tin Nucleophiles 332
10.4.2 Sulfur Nucleophiles 333
10.5 Synthesis of Bi-, Tri-, and Polyaryls 334
10.5.1 Consecutive SRN1–Pd(0)-Catalyzed Crosscoupling Reactions 334
10.5.2 Photo-SN1 as an Alternative to Metal Catalysis 336
10.6 Synthesis of Carbocycles and Heterocycles 338
10.6.1 Carbocycles 338
10.6.2 Nitrogen Heterocycles 341
10.6.3 Oxygen Heterocycles 344
10.6.4 Sulfur Heterocycles 346

References 346

11 Singlet Oxygen as a Reagent in Organic Synthesis 353
Matibur Zamadar and Alexander Greer

11.1 Introduction 353
11.2 Dioxetanes 354
11.2.1 Background Information 354
11.2.2 Adamantyl-Substituted Alkenes 355
11.2.3 Alkoxy-Substituted Alkenes 356
11.2.4 Phenyl- or Methyl-Substituted Alkenes 357
11.2.4.1 Diphenylindene Photooxidation 357
11.2.4.2 Electron-Transfer Photooxidation 357
11.2.5 Summary 358
11.3 Endoperoxides 358
11.3.1 Background Information 358

XII Contents



11.3.2 Arenes 359
11.3.2.1 Benzenes 359
11.3.2.2 Naphthalenes 361
11.3.2.3 Anthracenes, Polyacenes, and Carbon Nanotubes 362
11.3.3 Electron-Transfer Photooxidation 364
11.3.4 Conjugated Dienes 364
11.3.4.1 Acyclic Dienes 364
11.3.4.2 Cyclopentadienes and Cyclohexadienes 364
11.3.4.3 Heterocycles and Cyclohexatriene 365
11.3.5 Summary 368
11.4 Allylic Hydroperoxides 368
11.4.1 Background Information 368
11.4.2 Simple Alkenes 368
11.4.3 ‘‘Ene’’ Reactions Confined in Zeolites 370
11.4.4 Summary 370
11.5 Tandem Singlet Oxygen Reactions 371
11.5.1 Background Information 371
11.5.2 Bisperoxides 371
11.5.2.1 Phenyl-Substituted Alkenes 371
11.5.2.2 Cyclic Alkenes 372
11.5.3 Rearrangement to a Hemiketal Hydroperoxide 374
11.5.4 Rearrangements to Spiro Compounds 374
11.5.5 Summary 376
11.6 Concluding Remarks 377

References 377

12 Synthesis of Heteroaromatics via Rearrangement Reactions 387
Nicolò Vivona, Silvestre Buscemi, Ivana Pibiri,
Antonio Palumbo Piccionello, and Andrea Pace

12.1 Introduction 387
12.2 Synthesis of Five-Membered Rings with One Heteroatom 388
12.2.1 Pyrroles 388
12.2.2 Furans 391
12.2.3 Thiophenes 392
12.3 Synthesis of Five-Membered Rings with Two Heteroatoms 393
12.3.1 Pyrazoles 393
12.3.2 Imidazoles 394
12.3.3 Oxazoles 398
12.3.4 Thiazoles 400
12.4 Synthesis of Five-Membered Rings with Three Heteroatoms 402
12.4.1 Oxadiazoles 402
12.4.2 Triazoles 404
12.4.3 Thiadiazoles 405
12.5 Synthesis of Six-Membered Rings 406
12.6 Synthesis of Seven-Membered Rings 406

Contents XIII



12.6.1 Azepines 406
12.6.2 Diazepines 407
12.6.3 Oxazepines 409
12.7 Concluding Remarks 410

References 411

13 Photolabile Protecting Groups in Organic Synthesis 417
Christian G. Bochet and Aurélien Blanc

13.1 Introduction 417
13.2 Photolabile Protecting Groups 418
13.2.1 Ortho-Nitrobenzyl Alcohol Derivatives 418
13.2.2 Benzyl Alcohol Derivatives 421
13.2.3 Other Types of Protecting Group 423
13.2.3.1 Norrish Type II 423
13.2.3.2 Norrish Type I 424
13.2.3.3 Thioketals 424
13.2.3.4 Silicon Ethers 424
13.2.4 Z/E Photoisomerization 425
13.2.4.1 Cinnamyl Esters 425
13.2.5 Phenacyl Derivatives 426
13.2.5.1 Mechanism 426
13.2.6 Benzoin Derivatives 428
13.2.6.1 Mechanism 428
13.2.7 Indolines 429
13.3 Chromatic Orthogonality 430
13.4 Two-Photons Absorption 431
13.5 Concluding Remarks 432
13.6 Appendix 433

References 439

Index 449

XIV Contents


