Protecting Groups Third Edition by Philip J. Kocienski

Contents

Chapter 1 Protecting Groups: An Overview ............................. 1
1.1 Death, Taxes, and Protecting Groups ................................... 2
1.2 Deprotection: The Concept of Orthogonal Sets .......................... 3
121 Protecting Groups Cleaved by Basic Solvolysis .......................... 3
1.2.2 Protecting Groups Cleaved by Acid ... ... 4
123 Protecting Groups Cleaved by Heavy Metals ............................ 6
1.2.4 Protecting Groups Cleaved by Fluoride Ions ............................ 7
1.2.5 Protecting Groups Cleaved by Reductive Elimination .................... 8
1.2.6 Protecting Groups Cleaved by f-Elimination Reactions .................. 9
1.2.7 Protecting Groups Cleaved by Hydrogenolysis .......................... 9
1.2.8 Protecting Groups Cleaved by Oxidation ............................... 11
1.2.9 Protecting Groups Cleaved by Dissolving Metal Reduction ............... 11
1.2.10  Protecting Groups Cleaved by Nucleophilic Substitution ................. 11
1.2.11  Protecting Groups Cleaved by Transition Metal Catalysis ................ 12
1.2.12  Protecting Groups Cleaved by Light ........... ... . ... ... oL, 13
1.2.13  Protecting Groups Cleaved by Enzymes .................. ... ... ..... 16
1.3 Relay Deprotection ............ ... . ... i 19
1.4 Transprotection ........... ... . 22
1.5 Mutual Protection . ........... ... .. ... ... 23
1.6 Temporary Protection ............ ... ... .. ... ... il 24
1.7 Protecting Groups As Not-So-Innocent Bystanders ...................... 26
1.7.1 Neighbouring Group Participation ............ ..., 26
1.7.2 Conformational and Electronic Effects ............... ... .. ... ... ... 29
1.7.3 Co-ordination Effects ............ i 32
1.8 Protecting Groups and Solid-Phase Synthesis ........................... 37
1.9 ReVIEWS . ... 41
1.9.1 General Reviews on Protecting Groups ..., 41
1.9.2 Reviews on Enzyme-Labile Protecting Groups ...............cvviuue... 41
1.9.3 Reviews on Photo-Labile Protecting Groups .............c.c..ooovviuno... 41
1.94 Reviews on Linkers in Solid-Phase Synthesis ............................ 42
1.9.5 Reviews on the Synthesis of Complex Targets Including

Discussion of Protecting Group Problems and Strategies ................. 42

References .......... ... ... . . 46

Thieme



Protecting Groups Third Edition by Philip J. Kocienski

Xl Contents
Chapter 2 Carbonyl Protecting Groups .................................. 49
2.1 Introduction ......... .. ... . e 50
2.2 0,0-Acetals . ... .. . . 50
221 Cyclic ACELalS ... e ettt e 51
222 0,0-Acetals in Asymmetric Synthesis .............. ... oo 66
223 Acyclic O,0-Acetals . ... 71
2.3 S, S-AcCetals . . ... 77
24 O,S-Acetals . .......... .. 93
2.5 N,O-Acetals ... ... 96
2.6 Cyanohydrins ............ .. ... . .. . 99
2.7 Orthoester Derivatives ................ ... . ... i i 100
2.7.1 O,0,0-O1th0ESteIS ..\ttt ittt e e ettt 101
2.7.2 O, 8, 5-OrthOeS IS ..ottt e e 104
273 8,8, 8-OrthOESIEIS . ...ttt 106
2.8 OXxazolines . . ....... ... 107
29 Reviews .. ... . 110
291 Reviews Concerning the Preparation of O,0-Acetals and Their Use

as Protecting Groups . ......ouunn i e 110
292 Reviews Concerning the Mechanism for Hydrolysis of Acetals ............ 111
293 Reviews Concerning O,O-Acetals as Reactive Functionality .............. 111
294 Reviews Concerning the Preparation, Chemistry, and Hydrolysis

of O,5-and §,S-Acetals ..........o i 112
2.9.5 Reviews Concerning the Synthesis and Reactions of N,O-Acetals

and Their Use in Asymmetric Synthesis ................. ... ... ..., 112
2.9.6 Reviews Concerning the Chemistry of Orthoesters and Oxazolines ........ 113

References . .........oo i 113
Chapter 3 Diol Protecting Groups ............. ..., 119
3.1 Introduction .......... ... .. 120
32 0,0-Acetals .. ... ... . . . 120
321 Isopropylidene Acetals ........ ..ot i 120
322 Cyclopentylidene and Cyclohexylidene Acetals .......................... 133
323 The Arylmethylene Acetal Family .............. ... o i ... 137
324 Methylene Acetals . .........oouutiiit i e e 155
325 Diphenylmethylene Acetals ......... ...t 158
33 L2-Diacetals . ........... ... . e 161
331 Dispoke Derivatives . ... ...oouutt et e 161
332 Cyclohexane-1,2-diacetals ......... ..., 163
333 Butane-2.3-diacetals ......... ... 165

Thieme



Protecting Groups Third Edition by Philip J. Kocienski

Contents Xl

3.4 Silylene Derivatives ............ .. ... ... ... i 168
3.5 1,1,3,3-Tetraisopropyldisiloxanylidene Derivatives ........................ 171
3.6 N,O0-Acetals for the Protection of 1,2- and 1,3-Amino Alcohols ........... 173
3.7 Reviews ... ... 179
3.7.1 Reviews Concerning the Protection of 1,2- and 1,3-Diols ................. 179
3.7.2 Reviews Concerning Acetal Derivatives of Carbohydrates ................ 179
373 Reviews Concerning 1,2-Diacetals ............ ... ... ... .o 180
3.74 Reviews Concerning N,O-Acetals ...........oouiiiiiiiiiiiiiinnine... 180

References ......... ... . ... . 180
Chapter 4 Hydroxyl Protecting Groups .......................cooiiin... 187
41 Introduction .......... ... .. . . 188
4.2 Silyl Ethers .. ... 188
421 Trimethylsilyl (TMS) Ethers ....... ... 190
422 Triethylsilyl (TES) Ethers ... 195
423 tert-Butyldimethylsilyl (TBS) Ethers ..., 199
424 tert-Butyldiphenylsilyl (TBDPS) Ethers ............ccoiiiiiiiiinne... 216
425 Triisopropylsilyl (TIPS) Ethers .......... ... 220
42.6 Diethylisopropylsilyl (DEIPS) Ethers ..........o.oiiiiiiiiineenne.n. 223
427 Thexyldimethylsilyl (TDS) Ethers ..... ..., 226
42.8 Triphenylsilyl (TPS) Ethers ..........couoiiiiiiiii i 227
429 Di-tert-butylmethylsilyl (DTBMS) Ethers ...............c.coooiiiiin... 229
43 Alkyl Ethers .. ... ... 230
431 Methyl Ethers ... e 230
432 tert-Butyl Ethers ...... .. . . 237
433 Benzyl Ethers (Bn) .. ... e 241
43.4 p-Methoxybenzyl (PMB) and 3,4-Di-methoxybenzyl (DMB) Ethers ....... 257
435 Trityl (Tr) Bthers .. ... e e e 269
43.6 Allyl Ethers and Allyloxycarbonyl Derivatives .......................... 275
44 Alkoxymethyl Ethers ......... ... ... ... .. ... 285
441 Methoxymethyl (MOM) Ethers ...........ccoiiuiiiiiiiiiiiinine... 286
442 2-Methoxyethoxymethyl (MEM) Ethers ........... ..., 295
443 Benzyloxymethyl (BOM) and Related Ethers ........................... 301
4.4.4 p-Methoxybenzyloxymethyl (PMBM) Ethers ................ ... 305
445 2-(Trimethylsilyl)ethoxymethyl (SER) Ethers ............................ 308
4.5 Tetrahydropyranyl (THP) and Related Ethers ........................... 315
4.6 Methylthiomethyl (MTM) Ethers ............. ... ... ... ... ... ...... 320
4.7 Esters .. ... . 323
471 Acetate ESters (AC) . .nutinntt e 325
472 Benzoate Esters (Bz) . .....onuinii e 330
473 Pivalate Esters (R) ......ouuinnii e 331

Thieme



Protecting Groups Third Edition by Philip J. Kocienski
XV Contents

4.7.4 Methoxyacetate ESters ........ ..ot 333
4.7.5 Chloroacetate ESters . ... ...t 335
4.7.6 Levulinate Esters (Lev) .. ..ot 338
4.8 Carbonates ......... ... ... 339
48.1 Benzyl Carbonates (RO-CBz) ...... ..ottt 339
482 p-Nitrobenzyl Carbonates (RO-CO,PNB) ..., 340
483 tert-Butyl Carbonates (RO-Boc) ..., 341
4.8.4 2,2,2-Trichloroethyl Carbonates (RO-Troc) .........covvevuienneennnan... 343
4.8.5 2-(Trimethylsilyl)ethyl Carbonates (RO-Teoc) .................cooouen... 344
4.8.6 Allyl Carbonates (RO—=ALOC) . ....uuttte i 345
4.9 ReVIEWS ... 348
49.1 General Reviews Concerning the Protection of Hydroxyls ................ 348
492 Reviews Concerning Enzyme-Mediated Esterification and Hydrolysis

Of ESEeTs . ..ot 348
493 Reviews Concerning Organosilicon and Organotin Chemistry Relevant

to Hydroxyl Protection ........... .. ..o 349

References ............. o 350
Chapter 5 Thiol Protecting Groups ...................... ..o, 365
51 Introduction ........... ... ... .. 366
5.2 Thioether Derivatives ........... ... ... ... . .. ... . .. ... 366
521 tert-Butyl Thioethers .......... i e 366
522 Benzyl and Substituted Benzyl Thioethers ........... ... ... ... ... ... 368
523 Trityl (Tr) Thioethers ..........oiiniii e 371
524 2-(Trimethylsilyl)ethyl (TMSE) Thioethers........... ... ..., 374
525 2-Cyanoethyl Thioethers ....... ... ... i 375
5.2.6 9-Fluorenylmethyl (Fm) Thioethers ............. .. .. .. . ..., 376
53 Thiocarbonate Derivatives ............. ... . ... . .. ... i ... 378
5.4 Disulfides as Protecting Groups and Targets ............................. 380
5.5 ReVIEWS . ... 388
5.5.1 Reviews Concerning the Protection of Thiols ............................ 388
552 Reviews Concerning the Chemistry of Thiols and Disulfides .............. 389

References . ........... i 389
Chapter 6 Carboxyl Protecting Groups .................................. 393
6.1 Introduction ......... .. ... . 394
6.2 General Comments on the Esterification of Carboxylic Acids ............. 394
6.3 Methyl Esters and Derivatives ................. .. ... ... ... ... 395
6.3.1 Methyl ESters .. ... 395
6.3.2 tert-Butyl ESters . ... ... oo 403

Thieme



Protecting Groups Third Edition by Philip J. Kocienski

Contents
6.3.3 Benzyl ESters .. ...
6.3.4 AL ESLETS .« .t v ettt ettt e
6.3.5 Phenacyl Esters ..o
6.4 Alkoxyalkyl Esters .......... ... . i
6.5 Esters Cleaved by p-Elimination Reactions .........................
6.5.1 2,2,2-Trichloroethyl Esters ............. ... oo i,
6.5.2 2-(Trimethylsilyl)ethyl (TMSE) Esters .............................
6.5.3 2-Tosylethyl Esters and Related Base-Labile Groups ................
6.6 Silyl ESters ... ...t
6.7 RevVieWwS . ...
6.7.1 Reviews Concerning the Specific Use of Esters as Protecting Groups
6.7.2 Reviews Concerning the Preparation of Esters .....................
6.7.3 Reviews Concerning Techniques for Facilitating Esterification .......
6.7.4 Reviews Concerning the Use of Allyl Esters in Carboxyl Protection .
6.7.5 Reviews Concerning the Nucleophilic Cleavage of Esters ...........
References ............ . ... ..
Chapter 7 Phosphate Protecting Groups ............................
71 Introduction . .......... ... ... .
7.2 The Reaction of Phosphate Esters with Nucleophiles ...............
73 ALRYL ESters ... .......oooinn it e
7.3.1 Methyl and Isopropyl Esters ...,
732 tert-Butyl Esters ... ... o
7.3.3 Benzyl ESters . ......o.uoiuuii i e
7.3.4 Allyl ESters .. ..o
7.3.5 3'.5'-Dimethoxybenzoin ESters ..............cooiiiiiiiiiiiienna.n.
7.3.6 p-Hydroxyphenacyl Esters ............c.ooiiiiiiiiiiiiinnne...
7.4 Esters Cleaved by p-Elimination Reactions .........................
741 2-Cyanoethyl BSters ....... ...
742 9-Fluorenylmethyl Esters ............ccoiiiiiiiiiiiiiiio...
743 2-(Trimethylsilyl)ethyl Esters ..........c..ooviiiiiiiiinniennn..
7.4.4 2-(Methylsulfonyl)ethyl Esters and Related Base-Labile Groups .....
7.4.5 2,2, 2-Trichloroethyl Esters .......... ...,
7.5 RevVIeWS . ...
7.5.1 Reviews Concerning Protection for the Phosphate Group ...........
752 Reviews Concerning the Mechanism of Nucleophilic Substitution
in Phosphate Esters ......... ... i
References ........ ... .. .. ..

Thieme



Protecting Groups Third Edition by Philip J. Kocienski

XVI Contents
Chapter 8 Amino Protecting Groups .................. ... 487
8.1 Introduction ........... ... 488
8.2 Imides and Amides ............. ... ... .. 488
8.2.1 Phthaloyl (Phth) and Tetrachlorophthaloyl (TCP) ........................ 488
8.2.2 Dithiasuccinyl (DtS) .. ..outtt et 495
8.2.3 Trifluoroacetyl ... .. ... e 498
8.2.4 Relay Deprotection of N-Acyl Derivatives ................cciiiiiinn.. 501
8.3 Carbamates ........ ... ... .. 502
83.1 Methoxy- and Ethoxycarbonyl .......... ... ... ... 503
8.3.2 tert-Butoxycarbonyl (BOC) . .....ouuiniii 505
833 Benzyloxycarbonyl (Z or Cbz) ..ot 512
8.34 Allyloxycarbonyl (AlOC) ...ttt 524
8.3.5 9-Fluorenylmethoxycarbonyl (Fmoc) ...........ccoiviiiiiiiiniann... 528
8.3.6 2-(Trimethylsilyl)ethoxycarbonyl (Teoc) ......... ..o, 534
8.3.7 2,2,2-Trichloroethoxycarbonyl (Troc) ...........cooiuiiiuiiiinienean.. 540
8.4 Sulfonyl Derivatives ............. .. ... 542
8.4.1 Arylsulfonyl Derivatives ...........coiuiiiiiiiiiiiii i 543
8.4.2 2-(Trimethylsilyl)ethylsulfonyl (SES) Derivatives .............c..covuen... 554
8.5 N-Sulfenyl Derivatives .............. .. . i 559
8.6 N-AIkyl Derivatives .............o i 561
8.6.1 N O-ACEtals . ..o 561
8.6.2 THAZINANONES ... .ottt e e 568
8.6.3 Benzyl (Bn) and Diphenylmethyl (Dpm) ..., 570
8.6.4 Trityl (Tr) and 9-Phenylfluorenyl (PhFl) ....... ... ... ... ... .. ... 585
8.6.5 ALYl 591
8.7 N-Silyl Derivatives ... ... ... 595
8.8 Imine and Enamine Derivatives ....................... .. ... . ... ... 599
8.8.1 N-Bis(methylthio)methylene . ......... .. ... i 599
8.8.2 N-Diphenylmethylene .......... .. i i 600
8.9 Special Cases ...... ... ... 602
8.9.1 Orthogonal Protecting Groups for the Synthesis of Polyamines ............ 602
8.9.2 Protecting Groups for Guanidines ............... ... i, 610
8.9.3 Protecting Groups for Indoles, Pyrroles, and Imidazoles .................. 621
8.10 Reviews .. ... .. 630
8.10.1  General Reviews on Amino Protecting Groups .......................... 630
8.10.2  Reviews Concerning N-Protection in the Synthesis of

a-Amino Aldehydes and Ketones ...............cooiiiiiiiiiiiiiiii.. 630
8.10.3  Reviews Concerning N-Protection in the Synthesis of $-Lactams .......... 631
8.104  Reviews Concerning N-Functional Groups Pertinent to Their Role

as Protecting Groups  .....o.uuuiiiit i 631
8.10.5  Reviews Concerning the Synthesis of Natural Guanidine Derivatives ...... 631
8.10.6  Reviews Concerning the Synthesis of Natural Polyamines ................. 631

References . .. ... 632

Epilogue .. ... 644

Index ... ... 657

Thieme





