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PREFACE TO THE FOURTH EDITION

After completing the mammoth third edition, I never imagined that a fourth edition
would eventuate because of the sheer volume of literature that must be examined to
cover the subject comprehensively. Nonetheless, I took on the task with the encour-
agement and help of my wife, Lizzie, who agreed to assist me with this one, since
Theo was not able to. As with the last edition, the searches were primarily done
by hand because databases such as Scifinder fail to be selective and have such a
prodigious output that no one can be expected to filter all that material in a reason-
able amount of time. Nevertheless, Scifinder was used to locate material in journals
which were not readily accessible. In recent years, in both corporate and academic
America, there has also been a trend to do away with physical libraries, which makes
doing a literature search extremely difficult, especially if you like reading the litera-
ture at home in a comfortable chair. Reading journals on a computer screen may be
easy for Spock, but I find it difficult and stressful. With limited access to hard copies
of some of the literature, I may have missed some things. For this I apologize and
will not be offended if the author sends me the material for inclusion in a possible
future edition. The literature search is complete through the end of 2005.

With that said, the fourth edition contains over 3100 new references compared to
the 2349 new citations in the third edition. In keeping with the tradition of the past, I
tried to include material covering new methods for existing protective groups along
with new groups that have been developed. When the authors disclosed the informa-
tion, I also provided the rationale for the choice of a given protective group. In that
synthetic chemistry is still not sufficiently developed to do away with protective
groups altogether, [ have included many examples that highlight selective protection
and deprotection, especially when the selectivity might not be totally obvious or
expected. Issues of unexpected reactivity are also included, since these cases should

ix



X PREFACE TO THE FOURTH EDITION

help in choosing a group during the development of a synthetic plan. On the whole,
this is a book of options for the synthetic chemist, since no one method is suitable for
all occasions. Also, many of the published methods have not been tested in complex
situations; thus it is impossible to determine which method of a particular set might
be the best, and, as such, no attempt was made to try and order the various methods
that appear in a section. The issue of functional group compatibility is often not
addressed in papers describing new methods, and this further complicates the evalu-
ation process. Comparative studies for either protection or deprotection are rarely
done and as a result, trial and error and chemical intuition must be used to define the
most suitable method in a given situation.

All sections of the book have seen some expansion, especially the chapters on
alcohol and amine protection. I had considered adding a section that covered areas
such as diene protection as metal complexes and Diels—Alder adducts, but the use of
these is rather limited. The Reactivity Charts of Chapter 10 have not been altered,
but a new chart covering selectivity in silyl group deprotection has been added. The
overall format of the book has been retained and in some of the larger sections,
similar methods have been grouped together. A new area has emerged since the last
edition, and this is the use of fluorous protective groups. These have been included
and placed in the appropriate sections rather than having collected them together.

The completion of this project was aided by a number of people. First of all this
work would not have been started without the encouragement and dedication of my
wife, Lizzie, who looked up and downloaded many of the references and then typed
every new reference into an Endnote™ database. She double-checked the entire set
in order to prevent errors. She also read through the entire manuscript to check it for
punctuation, grammar, and consistency. She has a degree in Near Eastern Medieval
History, thus I take full responsibility for any chemical errors. I must also thank her
for not complaining about becoming a book widow while I spent countless hours
on this project over a period of ~3 years. A special note of thanks must be extended
to Peter Green, the Pfizer Michigan site head, who approved giving Lizzie access
to the company library system even though she was not an employee. I would also
like to thank Jake Szmuszkovicz, Raymond Conrow, and Martin Lang for providing
me with references to be included in the fourth edition, and finally I wish to thank
Joseph Muchowski for bringing an error in the third edition, now corrected, to my
attention.

PeTER G. M. WUTS

July 2006



PREFACE TO THE THIRD EDITION

Organic synthesis has not yet matured to the point where protective groups are not
needed for the synthesis of natural and unnatural products; thus, the development of
new methods for functional group protection and deprotection continues. The new
methods added to this edition come from both electronic searches and a manual
examination of all the primary journals through the end of 1997. We have found
that electronic searches of Chemical Abstracts fail to find many new methods that
are developed during the course of a synthesis, and issues of selectivity are often
not addressed. As with the second edition, we have attempted to highlight unusual
and potentially useful examples of selectivity for both protection and deprotection.
In some areas the methods listed may seem rather redundant, such as the numerous
methods for THP protection and deprotection, but we have included them in an effort
to be exhaustive in coverage. For comparison, the first edition of this book contains
about 1500 references and 500 protective groups, the second edition introduces an
additional 1500 references and 206 new protective groups, and the third edition adds
2349 new citations and 348 new protective groups.

Two new sections on the protection of phosphates and the alkyne-CH are in-
cluded. All other sections of the book have been expanded, some more than others.
The section on the protection of alcohols has increased substantially, reflecting the
trend of the nineties to synthesize acetate- and propionate-derived natural products.
An effort was made to include many more enzymatic methods of protection and de-
protection. Most of these are associated with the protection of alcohols as esters and
the protection of carboxylic acids. Here we have not attempted to be exhaustive, but
hopefully, a sufficient number of cases are provided that illustrate the true power of
this technology, so that the reader will examine some of the excellent monographs
and review articles cited in the references. The Reactivity Charts in Chapter 10 are
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xii PREFACE TO THE THIRD EDITION

identical to those in the first edition. The chart number appears beside the name of
each protective group when it is first introduced. No attempt was made to update
these Charts, not only because of the sheer magnitude of the task, but because it is
nearly impossible in a two-dimensional table to address adequately the effect that
electronic and steric controlling elements have on a particular instance of protec-
tion or deprotection. The concept of fuzzy sets as outlined by Lofti Zadeh would be
ideally suited for such a task.

The completion of this project was aided by the contributions of a number of peo-
ple. I am grateful to Rein Virkhaus and Gary Callen, who for many years forwarded
me references when they found them, to Jed Fisher for the information he contrib-
uted on phosphate protection, and to Todd Nelson for providing me a preprint of
his excellent review article on the deprotection of silyl ethers. I heartily thank Theo
Greene for checking and rechecking the manuscript—all 15cm of it—for spelling
and consistency and for the arduous task of checking all the references for accuracy.
I thank Fred Greene for reading the manuscript, for his contribution to Chapter 1 on
the use of protective groups in the synthesis of himastatin, and for his contribution to
the introduction to Chapter 9, on phosphates. I thank my wife, Lizzie, for encourag-
ing me to undertake the third edition, for the hours she spent in the library looking
up and photocopying hundreds of references, and for her understanding while I sat
in front of the computer night after night and numerous weekends over a two-year
period. She is the greatest!

PeTER G. M. WUTS

Kalamazoo, Michigan
June 1998



PREFACE TO THE SECOND EDITION

Since publication of the first edition of this book in 1981, many new protective groups
and many new methods of introduction or removal of known protective groups have
been developed: 206 new groups and approximately 1500 new references have
been added. Most of the information from the first edition has been retained. To
conserve space, generic structures used to describe Formation/Cleavage reactions
have been replaced by a single line of conditions, sometimes with explanatory com-
ments, especlally about selectivity. Some of the new information has been obtained
from on-line searches of Chemical Abstracts, which have limitations. For example,
Chemical Abstracts indexes a review article about protective groups only if that
word appears in the title of the article. References are complete through 1989. Some
references, from more widely circulating journals, are included for 1990.

Two new sections on the protection for indoles, imidazoles, and pyrroles and pro-
tection for the amide —NH are included. They are separated from the regular amines
because their chemical properties are sufficiently different to affect the chemistry
of protection and deprotection. The Reactivity Charts in Chapter § are identical to
those in the first edition. The chart number appears beside the name of each protec-
tive group when it is first discussed.

A number of people must be thanked for their contributions and help in complet-
ing this project. I am grateful to Gordon Bundy, who loaned me his card file, which
provided many references that the computer failed to find, and to Bob Williams,
Spencer Knapp, and Tohru Fukuyama for many references on amine and amide
protection. I thank Theo Greene who checked and rechecked the manuscript for
spelling and consistency and for the herculean task of checking all the references to
make sure that my 3’s and 8’s and 7’s and 9’s were not interchanged—all done with-
out a single complaint. I thank Fred Greene who read the manuscript and provided

xiii
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valuable suggestions for its improvement. My wife Lizzie was a major contributor to
getting this project finished, by looking up and photocopying references, by turning
on the computer in an evening ritual, and by typing many sections of the original
book, which made the changes and additions much easier. Without her understand-
ing and encouragement, the volume probably would never have been completed.

PeTER G. M. WUTS

Kalamazoo, Michigan
Muay 1990



PREFACE TO THE FIRST EDITION

The selection of a protective group is an important step in synthetic methodology,
and reports of new protective groups appear regularly. This book presents informa-
tion on the synthetically useful protective groups (~500) for five major functional
groups: —OH, —NH, —~SH, —COOH, and >>C=0. References through 1979, the
best method(s) of formation and cleavage, and some information on the scope and
limitations of each protective group are given. The protective groups that are used
most frequently and that should be considered first are listed in Reactivity Charts,
which give an indication of the reactivity of a protected functionality to 108 proto-
type reagents.

The first chapter discusses some aspects of protective group chemistry: the prop-
erties of a protective group, the development of new protective groups, how to select
a protective group from those described in this book, and an illustrative example
of the use of protective groups in a synthesis of brefeldin. The book is organized
by functional group to be protected. At the beginning of each chapter are listed the
possible protective groups. Within each chapter protective groups are arranged in
order of increasing complexity of structure (e.g., methyl, ethyl, r-butyl, ..., benzyl).
The most efficient methods of formation or cleavage are described first. Emphasis
has been placed on providing recent references, since the original method may have
been improved. Consequently, the original reference may not be cited; my apologies
to those whose contributions are not acknowledged. Chapter 8 explains the relation-
ship between reactivities, reagents, and the Reactivity Charts that have been pre-
pared for each class of protective groups.

This work has been carried out in association with Professor Elias J. Corey, who
suggested the study of protective groups for use in computer-assisted synthetic anal-
ysis. [ appreciate his continued help and encouragement. [ am grateful to Dr. J. E. W.

XV
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McOmie (Ed., Protective Groups in Organic Chemistry, Plenum Press, New York
and London, 1973) for his interest in the project and for several exchanges of cor-
respondence, and to Mrs. Mary Fieser, Professor Frederick D. Greene, and Professor
James A. Moore for reading the manuscript. Special thanks are also due to Halina
and Piotr Starewicz for drawing the structures, and to Kim Chen, Ruth Emery, Jan-
ice Smith, and Ann Wicker for typing the manuscript.

TueoDORA W. GREENE

Harvard University
September 1980



ABBREVIATIONS

PROTECTIVE GROUPS

In some cases, several abbreviations are used for the same protective group. We have
listed the abbreviations as used by an author in his original paper, including capital
and lowercase letters. Occasionally, the same abbreviation has been used for two
different protective groups. This information is also included.

ABO 2,7.8-trioxabicyclo[3.2.1]octyl
Ac acetyl

ACBZ 4-azidobenzyloxycarbonyl

ACE 0O-bis(2-Acetoxyethoxy)methyl
AcHmb 2-acetoxy-4-methoxybenzyl
Acm acetamidomethyl

Ad 1-adamantyl

ADMB 4-acetoxy-2,2-dimethylbutanoate
Adoc 1-adamantyloxycarbonyl

Adpoc 1-(1-adamantyl)-1-methylethoxycarbonyl
Alloc or AOC allyloxycarbonyl

AOC or Alloc allyloxycarbonyl

Allocam allyloxycarbonylaminomethyl
Als allylsulfonyl

AMB 2-(acetoxymethyl)benzoyl
AMPA (2-azidomethyl)phenylacetate
AN 4-methoxyphenyl or anisyl

Ans anisylsulfonyl

xvii



xviii

Anpe
p-AOM
APAC
Agmoc
Azb
Azm
AZMB
Bam
BBA
Bbc
BDIPS
BDMS

Bdt
Betsyl or Bts
Bhcmoc
BHQ
BHT

Bic

Bim
Bimoc
BIPSOP
BMB
Bmpc
Bmpm
Bn

Bnf
Bnpeoc
Bns

BOB
BOC
Bocdene
BOM
Bpoc
BSB
Bsmoc
BTM

Bts or Betsyl
B'SE
Bts-Fmoc
Bum

Bus
t-Bumeoc
Bz
CAEB

ABBREVIATIONS

2-(4-acetyl-2-nitrophenyl)ethyl
p-anisyloxymethyl or (4-methoxyphenoxy)methyl
2-allyloxyphenylacetate
anthraquinone-2-ylmethoxycarbonyl
p-azidobenzyl

azidomethyl

2-(azidomethyl)benzoate

benzamidomethyl

butane-2,3-bisacetal

but-2-ynylbisoxycaronyl
biphenyldiisopropylsilyl

biphenyldimethylsilyl

benzyldimethylsilyl

1,3-benzodithiolan-2-yl
benzothiazole-2-sulfonyl
6-bromo-7-hydroxycoumarin-4-ylmethoxycarbonyl
8-bromo-7-hydroxyquinoline-2-ylmethyl
2,6-di-r-butyl-4-methylphenyl
5-benzisoxazolylmethoxycarbonyl
5-benzisoazolylmethylene
benz[f]inden-3-ylmethoxycarbonyl
N-2.,5-bis(triisopropylsiloxy)pyrrolyl
o-(benzoyloxymethylybenzoyl

2. 4-dimethylthiophenoxycarbonyl
bis(4-methoxyphenyl)-1"-pyrenylmethyl

benzyl

fluorousbenzyl

2,2-bis (4 "-nitrophenyl)ethoxycarbonyl
benzylsulfonate

benzyloxybutyrate

t-butoxycarbonyl

2-(t-butylcarbonyl)ethylidene

benzyloxymethyl
1-methyl-1-(4-biphenyl)ethoxycarbonyl
benzoSTABASE
1,1-dioxobenzo[h]thiophene-2-ylmethoxycarbonyl
t-butylthiomethyl

benzothiazole-2-sulfonyl

2-t-butylsulfonylethyl
2,7-bis(trimethylsilyl)fluorenylmethoxycarbonyl
t-butoxymethyl

t-butylsulfonyl
1-(3,5-di--butylphenyl)-1-methylethoxycarbonyl
benzoyl

2-[(2-chloroacetoxy)ethyl]benzoyl



PROTECTIVE GROUPS

Cam
CAMB
CbzorZ
CEM
CDA
CDM
CE or Cne
Cee
CEE
Ceof
cHex
Chx

Cin
ClAzab
Climoc
Cms
CNAP
Cne or CE
Coc
CPC
CPDMS
Cpeoc
Cpep
CPTr

CTFB
CTMP

Cyclo-SEM
Cys

DAM
DATE
DB-+~BOC
DBD-Tmoc

DBS

DCP

Dcpm

Ddm or Dmbh
Dde

Ddz

DEM

DEIPS

Desyl

Dim

Xix

carboxamidomethyl

2-(chloroacetoxymethylybenzoyl

benzyloxycarbonyl

2-cyanoethoxymethyl

cyclohexane-1,2-diacetal

2-cyano-1,1-dimethylethyl

2-cyanoethyl

1-(2-chloroethoxy)ethyl

1-(2-cyanoethoxy)ethyl

cyclic ethyl orthoformate

cyclohexyl

cyclohexyl

cinnamyl

4-azido-3-chlorobenzyl

2-chloro-3-indenylmethoxycarbonyl

carboxymethylsulfenyl

2-naphthylmethoxycarbonyl

2-cyanoethyl

cinnamyloxycarbonyl

p-chlorophenylcarbonyl

(3-cyanopropylydimethylsilyl

2-(cyano-1-phenyl)yethoxycarbonyl

1-(4-chlorophenyl)-4-methoxypiperidin-4-yl

4.4 4"-tris(4,5-dichlorophthalimido)-
triphenylmethyl

4-trifluoromethylbenzyloxycarbonyl

1-[(2-chloro-4-methyl)phenyl]-4-
methoxypiperidin-4-yl

5-trimethylsilyl-1,3-dioxane

cysteine

di-p-anisylmethyl or bis(4-methoxyphenyl)methyl

1,1-di-p-anisyl-2,2,2-trichloroethyl

1,1-dimethyl-2,2-dibromoethoxycarbonyl

2,7-di-¢-butyl[9-(10,10-dioxo-10,10,10,10-tetra=
hydrothioxanthyl)]methoxycarbonyl

dibenzosuberyl

dichlorophthalimide

dicyclopropylmethyl

bis(4-methoxyphenylymethyl

2-(4,4-dimethyl-2.6-dioxocyclohexylidene)ethyl

1-methyl-1- (3,5-dimethoxyphenyl)ethoxycarbonyl

diethoxymethyl

diethylisopropylsilyl

2-0x0-1,2-diphenylethyl

1,3-dithianyl-2-methyl



XX

Dmab

DMB
Dmb
DMBM
DMIPS
DMN
Dmoc
Dmp
Dmp
DMP

DMPM
DMTC

DMT or DMTr
DMTr or DMT
DNAP

DNB

DNMBS

DNP

Dnpe

Dnpeoc

DNs

DNse

Dnseoc

Dobz

Doc

Dod

DOPS

DPA
DPIPS
DPM or Dpm
DPMS
Dpp
Dppe
Dppm
DPSE
DPSide
Dpt
DPTBOS
DPTBS

Dtb-Fmoc
DTBMS

ABBREVIATIONS

4-{N-[1-(4.4-dimethyl-2,6-dioxocyclohexylidene)-
3-methylbutyl]amino}benzyl

“3’,5"-dimethoxybenzoin”

2. 4-dimethoxybenzyl

[(3.4-dimethoxybenzyl)oxy]methyl

dimethylisopropylsilyl

2,3-dimethylmaleimide

dithianylmethoxycarbonyl

2.4-dimethyl-3-pentyl

dimethylphosphinyl

dimethoxyphenyl

dimethylphenacyl

3,4-dimethoxybenzyl

dimethylthiocarbamate

di(p-methoxyphenyl)phenylmethyl or dimethoxytrityl

di(p-methoxyphenyl) phenylmethyl or dimethoxytrityl

2-(dimethylamino)-5-nitrophenyl

p.p™-dinitrobenzhydryl

4-(4'.8"-dimethoxynaphthylmethyl)benzenesulfonyl

2.4-dinitrophenyl

2-(2,4-dinitrophenyl)ethyl

2-(2 4-dinitrophenyl)yethoxycarbonyl

2 4-dinitrobenzenesulfonyl

2-(2 4-dinitrophenylsulfonyl)ethoxycarbonyl

2-dansylethoxycarbonyl

p-(dihydroxyboryl)benzyloxycarbonyl

2.4-dimethylpent-3-yloxycarbonyl

bis(4-methoxylphenylymethyl

dimethyl[1,1-dimethyl-3- (tetrahydro-2 H-pyran-2-
yloxy)propyl]silyl

diphenylacetyl

diphenylisopropylsilyl

diphenylmethyl

diphenylmethylsilyl

diphenylphosphinyl

2-(diphenylphosphino)ethyl

(diphenyl-4-pyridylymethyl

2-(methyldiphenylsilyl)ethyl

diphenylsilyldiethylene

diphenylphosphinothioyl

t-Butoxydiphenylsilyl

diphenyl--butoxysilyl or

diphenyl-#-butylsilyl

2,6-di-r-butyl-9-fluorenylmethoxycarbonyl

di-t-butylmethylsilyl



PROTECTIVE GROUPS

DTBS
DTE
Dts
E-DMT
EE
EOM
FCbz
Fcm
Flu

Fm
Fmoc
Fpmp
GUM
HAPE
HBn
Hdoc
HFB
HIP
Hoc
HSDIS
HSDMS
hZ or homo Z
IDTr

IETr

iMds

Ipaoc

Ipc

IPDMS

Lev

LevS

LevS
LMMo(p)NBz
MAB

MAQ

MBE
Mbh
MBF

MBS or Mbs
MCPM
Mds

XXi

di--butylsilylene
2-(hydroxyethyl)dithioethyl or “dithiodiethanol”
dithiasuccinimidyl
1,2-ethylene-3,3-bis(44"-dimethoxytrityl)
1-ethoxyethyl
ethoxymethyl
fluorous benzyloxycarbonyl
ferrocenylmethyl
fluorenyl
9-fluorenylmethyl
9-fluorenylmethoxycarbonyl
1-(2-fluorophenyl)-4-methoxypiperidiny-4-yl
guaiacolmethyl
1-[2-(2-hydroxyalkyl) phenyl] ethanone
2-hydroxybenzyl
hexadienyloxycarbonyl
hexafluoro-2-butyl
1,1,1,3,3,3-hexafluoro-2-phenylisopropyl
cyclohexyloxycarbonyl
(hydroxystyryl)diisopropylsilyl
(hydroxystyryl)dimethylsilyl
homobenzyloxycarbonyl
3-(imidazol-1-ylmethyl)-4'4"-
dimethoxytriphenylmethyl
4.4"-dimethoxy-3"-[ N-(imidazolylethyl)
carbamoyl]trityl
2,6-dimethoxy-4-methylbenzenesulfonyl
1-isopropylallyloxycarbonyl
isopinocampheyl
isopropyldimethylsilyl
levulinoyl
4.4-(ethylenedithio)pentanoyl
levulinoyldithioacetal ester
6-(levulinyloxymethyl)-3-methoxy-2-nitrobenzoate
2-{{[(4-methoxytrityl)thio]methylamino}
methyl}benzoate
2-(9,10-anthraquinonylymethyl or
2-methyleneanthraquinone
1-methyl-1-benzyloxyethyl
bis (4-methylphenyl)methyl
2,3,3a,4,5,6,7,7a-octahydro-7,8,8-trimethyl-4,7-
methanobenzofuran-2-yl
p-methoxybenzenesulfonyl
1-methyl-1’-cyclopropylmethyl
2,6-dimethyl-4-methoxybenzenesulfonyl



xxii

MDPS
Me

ME
MEC
Mee
MeOAc
MEM
Menpoc
MeQOZ or Moz
Mes
MIP
MM

MMT or MMTr
MMTr or MMT

MMPPOC

MOB
Mocdene
MoEt
MOM
MOMO
Moz or MeOZ
MP

Mpe
MPM or PMB
Mps

Mpt

Ms

MSE

Msib
Mspoc
Msz
MTAD
Mtb

Mte
MTHP
MTM
MTMB
MTMECO
MTMT
Mtpc

Mtr

Mts

Mtt

Nap

ABBREVIATIONS

methylene-bis-(diisopropylsilanoxanylidene
methyl
methoxyethyl
a-methylcinnamyl
methoxyethoxyethyl
methoxyacetate
2-methoxyethoxymethyl
o-methylnitropiperonyloxycarbonyl
p-methoxybenzyloxycarbonyl
mesityl or 2.4,6-trimethylphenyl
methoxyisopropyl or 1-methyl-1-methoxyethyl
menthoxymethyl
p-methoxyphenyldiphenylmethyl
p-methoxyphenyldiphenylmethyl
2-(3,4-methylenedioxy-6-
nitrophenypropyloxycarbonyl
2-{[(4-methoxytritylthio)oxy]methyl}benzoate
2-(methoxycarbonyl)ethylidene
2-N-(morpholino)ethyl
methoxymethyl
methoxymethoxy
p-methoxybenzyloxycarbonyl
p-methoxyphenyl
3-methyl-3-pentyl
p-methoxyphenylmethyl or p-methoxybenzyl
p-methoxyphenylsulfonyl
dimethylphosphinothioyl
methanesulfonyl or mesyl
2-(methylsulfonyl)ethyl
4-(methylsulfinyl)benzyl
2-methylsulfonyl-3-phenyl-1-prop-2-enyloxy
4-methylsulfinylbenzyloxycarbonyl
4-methyl-1,2.4-triazoline-3,5-dione
2.4.6-trimethoxybenzenesulfonyl
2,3,5,6-tetramethyl-4-methoxybenzenesulfonyl
4-methoxytetrahydropyranyl
methylthiomethyl
4-(methylthiomethoxy)butyryl
2-(methylthiomethoxy)ethoxycarbonyl
2-(methylthiomethoxymethyl)benzoyl
4-(methylthio)phenoxycarbonyl
2,3,6-trimethyl-4-methoxybenzenesulfonyl
2 4,6-trimethylbenzenesulfonyl or mesitylenesulfonyl
4-methoxytrityl or 4-methyltrityl
2-napthylmethyl
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NBOM
NBM
NDMS

Ne

Noc

Nosyl or Ns
Npe or npe
Npeoc
Npeom
Npes
NPPOC
NPS or Nps
NpSSPeoc
Npys

Ns or Nosyl
Nse

NVOC or Nvoc

OBO
O-DMT
ONB
PAB
PAB
PACy
PACy
Paloc

Pbf

PeNB
PeNP

Peoc

Peoc

Pet

Pf

Pfp

Phamc
PhAc
Phenoc

Pic

Pim

Pixyl or Px
PMB or MPM
PMBM
Pmc

Pme

xxiii

nitrobenzyloxymethyl
nitrobenzyloxymethyl
2-norbornyldiemethylsilyl
2-nitroethyl
4-nitrocinnamyloxycarbonyl
2- or 4-nitrobenzenesulfonyl
2-(nitrophenyl)ethyl
2-(4-nitrophenyl)ethoxycarbonyl
[1-(2-nitrophenyl)ethoxy]methyl
2-(4-nitrophenyl)ethylsulfonyl
2-(2-nitrophenyl)propyloxycarbonyl
2-nitrophenylsulfenyl
2-[(2-nitrophenyl)dithio]-1-phenylethoxycarbonyl
3-nitro-2-pyridinesulfenyl
2- or 4-nitrobenzenesulfonyl
2-(4-nitrophenylsulfonyl)ethoxycarbonyl
3,4-dimethoxy-6-nitrobenzyloxycarbonyl or
6-nitroveratryloxycarbonyl
2,6,7-trioxabicyclo[2.2.2]octyl
3,3"-oxybis(dimethoxytrityl)
o-nitrobenzyl
p-acylaminobenzyl
acetoxybenzyl
2-[2-(benzyloxy)ethyl]benzoyl
2-[2-(4-methoxybenzyloxy)ethyl]benzoyl
3-(3-pyridyl)allyloxycarbonyl or
3-(3-pyridyl) prop-2-enyloxycarbonyl
2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl
pentadienylnitrobenzyl
pentadienylnitropiperonyl
2-phosphonioethoxycarbonyl
2-(triphenylphosphonio)ethoxycarbonyl
2-(2'-pyridyl)ethyl
9-phenylfluorenyl
pentafluoropenyl
phenylacetamidomethyl
4-phenylacetoxybenzyloxycarbonyl
4-methoxyphenacyloxycarbonyl
picolinate
phthalimidomethyl
9-(9-phenyl)xanthenyl
p-methoxybenzyl or p-methoxyphenylmethyl
p-methoxybenzyloxymethyl
2,2,5,7,8-pentamethylchroman-6-sulfonyl
pentamethylbenzenesulfonyl



Xxiv ABBREVIATIONS

PMP p-methoxyphenyl

PMS p-methylbenzylsulfonyl

Pms 2-[phenyl(methyl)sulfonio]ethoxycarbonyl
PNB p-nitrobenzyl or p-nitrobenzoate

pNBZ p-nitrobenzoate

PNP p-nitrophenyl

PNPE 2-(4-nitrophenyl)ethyl

PNZ p-nitrobenzylcarbonyl

POC propargyloxycarbonyl

POM 4-pentenyloxymethyl

POM pivaloyloxymethyl

POM [(p-phenylphenyl)oxy]methyl

POMB 2-(prenyloxy)methylbenzoate

Ppoc 2-triphenylphosphonioisopropoxycarbonyl
Pp 2-phenyl-2-propyl

Ppt diphenylthiophosphinyl

Pre prenyl

Preoc prenyloxycarbonyl

Proc or Poc propargyloxycarbonyl

PSB p-siletanylbenzyl

PSE 2-(phenylsulfonyl)ethyl

Psoc (2-phenyl-2-trimethylsilyl)ethoxycarbonyl
Psec 2-(phenylsulfonyl)ethoxycarbonyl

PTE 2-(4-nitrophenyl) thioethyl

PTM phenylthiomethyl

PTMSE (2-phenyl-2-trimethylsilyl)ethyl

Pv pivaloyl

Px or pixyl 9-(9-phenyl)xanthenyl

Pyet 1-(u-pyridylyethyl

Pyoc 2-(2'- or 4’-pyridyl)ethoxycarbonyl

Qn 2-quinolinylmethyl

Qm 2-quinolinylmethyl

QUI 4-quinolinylmethyl

SATE S-acetylthioethyl

Scm S-carboxymethylsulfenyl

SEE 1-[2-(trimethylsilyl)ethoxy]ethyl

SEM 2-(trimethylsilyl)ethoxymethyl

SES 2-(trimethylsilyl)ethanesulfonyl

SIBA 1,1,4,4-tetraphenyl-1,4-disilanylidene
Sisyl tris(trimethylsilyl)silyl

SMOM (phenyldimethylsilyl)methoxymethyl
Snm S- (N -methyl-N -phenylcarbamoyl)sulfenyl
SOB 4-trialkylsilyloxybutyrate

STABASE 1,1,4,4-tetramethyldisilylazacyclopentane

TAB 2-{[(methyl(tritylthio)amino]methyl}benzoate
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Tacm

TBDMS or TBS

TBDPS
Tbf-DMTr

Tbfmoc
TBDPSE
TBDS
TBMPS

TBS or TBDMS

TBTr
TCB
TcBOC
TCP
Tcroc

Tcrom
TDE
TDG
TDS
Teoc
TES

Tf

TFA
Tfav
Thexyl
THF
THP
TIBS
TIPDS
TIPS
TIX
TLTr
Tmb
Tmob
TMPM
T™MS
Tms
TMSE or TSE
TMSEC
TMSP
TMTr
TOB
Tos or Ts
Tom

XXV

trimethylacetamidomethyl
t-butyldimethylsilyl
t-butyldiphenylsilyl
4-(17-tetrabenzo[a,c,g,/]fluorenylmethyl-4',4"-
dimethoxytrityl
17-tetrabenzo[a,c,g,/]fluorenylmethoxycarbonyl
t-butyldiphenylsilylethyl
tetra-r-butoxydisiloxane-1,3-diylidene
t-butylmethoxyphenylsilyl
t-butyldimethylsilyl
4.4°4"-tris(benzyloxy)triphenylmethyl
2,2,2-trichloro-1,1-dimethylethyl
1,1-dimethyl-2,2,2-trichloroethoxycarbonyl
N-tetrachlorophthalimido
2-(trifluoromethyl)-6-
chromonylmethyleneoxycarbonyl
2-(trifluoromethyl)-6-chromonylmethylene
(2,2,2-trifluoro-1,1-diphenyl)ethyl
thiodiglycoloyl
thexyldimethylsilyl or tris(2,6-diphenylbenzyl)silyl
2-(trimethylsilyl)ethoxycarbonyl
triethylsilyl
trifluoromethanesulfonyl
trifluoroacetyl
4.4,4-trifluoro-3-oxo-1-butenyl
2,3-dimethyl-2-butyl
tetrahydrofuranyl
tetrahydropyranyl
triisobutylsilyl
1,3-(1.1,3,3-tetraisopropyldisiloxanylidene)
triisopropylsilyl
trimethylsilylxylyl
4,4’4"-tris(levulinoyloxy)triphenylmethyl
2.4.6-trimethylbenzyl
trimethoxybenzyl
trimethoxyphenylmethyl
trimethylsilyl
(2-methyl-2-trimethylsilyl)ethyl
2-(trimethylsilyl)ethyl
2-(trimethylsilyl)ethoxycarbonyl
2-trimethylsilylprop-2-enyl
tris(p-methoxyphenylymethyl
2-{[(tritylthio)oxy]methyl}benzoate
p-toluenesulfonyl
triisopropylsilyloxymethyl



XXvi

TPS
TPTE

Tr

TrtF,
Tritylone
Troc

Ts or Tos
Tsc

TSE or TMSE
Tse

Tsoc
Tsv

Voc

Xan

Z or Cbz

REAGENTS

9-BBN
bipy
BOP Reagent

BOP-C1
BroP

Bt
BTEAC
CAL
CAN
CMPIL
cod

cot

CSA
DABCO
DBN
DBAD
DBU
DCC
DDQ
DEAD
DIAD
DIBAL-H
DIPEA
DMAC

ABBREVIATIONS

triphenylsilyl
2-(4-triphenylmethylthio)ethyl
triphenylmethyl or trityl
2,3,4,4°4",5,6-heptafluorotriphenylmethyl
9-(9-phenyl-10-oxo)anthryl
2,2,2-trichloroethoxycarbonyl
p-toluenesulfonyl
2-(4-trifluoromethylphenylsulfonyl)ethoxycarbonyl
2-(trimethylsilyl)ethyl
2-(p-toluenesulfonyl)ethyl
triisopropylsiloxycarbonyl
p-toluenesulfonylvinyl

vinyloxycarbonyl

xanthenyl

benzyloxycarbonyl

9-borabicyclo[3.3.1]nonane
2,2"-bipyridine
benzotriazol-1-yloxytris(dimethylamino)
phosphonium hexafluorophosphate
bis(2-oxo0-3-oxazolidinyl)phosphinic chloride
bromotris(dimethylamino)phosphonium
hexafluorophosphate
benzotriazol-1-yl or 1-benzotriazolyl
benzyltriethylammonium chloride
Candida antarctica lipase
ceric ammonium nitrate
2-chloro-1-methylpyridinium iodide
cyclooctadiene
cyclooctatetraene
camphorsulfonic acid
1,4-diazabicyclo[2.2.2]octane
1,5-diazabicyclo[4.3.0]non-5-ene
di-t-butyl azodicarboxylate
1,8-diazabicyclo[5.4.0]undec-7-ene
dicyclohexylcarbodiimide
2,3-dichloro-5,6-dicyano-1,4-benzoquinone
diethyl azodicarboxylate
diisopropyl azodicarboxylate
diisobutylaluminum hydride
diisopropylethylamine
N,N-dimethylacetamide



REAGENTS

DMAP
DMB
DMDO
DME
DMF
DMPU
DMS
DMSO
dppb
dppe
DTE
DTT
EDC or EDCI

EDCI or EDC
EDTA
HATU

HMDS

HMPA

HMPT

HOAt

HOBT

Im

IPA

IPCF (=IPCC)

KHMDS
LAH
LDBB
MAD

MCPBA
MoOPH

ms
MSA
MTB
MTBE
NBS
Ni(acac),

xxvii

4-N,N-dimethylaminopyridine

2. 4-dimethoxybenzyl

2,2-dimethyldioxirane

1,2-dimethoxyethane

N,N-dimethylformamide

1,3-dimethyl-3.4,5.6-tetrahydro-2 (14 )-pyrimidinone

dimethyl sulfide

dimethyl sulfoxide

1,4-bis(diphenylphosphino)butane

1,2-bis(diphenylphosphino)ethane

dithioerythritol

dithiothreitol

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(or 1-[3-(dimethylamino)propyl]-3-
ethylcarbodimide) hydrochloride

1-ethyl-3-(3- (dimethylaminopropyl)carbodiimide

ethylenediaminetetraacetic acid

N-[(dimethylamino)(3H-1,2,3-triazolo(4,5-h)
pyridin-3-yloxy)methylene]-N-
methylmethanaminium hexafluorophosphate,
previously known as O-(7-azabenzotriazol-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate.

1,1,1,3,3,3-hexamethyldisilazane

hexamethylphosphoramide

hexamethylphosphorous triamide

7-aza-1-hydroxybenzotriazole

1-hydroxybenzotriazole

imidazol-1-yl or 1-imidazolyl

isopropyl alcohol

isopropenyl chloroformate (isopropenyl
chlorocarbonate)

potassium hexamethyldisilazide

lithium aluminum hydride

lithium 4,4’-di-f-butylbiphenylide

methylaluminumbis(2,6-di-t-butyl-4-
methylphenoxide

m-chloroperoxybenzoic acid

oxodiperoxymolybdenum(pyridine)
hexamethylphosphoramide

molecular sieves

methanesulfonic acid

methylthiobenzene

t-butyl methyl ether

N-bromosuccinimide

nickel acetylacetonate



xxviii

NMM
NMO
NMP

P

Pc

PCC
PdCl,(tpp),

Pd,(dba);
PG
PhI(OH)OTs
PPL

PPTS

proton sponge
Pyr
Rh,(pfb),
SemCl
SMEAH

Su

TAS-F

TBAF

TEA

TEBA or TEBAC

TEBAC or TEBA

TESH

Tf

TFA

TFAA

TFMSA or TfOH

TfOH or TEMSA

THF

THP

TMEDA

TMOF

TPAP

TPP

TPPTS

TPS

Tr'BF, or
Ph,C"BF,”

TrS Bu,N™

Ts

ABBREVIATIONS

N-methylmorpholine
N-methylmorpholine N-oxide
N-methylpyrrolidinone
polymer support
phthalocyanine
pyridinium chlorochromate
dichlorobis[tris(2-methylphenyl)phosphine]
palladium
tris(dibenzylideneacetone)dipalladium
protective group
[hydroxy(tosyloxy)iodo]benzene
porcine pancreatic lipase
pyridinium p-toluenesulfonate
1,8-bis(dimethylamino)naphthalene
pyridine
rhodium perfluorobutyrate
methoxycarbonylsulfenyl chloride
sodium bis(2-methoxyethoxy)aluminum hydride
succinimidyl
tris(dimethylamino)sulfonium
difluorotrimethylsilicate
tetrabutylammonium fluoride
triethylamine
triethylbenzylammonium chloride
triethylbenzylammonium chloride
triethylsilane
trifluoromethanesulfonyl
trifluoroacetic acid
trifluoroacetic anhydride
trifluoromethanesulfonic acid
trifluoromethanesulfonic acid
tetrahydrofuran
tetrahydropyran
N,N,N" N"-tetramethylethylenediamine
trimethyl orthoformate
tetrapropylammonium perruthenate
tetraphenylporphyrin
sulfonated triphenylphosphine
triisopropylbenzensulfonyl chloride
triphenylcarbenium tetrafluoroborate

tetrabutylammonium triphenylmethanethiolate
toluenesulfonyl



THE ROLE OF PROTECTIVE GROUPS
IN ORGANIC SYNTHESIS

PROPERTIES OF A PROTECTIVE GROUP

When a chemical reaction is to be carried out selectively at one reactive site in a
multifunctional compound, other reactive sites must be temporarily blocked. Many
protective groups have been, and are being, developed for this purpose. A protec-
tive group must fulfill a number of requirements. It must react selectively in good
yield to give a protected substrate that is stable to the projected reactions. The
protective group must be selectively removed in good yield by readily available,
preferably nontoxic reagents that do not attack the regenerated functional group.
The protective group should form a derivative (without the generation of new ste-
reogenic centers) that can easily be separated from side products associated with its
formation or cleavage. The protective group should have a minimum of additional
functionality to avoid further sites of reaction. All things considered, no protective
group is the best protective group. Currently, the science and art of organic synthe-
sis, contrary to the opinions of some, has a long way to go before we can call it a
finished and well-defined discipline, as is amply illustrated by the extensive use of
protective groups during the synthesis of multifunctional molecules. Greater con-
trol over the chemistry used in the building of nature’s architecturally beautiful and
diverse molecular frameworks, as well as unnatural structures, is needed when one
considers the number of protection and deprotection steps often used to synthesize
a molecule.

Greene’s Protective Groups in Organic Synthesis, Fourth Edition, by Peter G. M. Wuts and
Theodora W. Greene
Copyright © 2007 John Wiley & Sons, Inc.



2 THE ROLE OF PROTECTIVE GROUPS IN ORGANIC SYNTHESIS

HISTORICAL DEVELOPMENT

Since a few protective groups cannot satisfy all these criteria for elaborate sub-
strates, a large number of mutually complementary protective groups are needed
and, indeed, are available. In early syntheses the chemist chose a standard derivative
known to be stable to the subsequent reactions. In a synthesis of callistephin chloride
the phenolic —OH group in 1 was selectively protected as an acetate.! In the pres-
ence of silver ion the aliphatic hydroxyl group in 2 displaced the bromide ion in a
bromoglucoside. In a final step the acetate group was removed by basic hydrolysis.

Y NaOH  CH;COCI O
HO — AcO
OH OH

1 2

Other classical methods of cleavage include acidic hydrolysis (eq. 1), reduction
(eq. 2), and oxidation (eq. 3):

(1) ArO—R — ArOH
(2) RO CH,Ph — ROH
(3) RNH—CHO — [RNHCOOH] — RNH;}

Some of the original work in the carbohydrate area in particular reveals extensive
protection of carbonyl and hydroxyl groups. For example, a cyclic diacetonide of
ghicose was selectively cleaved to the monoacetonide.” A summary’ describes the
selective protection of primary and secondary hydroxyl groups in a synthesis of
gentiobiose, carried out in the 1870s, as triphenylmethyl ethers.

DEVELOPMENT OF NEW PROTECTIVE GROUPS

As chemists proceeded to synthesize more complicated structures, they developed
more satisfactory protective groups and more effective methods for the formation
and cleavage of protected compounds. At first a tetrahydropyranyl acetal was pre-
pared,* by an acid-catalyzed reaction with dihydropyran, to protect a hydroxyl group.
The acetal is readily cleaved by mild acid hydrolysis, but formation of this acetal
introduces a new stereogenic center. Formation of the 4-methoxytetrahydropyranyl
ketal® eliminates this problem.

Catalytic hydrogenolysis of an O-benzyl protective group is a mild, selec-
tive method introduced by Bergmann and Zervas® to cleave a benzyl carbamate
(>NCO—O0CH,C¢H; — =>NH) prepared to protect an amino group during peptide
syntheses. The method also has been used to cleave alkyl benzyl ethers, stable com-
pounds prepared to protect alkyl alcohols; benzyl esters are cleaved by catalytic
hydrogenolysis under neutral conditions.

Three selective methods to remove protective groups have received attention:
“assisted,” electrolytic, and photolytic removal. Four examples illustrate “assisted
removal” of a protective group. A stable allyl group can be converted to a labile vinyl



DEVELOPMENT OF NEW PROTECTIVE GROUPS 3

ether group (eq. 4); a B-haloethoxy (eq. 5)% or a B-silylethoxy (eq. 6)° derivative is
cleaved by attack at the B-substituent; and a stable o-nitrophenyl derivative can be
reduced to the o-amino compound, which undergoes cleavage by nucleophilic dis-
placement (eq. 7)'°:

- H,0*

+-BuQ
(4) ROCH,CH=CH, ——= [ROCH=CHCH;]

ROH
(5) RO-CH,—~CCl3 + Zn — RO™+CH,=CCl,

(6) RO—CHQ—CHQ"SiMe3
R = alkyl, aryl, R"CO—, or RNHCO—

(7) NO, NH,
H
N (0]
e
e e L NH
0] o
.
AN AN

The design of new protective groups that are cleaved by “assisted removal” is a chal-
lenging and rewarding undertaking.

Removal of a protective group by electrolytic oxidation or reduction is useful
in some cases. An advantage is that the use and subsequent removal of chemical
oxidants or reductants (e.g., Cr or Pb salts; Pt— or Pd—C) are eliminated. Reductive
cleavages have been carried out in high yield at —1 to —3V (vs. SCE), depend-
ing on the group; oxidative cleavages in good yield have been realized at 1.5-2V
(vs. SCE). For systems possessing two or more electrochemically labile protective
groups, selective cleavage is possible when the half-wave potentials, £}, are suf-
ficiently different; excellent selectivity can be obtained with potential differences
on the order of (.25 V. Protective groups that have been removed by electrolytic
oxidation or reduction are described at the appropriate places in this book; a re-
view article by Mairanovsky'! discusses electrochemical removal of protective
groups.'?

Photolytic cleavage reactions (e.g., of o-nitrobenzyl, phenacyl, and nitrophenyl-
sulfenyl derivatives) take place in high yield on irradiation of the protected com-
pound for a few hours at 254-350nm. For example, the o-nitrobenzyl group, used to
protect alcohols,'® amines,"* and carboxylic acids,'® has been removed by irradiation.
Protective groups that have been removed by photolysis are described at the appro-
priate places in this book; in addition, the reader may wish to consult five review
articles.'*

One widely used method involving protected compounds is solid-phase syn-
thesis®'* (polymer-supported reagents). This method has the advantage of simple
workup by filtration and automated syntheses, especially of polypeptides, oligonu-
cleotides, and oligosaccharides.

Internal protection, used by van Tamelen in a synthesis of colchicine, may be
appropriate®:

RO~ + CH,=CH, + FSiMe;
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SELECTION OF A PROTECTIVE GROUP FROM THIS BOOK

To select a specific protective group, the chemist must consider in detail all the re-
actants, reaction conditions, and functionalities involved in the proposed synthetic
scheme. First he or she must evaluate all functional groups in the reactant to deter-
mine those that will be unstable to the desired reaction conditions and require pro-
tection. The chemist should then examine reactivities of possible protective groups,
listed in the Reactivity Charts, to determine compatibility of protective group and
reaction conditions. A guide to these considerations is found in Chapter 10. (The
protective groups listed in the Reactivity Charts in that chapter were the most widely
used groups at the time the charts were prepared in 1979 in a collaborative effort with
other members of Professor Corey’s research group.) He or she should consult the
complete list of protective groups in the relevant chapter and consider their proper-
ties. It will frequently be advisable to examine the use of one protective group for sev-
eral functional groups (i.e., a 2,2,2-trichloroethyl group to protect a hydroxyl group
as an ether, a carboxylic acid as an ester, and an amino group as a carbamate). When
several protective groups are to be removed simultaneously, it may be advantageous
to use the same protective group to protect different functional groups (e.g., a ben-
zyl group, removed by hydrogenolysis, to protect an alcohol and a carboxylic acid).
When selective removal is required, different classes of protection must be used (e.g.,
a benzyl ether cleaved by hydrogenolysis but stable to basic hydrolysis, to protect an
alcohol, and an alkyl ester cleaved by basic hydrolysis but stable to hydrogenolysis, to
protect a carboxylic acid). One often overlooked issue in choosing a protective group
1s that the electronic and steric environments of a given functional group will greatly
influence the rates of formation and cleavage. For an obvious example, a tertiary ac-
etate 1s much more difficult to form or cleave than a primary acetate.

If a satisfactory protective group has not been located, the chemist has a number
of alternatives: Rearrange the order of some of the steps in the synthetic scheme
so that a functional group no longer requires protection or a protective group that
was reactive in the original scheme is now stable; redesign the synthesis, possibly
making use of latent functionality?® (i.e., a functional group in a precursor form;
e.g., anisole as a precursor of cyclohexanone). Or, it may be necessary to include
the synthesis of a new protective group in the overall plan or better yet, design new
chemistry that avoids the use of a protective group.

Several books and chapters are associated with protective group chemistry. Some
of these cover the area®” ?%; others deal with more limited aspects. Protective groups
continue to be of great importance in the synthesis of three major classes of naturally
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occuring substances—peptides,?? carbohydrates,?* and oligonucleotides*>—and sig-
nificant advances have been made in solid-phase synthesis,”** including automated
procedures. The use of enzymes in the protection and deprotection of functional
groups has been reviewed.” Special attention is also called to a review on selective
deprotection of silyl ethers 3

SYNTHESIS OF COMPLEX SUBSTANCES. TWO EXAMPLES

(AS USED IN THE SYNTHESIS OF HIMASTATIN AND PALYTOXIN)
OF THE SELECTION, INTRODUCTION, AND REMOVAL

OF PROTECTIVE GROUPS

Synthesis of Himastatin

Himastatin, isolated from an actinomycete strain (ATCC) from the Himachal
Pradesh State in India and active against gram-positive microorganisms and a variety
of tumor probe systems, is a C5;H (4N 404y compound, 1.3' It has a novel bisindolyl
structure in which the two halves of the molecule are identical. Each half contains
a cyclic peptidal ester containing an L-tryptophanyl unit, p-threonine, L-leucine, p-
[(R)-5-hydroxy]piperazic acid, (§)-2-hydroxyisovaleric acid, and p-valine. Its syn-
thesis® illustrates several important aspects of protective group usage.

Synthesis of himastatin involved the preparation of the pyrroloindoline moiety
A, its conversion to the bisindolyl unit A’,, synthesis of the peptidal ester moiety B,
the subsequent joining of these units (A", and two B units), and cyclization leading
to himastatin. The following brief account focuses on the protective group aspects
of the synthesis.

Unit A (Scheme 1)

The first objective was the conversion of L-tryptophan into a derivative that could be
converted to pyrroloindoline 3, possessing a cis ring fusion and a syn relationship of
the carboxyl and hydroxyl groups. This was achieved by the conversions shown in
Scheme 1. A critical step was e. Of many variants tried, the use of the trityl group on
the NH, of tryptophan and the #-butyl group on the carboxyl resulted in stereospecific
oxidative cyclization to afford 3 of the desired cis—syn stereochemistry in good yield.

0
0
: ‘OH
. NH
: ) ) N
AN 1 J\l/\r
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HO CO,#-Bu Troe N /‘\n/o
3 H
—NH H fe) N
N/ O N~
H HO._ # [¢) .,
A C o ‘OTBS
NH

= Himastatin
1

two B units

Bisindolyl Unit A’, (Schemes 2 and 3)

The conversion of 3 to 8 is summarized in Scheme 2. The trityl group (too large
and too acid-sensitive for the ensuing steps) was removed from N and both N’s were
protected by Cbz (benzyloxycarbonyl) groups. Protection of the tertiary OH specifi-
cally as the robust TBS (s-butyldimethylsilyl) group was found to be necessary for
the sequence involving the electrophilic aromatic substitution step, 5 to 6, and the
Stille coupling steps (6 + 7 — 8).

©
CO, CO,t-Bu
Ny, NH;® ad N, NHTr
N N
H H 2

(a) TMSCI, EtOAc (RCO,~ —> RCO,TMS)
(b) TrCl, EzN  ( -NH53* — NHTr)
L-Tryptophan (¢)MeOH (-CO,TMS - CO,H)
(d) +-BuOH, condensing agent (-CO,H to -CO,-r-Bu)

)
>< | CHyCly, —78°C
0

(DMDO)

OR COyt-Bu

N 3 Py =Tr
P,=R=H
Scheme 1
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—— 3P;=Tr;P,=R=H

 —

4 P=P)=R=H

~ 5P, =P,=Cbz; R=TBS  — >

. 6 R=TBS; P = P,=Cbz; X =1
(a) HOAc, MeOH, CH5Cl» (N-Trityl > NH)

(b) (i) CbzCl, pyridine, CH>Cl, (both NH's > N-Cbz) L d
(i) TBSCI, DBU, CH;CN (29% from 2) (~OH — OTBS)

A L 7 R=TBS; P, =P>=Cbz; X = SnMe;y
(c) ICl, 2,6-di-t-butylpyridine, CH-Cl> (75%) (X=H—>X=1)

(d) MegSn,, Pd(PhyP), , THE (86%) (X =1—> X = SnMes) 6 l e
(e) 6, Pdadbas, PhaAs, DMF, 45°C, (79%) (6 +7 ->8)
8 R=TBS;P|=P>,=Cbz; X = 5
Scheme 2

The TBS group then had to be replaced (two steps, Scheme 3: a and b) by the more
easily removable TES (triethylsilyl) group to permit deblocking at the last step in the
synthesis of himastatin. Before combination of the bisindolyl unit with the peptidal
ester unit, several additional changes in the state of protection at the two nitrogens

COy-Butyl L TESO, COR
2 ~NP
N
N
b H
9P=H; P'= P’ =Cbhz " 13 P=FMOC;R=H
L b l f
10P = TES; P’ = P" = Cbz 14 P =FMOG; R = allyl
l e
e l g
1P=TES;”=P"=H 15 P=H; R =allyl
d
12P = TES; P’ = FMOC; P’ = H —

(a) TBAF, THF, (91%) (TBSO- — HO-)
(b) TESCL, DBU, DMF (92%) ( HO- — TESO-)

(c) Ha, Pd/C, EtOAc (100%) (both NCbz’s — NH)

(d) FMOC-HOSU, pyridine, CH,Cl, (95%) (NH -3 NFMOC)

(e) TESOTH, lutidine, CHyCly (~COs-t-Bu — —CO,H)

(f) allyl alcohol, DBAD, PhsP, CH,Cl; (90% from 12) (~CO,H — —CO,-allyl)
(g) piperidine, CH;CN (74%) (NFMOC —> NH)

Scheme 3
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and the carboxyl of 8 were needed (Schemes 2 and 3). The Cbz protective groups
were removed from both N’s, and the more reactive pyrrolidine N was protected as
the FMOC (fluorenylmethoxycarbonyl) group. At the carboxyl, the ~-butyl group was
replaced by the allyl group. [The smaller allyl group was needed for the later conden-
sation of the adjacent pyrrolidine nitrogen of 15 with the threonine carboxyl of 24
(Scheme 5); also, the allyl group can be cleaved by the Pd(Ph;P),—PhSiH; method,
conditions under which many protective groups (including, of course, the other pro-
tective groups in 25; see Scheme 6) are stable.] Returning to Scheme 3, the FMOC
groups on the two equivalent pyrrolidine N’s were then removed, affording 15.

Peptidal Ester Unit B (Schemes 4 and 5)

Several of these steps are common ones in peptide synthesis and involve standard
protective groups. Attention is called to the 5-hydroxypiperazic acid. Its synthesis
(Scheme 4) has the interesting feature of the introduction of the two nitrogens in
protected form as BOC (#-butoxycarbonyl) groups in the same step. Removal of the
BOC groups and selective conversion of the nitrogen furthest from the carboxyl
group into the N-Teoc (2-trimethylsilylethoxycarbonyl) group, followed by hydro-
lysis of the lactone and TBS protection of the hydroxyl, afforded the piperazic
acid entity 16 in a suitable form for combination with dipeptide 18 (Scheme 5).
Because of the greater reactivity of the leucyl —~NH; group of 18 in comparison to
the piperazyl —N H group in 16, it was not necessary to protect this piperazyl NH
in the condensation of 18 and 16 to form 19. In the following step (19 + 20 — 21),
this somewhat hindered piperazyl NH is condensed with the acid chloride 20. Note
that the hydroxyl in 20 is protected by the FMOC group—not commonly used in

O o NaHMDS O o0

THEF, -78°C )J\ /U\/\/
OJ\N )HM T BOCN=NBOC O\ N Z
\—/,, NBOC -
. \ .
Bn - NmBoc "

J several steps

"feoc
BOC H N
BOC\ N \N/
U a_d
B — e

i~ HO.C “OTBS
70 ’
o 16

(a) TFA (both -NBOC’s —> NH)
(b) TeocCl, pyridine (-NH — N-Teoc)
(c) LiOH (lactone — —CO,” + HO-)
(d) TBSOTH, lutidine (-OH — —OTBS)
Scheme 4
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O
HO,C
NHFMOC AllylO,C
HO
N -— NH,
NH, several HO
TBSO 17 steps
FMOC-L-Leucine D-Threonine
(a) EDCI, DMAP, CH,Cl,
(b) piperidine, CH;CN (NHFMOC to —-NH>)
(76%) Teoc
HN’N
AllylO,C O
piperazic acid 16 (from Scheme 4) \\
g NH2  yaATU, HOAL, collidine, CHyCl, Allylo2 e
H OTBS
TBSO (95%)
18 TBSO
FMOCO
20 | collidine, CH»Cly
\/ ClOC
Troc .
/\f( FMOC—O
a,b Teou
s
ROzC ﬁ/l\J ‘OTBS
. AllylO,C OTBS
\I 'N “
TBSO g
TBSO
23 P=Teoc
R = Allyl
e (a) piperidine, CH3CN (96%) (-OFMOC - —OH)

(b) Troc-p-val (22), IPCC, EtsN, DMAP, CH,Cl,
(c) ZnCl,, CH3NO, (-NTeoc —» -NH)
24 P=R=H (d) TBSOTH, lutidine, CH,Cl, (reprotection of any OH's inadvertently
deblocked in step ¢)
(e) Pd(Ph3P),, PhSiH;, THF (—CO,-allyl - -CO,H)
(b — e: 72% yield)

Scheme 5

hydroxyl protection. A requirement for the protective group on this hydroxyl was
that it be removable (for the next condensation: 21 + Troc-p-valine 22 — 23) under
conditions that would leave unaltered the —COO--allyl, the N-Teoc, and the OTBS
groups. The FMOC group (cleavage by piperidine) met this requirement. Choice of
the Troc (2,2,2-trichloroethoxycarbonyl) group for N-protection of valine was based
on the requirements of removability, without affecting OTBS and OTES groups, and
stability to the conditions of removal of allyl from —COQO—allyl [easily met by use
of Pd(Ph;P), for this deblocking].
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H 25 R=allyl
= [¢] = .
R,N/\n/ R’ =Troc
15 / TESO COR N /N\
’ N :
~N O. o 3
A #7000\, c
N NH OTBS
24 H N -
TBSO
26R=R=H
(56%)

(a) HATU, HOAL, collidine, CH,Cly, ~10°C - rt (63%)
(b) Pd(PhsP)y, PhSiHs, THF (—COs-allyl - —CO,H)
() Pb/Cd, NH,OAc, THF (N-Troc — NH) d

: 27P = TES
~_-0 P’=TBS
(d) HATU, HOA, HN /\ﬂ/ u
i-Pr,NEt,, DMF P . 0 g==—n-N
TBAF, THF, HOA¢ _N o U
(e) ¢ > 09 i]m oy R
(-OTBS and ~OTES N . oP
H ~ o
— —OH) g
(35% from 26) PO 1 HIMASTATIN
P=P=H
Scheme 6

Himastatin 1 (Scheme 6)

Of special importance to the synthesis was the choice of condensing agents and
conditions.*® HATU-HOAt* was of particular value in these final stages. Condensa-
tion of the threonine carboxyl of 24 (from Scheme 5) with the pyrrolidine N’s of the
bisindolyl compound 15 (from Scheme 3) afforded 25. Removal of the allyl groups
from the tryptophanyl carboxyls and the Troc groups from the valine amino nitro-
gens, followed by condensation (macrolactamization), gave 27. Removal of the six
silyl groups (the two quite hindered TES groups and the four, more accessible, TBS
groups) by fluoride ion afforded himastatin.

Synthesis of Palytoxin Carboxylic Acid

Ci26H323N30s4, contains 41 hydroxyl groups, one amino group, one ketal, one hemik-
etal, and one carboxylic acid, in addition to some double bonds and ether linkages.
The total synthesis®> was achieved through the synthesis of eight different seg-
ments, each requiring extensive use of protective group methodology, followed by
the appropriate coupling of the various segments in their protected forms.
The choice of what protective groups to use in the synthesis of each segment was
based on three aspects: (a) the specific steps chosen to achieve the synthesis of each
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OR?

1: R' = OMe, R? = Ac, R? = (#-Bu)Me,Si, R* = 4-MeOCgH,CH,,R® = Bz, R® = Me, R” = acetonide,
R® = Me3SiCH,CH,OCO
2: Palytoxin carboxylic acid: R' = OH, R2R®= H

Figure 1. Palytoxin carboxylic acid.

segment; (b) the methods to be used in coupling the various segments, and (c) the
conditions needed to deprotect the 42 blocked groups in order to liberate palytoxin
carboxylic acid in its unprotected form. (These conditions must be such that the func-
tional groups already deprotected are stable to the successive deblocking conditions.)
Kishi’s synthesis employed only eight different protective groups for the 42 func-
tional groups present in the fully protected form of palytoxin carboxylic acid (Figure
L, 1). A few additional protective groups were used for “end group” protection in the
synthesis and sequential coupling of the eight different segments. The synthesis was
completed by removal of all of the groups by a series of five different methods. The
selection, formation, and cleavage of these groups are described below.

For the synthesis of the C.I-C.7 segment, the C.1 carboxylic acid was protected
as a methyl ester. The C.5 hydroxyl group was protected as the #-butyldimethylsilyl
(TBS) ether. This particular silyl group was chosen because it improved the chemical
yield and stereochemistry of the Ni(II)/Cr(II)-mediated coupling reaction of seg-
ment C.1-C.7 with segment C.8—C.51. Nine hydroxyl groups were protected as p-me-
thoxyphenylmethyl (MPM) ethers, a group that was stable to the conditions used in
the synthesis of the C.8—C.22 segment. These MPM groups were eventually cleaved
oxidatively by treatment with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ).

The C.2 hydroxyl group was protected as an acetate, since cleavage of a
p-methoxyphenylmethyl (MPM) ether at C.2 proved to be very slow. An acetyl
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group was also used to protect the C.73 hydroxyl group during synthesis of
the right-hand half of the molecule (C.52—C.115). Neither a p-methoxyphenyl-
methyl (MPM) nor a #-butyldimethylsilyl (TBS) ether was satisfactory at C.73:
Dichlorodicyanobenzoquinone (DDQ) cleavage of a p-methoxyphenylmethyl
(MPM) ether at C.73 resulted in oxidation of the cis—trans dienol at C.78—C.73 to a
cis—trans dienone. When C.73 was protected as a -butyldimethylsilyl (TBS) ether,
Suzucki coupling of segment C.53—C.75 (in which C.75 was a vinyl iodide) to seg-
ment C.76—C.115 was too slow. In the synthesis of segment C.38—C.51, the C.49
hydroxyl group was also protected at one stage as an acetate, to prevent benzoate
migration from C.46. The C.8 and C.53 hydroxyl groups were protected as acetates
for experimental convenience. A benzoate ester, more electron-withdrawing than
an acetate ester, was used to protect the C.46 hydroxyl group to prevent spiroke-
talization of the C.43 and C.51 hydroxyl groups during synthesis of the C.38-C.51
segment. Benzoate protection of the C.46 hydroxyl group also increased the stabil-
ity of the C.47 methoxy group (part of a ketal) under acidic cleavage conditions.
Benzoates rather than acetates were used during the synthesis of the C.38-C.51
segment since they were more stable and better chromophores in purification and
characterization.

Several additional protective groups were used in the coupling of the eight dif-
ferent segments. A tetrahydropyranyl (THP) group was used to protect the hydroxyl
group at C.8 in segment C.8—C.22, and a #-butyldiphenylsilyl (TBDPS) group was
used for the hydroxyl group at C.37 in segment C.23—C.37. The TBDPS group at
C.37 was later removed by BuyN"F/THF in the presence of nine p-methoxyphenyl-
methyl (MPM) groups. After the coupling of segment C.8—C.37 with segment C.38—
C.51, the C.8 THP ether was hydrolyzed with pyridinium p-toluenesulfonate (PPTS)
in methanol-ether, 42°, in the presence of the bicyclic ketal at C.28—C.33 and the
cyclic ketal at C.43—C.47. (As noted above, the resistance of this ketal to these acidic
conditions was due to the electron-withdrawing effect of the benzoate at C.46.) A
cyclic acetonide (a 1,3-dioxane) at C.49—C.51 was also removed by this step and
had to be reformed (acetone/PPTS) prior to the coupling of segment C.8—C.51 with
segment C.1-C.7. After coupling of these segments to form segment C.1-C.51, the
new hydroxyl group at C.8 was protected as an acetate, and the acetonide at C.49—
C.51 was, again, removed without alteration of the bicyclic ketal at C.28—C.33 or the
cyclic ketal at C.43—C .47, still stabilized by the benzoate at C.46.

The synthesis of segment C.77-C.115 from segments C.77-C.84 and C.85-C.115
involved the liberation of an aldehyde at C.85 from its protected form as a dithioac-
etal, RCH(SEt),, by mild oxidative deblocking (I/NaHCOs;, acetone, water) and the
use of the p-methoxyphenyldiphenylmethyl (MMTT) group to protect the hydroxyl
group at C.77. The C.77 MMTr ether was subsequently converted to a primary
alcohol (PPTS/MeOH-CH,CL, rt) without affecting the 19 r-butyldimethylsilyl
(TBS) ethers or the cyclic acetonide at C.100-C.101.

The C.100-C.101 diol group, protected as an acetonide, was stable to (a) the
Wittig reaction used to form the cis double bond at C.98—C.99 and (b) all of the
conditions used in the buildup of segment C.99—C.115 to fully protected palytoxin
carboxylic acid (Figure 1, 1).
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The C.115 amino group was protected as a trimethylsilylethyl carbamate
(Me;SiCH,CH,OCONHR), a group that was stable to the synthesis conditions and
cleaved by the conditions used to remove the ~butyldimethylsilyl (TBS) ethers.

Thus the 42 functional groups in palytoxin carboxylic acid (39 hydroxyl groups,
one diol, one amino group, and one carboxylic acid) were protected by eight differ-
ent groups:

1 methyl ester —COOH

5 acetate esters —OH

20 r-butyldimethylsilyl (TBS) ethers ~OH

9 p-methoxyphenylmethyl (MPM) ethers -OH

4 benzoate esters —OH

1 methyl “ether” - OH of a hemiketal
1 acetonide 1,2-diol

1 Me;SiCH,CH,OCO —NH,

The protective groups were then removed in the following order by the five methods
listed below:

(1) To cleave p-methoxyphenylmethyl (MPM) ethers: DDQ (dichlorodicyano-
benzoquinone)/-BuOH-CH,Cl,—phosphate buffer (pH 7.0), 4.5h.

(2) To cleave the acetonide: 1.18 N HC10,~THF, 25°C, 8 days.

(3) To hydrolyze the acetates and benzoates: 0.08 N LiOH/H,O-MeOH-THF,
25°C, 20h.

(4) To remove t-butyldimethylsilyl (TBS) ethers and the carbamoyl ester
(Me;SiCH,CH,0CONHR): Bu,N"F~, THF, 22°C, 18h — THF-DMF, 22°C,
72h.

(5) To hydrolyze the methyl ketal at C.47, no longer stabilized by the C.46
benzoate: HOAc-H,0, 22°C, 36h.

This order was chosen so that DDQ (dichlorodicyanobenzoquinone) treatment
would not oxidize a deprotected allylic alcohol at C.73 and so that the C.47 hemik-
etal would still be protected (as the ketal) during basic hydrolysis (Step 3).

And so the skillful selection, introduction, and removal of a total of 12 different
protective groups has played a major role in the successful total synthesis of paly-
toxin carboxylic acid (Figure 1, 2).
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Chem., 61, 8831 (1996).

HOAt, 7-aza-1-hydroxybenzotriazole; HATU (CAS Registry No. 148893-10-1),
N-[(dimethylamino)(3H-1,2,3-triazolo(4,5-b)pyridin-3-yloxy)methylene]-N-methyl-
methanaminium hexafluorophosphate, previously known as O-(7-azabenzotriazol-1-
y1)-1,1,3,3-tetramethyluronium hexafluorophosphate. [Note Assignment of structure to
HATU as a guanidinium species rather than as a uronium species—that is, attachment of

based on X-ray analysis (ref. 33b).]

R. W. Armstrong, J.-M. Beau, S. H. Cheon, W.J. Christ, H. Fujioka, W-H. Ham, L. D. Hawkins,
H. Jin, S. H. Kang, Y. Kishi, M. J. Martinelli, W. W. McWhorter, Jr., M. Mizuno, M. Nakata,
A_.E. Stutz, F. X. Talamas, M. Taniguchi, J. A. Tino, K. Ueda, J-i. Uenishi, J. B. White, and M.
Yonaga, J. Am. Chem. Soc., 111, 75307533 (1989). See also idem., ibid., 111, 7525 (1989).
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ETHERS
Methyl, 25

Substituted Methyl Ethers
Methoxymethyl, 30
Methylthiomethyl, 38
(Phenyldimethylsilyl)methoxymethyl, 41
Benzyloxymethyl, 41
p-Methoxybenzyloxymethyl, 43
[(3,4-Dimethoxybenzyl)oxy]methyl, 43
p-Nitrobenzyloxymethyl, 44
o-Nitrobenzyloxymethyl, 44
[(R)-1-(2-Nitrophenyl)ethoxy]methyl, 45
(4-Methoxyphenoxy)methyl, 45
Guaiacolmethyl, 46
[(p-Phenylphenyl)oxy]methyl, 47
t-Butoxymethyl, 47
4-Pentenyloxymethyl, 47
Siloxymethyl, 48
2-Methoxyethoxymethyl, 49
2-Cyanoethoxymethyl, 53
Bis(2-chloroethoxy)methyl, 53
2,2,2-Trichloroethoxymethyl, 53
2-(Trimethylsilyl)ethoxymethyl, 54
Menthoxymethyl, 58
0O-Bis(2-acetoxyethoxy)methyl, 59
Tetrahydropyranyl, 59
Fluorous tetrahydropyranyl, 68
3-Bromotetrahydropyranyl, 69
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Tetrahydrothiopyranyl, 69
1-Methoxycyclohexyl, 69
4-Methoxytetrahydropyranyl, 69
4-Methoxytetrahydrothiopyranyl, 69
4-Methoxytetrahydrothiopyranyl S,S-Dioxide, 70
1-[(2-Chloro-4-methyl)phenyl]-4-methoxypiperidin-4-yl, 70
1-(2-Fluorophenyl)-4-methoxypiperidin-4-yl, 70
1-(4-Chlorophenyl)-4-methoxypiperidin-4-yl, 71

1,4-Dioxan-2-yl, 72

Tetrahydrofuranyl, 72

Tetrahydrothiofuranyl, 73

2,3,3a,4,5,6,7,7a-Octahydro-7,8,8-trimethyl-4,7-methanobenzofuran-2-yl, 74

Substituted Ethyl Ethers
1-Ethoxyethyl, 74
1-(2-Chloroethoxy)ethyl, 75
2-Hydroxyethyl, 76
2-Bromoethyl, 77
1-[2-(Trimethylsilyl)ethoxy]ethyl, 77
1-Methyl-1-methoxyethyl, 77
1-Methyl-1-benzyloxyethyl, 78
1-Methyl-1-benzyloxy-2-fluoroethyl, 79
1-Methyl-1-phenoxyethyl, 79
2,2,2-Trichloroethyl, 79
1,1-Dianisyl-2,2,2-trichloroethyl, 80
1,1,1,3,3,3-Hexafluoro-2-phenylisopropyl, 80
1-(2-Cyanoethoxy)ethyl, 80
2-Trimethylsilylethyl, 81
2-(Benzylthio)ethyl, 81
2-(Phenylselenyl)ethyl, 82
t-Butyl, 82
Cyclohexyl, 84
1-Methyl-1"-cyclopropylmethyl, 84
Allyl, 84
Prenyl, 96
Cinnamyl, 98
2-Phenallyl, 99
Propargyl, 99
p-Chlorophenyl, 99
p-Methoxyphenyl, 100
p-Nitrophenyl, 101
2,4-Dinitrophenyl, 101
2,3,5,6-Tetrafluoro-4-(trifluoromethyl)phenyl, 101
Benzyl, 102

Methoxy-Substituted Benzyl Ethers
p-Methoxybenzyl, 121
3,4-Dimethoxybenzyl, 130
2,6-Dimethoxybenzyl, 131
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o-Nitrobenzyl, 135

p-Nitrobenzyl, 136

Pentadienylnitrobenzyl, 137
Pentadienylnitropiperonyl, 137

Halobenzyl, 138

2,6-Dichlorobenzyl, 139

2,4-Dichlorobenzyl, 139

2,6-Difluorobenzyl, 140

p-Cyanobenzyl, 141

Fluorous benzyl, 141

4-Fluorousalkoxybenzyl, 141

Trimethylsilylxylyl, 141

p-Phenylbenzyl, 142

2-Phenyl-2-propyl (Cumyl), 143
p-Acylaminobenzyl, 143

p-Azidobenzyl, 144

4-Azido-3-chlorobenzyl, 144

2- and 4-Trifluoromethylbenzyl, 144
p-(Methylsulfinyl)benzyl, 145

p-Siletanylbenzyl, 145

4-Acetoxybenzyl, 146
4-(2-Trimethylsilyl)ethoxymethoxybenzyl, 146
2-Naphthylmethyl, 146

2- and 4-Picolyl, 148

3-Methyl-2-picolyl N-Oxido, 148
2-Quinolinylmethyl, 149
6-Methoxy-2-(4-methylphenyl)-4-quinolinemethyl, 149
1-Pyrenylmethyl, 150

Diphenylmethyl, 150

4-Methoxydiphenylmethyl, 151
4-Phenyldiphenylmethyl, 151
p.p-Dinitrobenzhydryl, 152

5-Dibenzosuberyl, 152

Triphenylmethyl, 152

Tris (4-¢-butylphenyl)methyl, 156
o-Naphthyldiphenylmethyl, 156
p-Methoxyphenyldiphenylmethyl, 156
Di(p-methoxyphenyl)phenylmethyl, 156
Tri(p-methoxyphenyl)methyl, 156
4-(4-Bromophenacyloxy)phenyldiphenylmethyl, 157
4.4"4"-Tris(4,5-dichlorophthalimidophenyl)methyl, 158
444" Tris(levulinoyloxyphenyl)methyl, 158

44" 4"-Tris(benzoyloxyphenyl)methyl, 158

4 4"-Dimethoxy-3"-[N-(imidazolylmethyl)trityl, 158
4 4’-Dimethoxy-3"-[N-(imidazolylethyl)carbamoyl]trityl, 158
Bis(4-methoxyphenyl)-1"-pyrenylmethyl, 159
4-(17-Tetrabenzo[a,c,g,i]fluorenylmethyl)-4,4"-dimethoxytrityl, 159
9-Anthryl, 160

9-(9-Phenyl)xanthenyl, 160
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9-Phenylthioxanthyl, 161
9-(9-Phenyl-10-oxo)anthryl, 161
1,3-Benzodithiolan-2-yl, 164
4,5-Bis(ethoxycarbonyl)-[1,3]-dioxolan-2-yl, 165
Benzisothiazolyl S,S-Dioxido, 165

Silyl Ethers
Migration of Silyl Groups, 166
Trimethylsilyl, 171
Triethylsilyl, 178
Triisopropylsilyl, 183
Dimethylisopropylsilyl, 187
Diethylisopropylsilyl, 187
Dimethylthexylsilyl, 188
2-Norbornyldimethylsilyl, 189
t-Butyldimethylsilyl, 189
t-Butyldiphenylsilyl, 211
Tribenzylsilyl, 215
Tri-p-xylylsilyl, 215
Triphenylsilyl, 215
Diphenylmethylsilyl, 216
Di-z-butylmethylsilyl, 217
Bis(t-butyl)-1-pyrenylmethoxysilyl, 218
Tris(trimethylsilyl)silyl: Sisyl, 218
(2-Hydroxystyryl)dimethylsilyl, 219
(2-Hydroxystyryl)diisopropylsilyl, 219
t-Butylmethoxyphenylsilyl, 219
t-Butoxydiphenylsilyl, 220
1,1,3,3-Tetraisopropyl-3-[2-(triphenylmethoxy)ethoxy]disiloxane-1-yl, 220
Fluorous Silyl, 221

Conversion of Silyl Ethers to Other Functional Groups

ESTERS

Formate, 222
Benzoylformate, 223
Acetate, 223
Chloroacetate, 239
Dichloroacetate, 242
Trichloroacetate, 243
Trichloroacetamidate, 244
Trifluoroacetate, 244
Methoxyacetate, 245
Triphenylmethoxyacetate, 246
Phenoxyacetate, 246
p-Chlorophenoxyacetate, 246
Phenylacetate, 247
p-P-Phenylacetate, 247
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Diphenylacetate, 247
3-Phenylpropionate, 247
Bisfluorous Chain Type Propanoyl (Bfp—OR), 248
4-Pentenoate, 248
4-Oxopentanoate (Levulinate), 249
4.4-(Ethylenedithio)pentanoate, 249
5-[3-Bis(4-methoxyphenyl) hydroxymethylphenoxy]levulinate, 250
Pivaloate, 250
1-Adamantoate, 254
Crotonate, 254
4-Methoxycrotonate, 254
Benzoate, 255
p-Phenylbenzoate, 262
2,4,6-Trimethylbenzoate (Mesitoate), 263
4-Bromobenzoate, 263
2.,5-Difluorobenzoate, 263
p-Nitrobenzoate, 264
Picolinate, 264
Nicotinate, 265

Assisted Cleavage

2-(Azidomethyl)benzoate, 265

4-Azidobutyrate, 266
(2-Azidomethyl)phenylacetate, 266
2-{[(Tritylthio)oxy]methyl}benzoate, 266
2-{[(4-Methoxytritylthio)oxy]methyl }benzoate, 266
2-{[Methyl(tritylthio)amino]methyl } benzoate, 266
2-{{[(4-Methoxytrityl)thio]Jmethylamino } -methyl } benzoate, 266
2-(Allyloxy)phenylacetate, 266
2-(Prenyloxymethyl)benzoate, 267
6-(Levulinyloxymethyl)-3-methoxy-2- and 4-nitrobenzoate, 267
4-Benzyloxybutyrate, 267

4-Trialkylsiloxybutyrate, 267
4-Acetoxy-2,2-dimethylbutyrate, 267
2,2-Dimethyl-4-pentenoate, 267

2-Iodobenzoate, 267

4-Nitro-4-methylpentanoate, 268
o-(Dibromomethyl)benzoate, 268
2-Formylbenzenesulfonate, 268
4-(Methylthiomethoxy)butyrate, 268
2-(Methylthiomethoxymethyl)benzoate, 269
2-(Chloroacetoxymethyl)benzoate, 269
2-[(2-Chloroacetoxy)ethyl]benzoate, 269
2-[2-(Benzyloxy)ethyl]benzoate, 269
2-[2-(4-Methoxybenzyloxy)ethyl]benzoate, 269

Miscellaneous Esters

2,6-Dichloro-4-methylphenoxyacetate, 271
2,6-Dichloro-4-(1,1,3,3-tetramethylbutyl)phenoxyacetate, 271

265

271
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2,4-Bis(l,1-dimethylpropyl)phenoxyacetate, 271
Chlorodiphenylacetate, 271

Isobutyrate, 271

Monosuccinoate, 271

(E)-2-Methyl-2-butenoate (Tigloate), 271
o0-(Methoxycarbonyl)benzoate, 271
p-P-Benzoate, 271

o-Naphthoate, 271

Nitrate, 271

Alkyl N,N,N’,N'-Tetramethylphosphorodiamidate, 271
2-Chlorobenzoate, 271

Sulfonates, Sulfenates, and Sulfinates
Sulfate, 272
Allylsulfonate, 272
Methanesulfonate (Mesylate), 272
Benzylsulfonate, 273
Tosylate, 273
2-[(4-Nitrophenyl)ethyl]sulfonate, 275
2-Trifluoromethylsulfonate, 275
4-Monomethoxytritylsulfenate, 275
Alkyl 2,4-Dinitrophenylsulfenate, 277
2,2,5,5-Tetramethylpyrrolidin-3-one-1-sulfinate, 278
Borate, 278
Dimethylphosphinothioyl, 279

Carbonates

Alkyl Methyl, 279

Methoxymethyl, 280

9-Fluorenylmethyl, 281

Ethyl, 281
Bromoethyl, 282
2-(Methylthiomethoxy)ethyl, 282
2,2,2-Trichloroethyl, 282

1,1-Dimethyl-2,2,2-trichloroethyl, 283

2-(Trimethylsilyl)ethyl, 283
2-[Dimethyl(2-naphthylmethyl)silyl]ethyl, 284
2-(Phenylsulfonylethyl , 284
2-(Triphenylphosphonio)ethyl, 285
Cis-[4-[[(-Methoxytrityl)sulfenyl]oxy]tetraydroturan-3-yl] oxy, 285

Isobutyl, 285

t-Butyl, 286

Vinyl, 286

Allyl, 287

Cinnamyl, 288

Propargyl, 289

p-Chlorophenyl, 289

p-Nitrophenyl, 290

4-Ethoxy-1-naphthyl, 290
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6-Bromo-7-hydroxycoumarin-4-ylmethyl, 291
Benzyl, 291

o-Nitrobenzyl, 292

p-Nitrobenzyl, 292

p-Methoxybenzyl, 293

3,4-Dimethoxybenzyl, 293
Anthraquinon-2-ylmethyl, 293
2-Dansylethyl, 293
2-(4-Nitrophenyl)ethyl, 294
2-(2,4-Nitrophenyl)ethyl, 294
2-(2-Nitrophenyl)propyl, 294
2-(3,4-methylenedioxy-6-nitrophenylpropyl, 294
2-Cyano-1-phenylethyl, 295
2-(2-Pyridyl)amino-1-phenylethyl, 296
2-[N-Methyl-N-(2-pyridyl)]amino-1-phenylethyl, 296
Phenacyl, 296
3',5"-Dimethoxybenzoin, 296
Methyl Dithiocarbonate, 297
S-Benzyl Thiocarbonate, 298

Carbamates
Dimethylthiocarbamate, 298
N-Phenylcarbamate, 298
N-Methyl-N-(o-nitrophenyl) carbamate, 299

PROTECTION FOR 1,2- AND 1,3-DIOLS
Cyclic Acetals and Ketals

Methylene, 300

Ethylidene, 302
t-Butylmethylidene, 303
1-#-Butylethylidene, 303
1-Phenylethylidene, 303
2-(Methoxycarbonyl)ethylidene, 304
2-(¢t-Butylcarbonyl)ethylidene, 304
Phenylsulfonylethylidene, 304
2,2,2-Trichloroethylidene, 305
3-(Benzyloxy)propylidene, 305

Acrolein, 306

Acetonide (Isopropylidene), 306

Cyclopentylidene, 318

Cyclohexylidene, 318

Cycloheptylidene, 318

Benzylidene, 321
p-Methoxybenzylidene, 331
1-(4-Methoxyphenyl)ethylidene, 337

298

299
300
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2,4-Dimethoxybenzylidene, 337
3,4-Dimethoxybenzylidene, 338
p-Acetoxybenzylidene, 339
4-(t-Butyldimethylsilyloxy)benzylidene, 339
2-Nitrobenzylidene, 340
4-Nitrobenzylidene, 340

Mesitylene, 341

6-Bromo-7-hydroxycoumarin-2-ylmethylidene, 342

1-Naphthaldehyde Acetal, 342

2-Naphthaldehyde Acetal, 342

9-Anthracene Acetal, 343

Benzophenone Ketal, 344

Di-(p-anisyl)methylidene Ketal, 344

Xanthen-9-ylidene Ketal, 344

2,7-Dimethylxanthen-9-ylidene Ketal, 344

Chiral Ketones

Camphor, 345
Menthone, 345

Cyclic Ortho Esters
Methoxymethylene, 346
Ethoxymethylene, 346
2-Oxacyclopentylidene, 347
Dimethoxymethylene, 348
1-Methoxyethylidene, 348
1-Ethoxyethylidine, 348
Methylidene, 348
Phthalide, 349
1,2-Dimethoxyethylidene, 349
t-Methoxybenzylidene, 349
1-(N,N-Dimethylamino)ethylidene Derivative, 349
o-(N,N-Dimethylamino)benzylidene Derivative, 349
Butane-2,3-bisacetal, 350
Cyclohexane-1,2-diacetal, 351
Dispiroketals, 352

Silyl Derivatives
Di-z-butylsilylene Group, 353
Dialkylsilylene Groups, 355
1,3-(1,1,3,3-Tetraisopropyldisiloxanylidene) Derivative, 356
1,1,3,3-Tetra-t-butoxydisiloxanylidene Derivative, 358
Methylene-bis- (diisopropylsilanoxanylidene, 358
1,1,4,4-Tetraphenyl-1,4-disilanylidene, 358
0-Xylyl Ether, 360
3,3-Oxybis(dimethoxytrityl) Ether, 360
1,2-Ethylene-3,3-bis (4"4’-dimethoxytrityl) Ether, 360
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Cyclic Carbonates 361

Cyclic Boronates 363
Methyl Boronate, 364
Ethyl Boronate, 364
Phenyl Boronate, 364
o-Acetamidophenyl Boronate, 365

ETHERS

Hydroxyl groups are present in a number of compounds of biological and synthetic
interest, including nucleosides, carbohydrates, steroids, macrolides, polyethers,
and the side chain of some amino acids.'* During oxidation, acylation, haloge-
nation with phosphorus or hydrogen halides, or dehydration reactions of these
compounds, a hydroxyl group must be protected. In polyfunctional molecules,
selective protection becomes an issue that has been addressed by the development
of a number of new methods. Ethers are among the most used protective groups
in organic synthesis. They vary from the simplest, most stable, methyl ether to
the more elaborate, substituted, trityl ethers developed for use in nucleotide syn-
thesis. They are formed and removed under a wide variety of conditions. Some
of the ethers that have been used extensively to protect alcohols are included in
Reactivity Chart 1.!4°

1. (a) See ref. 23 (oligonucleotides) and 24 (oliogsaccharides) in Chapter 10; (b) see also
C. B. Reese, “Protection of Alcoholic Hydroxyl Groups and Glycol Systems,” in Pro-
tective Groups in Organic Chemistry, J. F. W. McOmie, Ed., Plenum, New York and
London, 1973, pp. 95-143; H. M. Flowers, “Protection of the Hydroxyl Group,” in The
Chemistry of the Hydroxyl Group, S. Patai, Ed., Wiley-Interscience, New York, 1971,
Vol. 10/2, pp. 1001-1044; C. B. Reese, Tetrahedron, 34, 3143 (1978), see pp. 3145—
3150; V. Amarnath and A. D. Broom, Chem. Rev., 77, 183 (1977), see pp. 184—-194;
M. Lalonde and T. H. Chan, “Use of Organosilicon Reagents as Protective Groups in
Organic Synthesis,” Synthesis, 817 (1985); P. Kocienski, Protecting Groups, 3rd Ed.,
Thieme Medical Publishers, New York, 2004, p. 184; B. C. Ranu and S. Bhar, “Deal-
kylation of Ethers. A Review,” Org. Prep. Proced. Int., 28, 371 (1996). S. A. Weissman
and D. Zewge, “Recent Advances in Ether Dealkylation,” Tetrahedron, 61, 7833 (2005).
F. Guibe, “Allylic Protecting Groups and Their Use in Complex Environment. Part
I: Allylic Protection of Alcohols,” Tetrahedron, 53, 13509 (1997); F. Guibe, “Allylic
Protecting Groups and Their Use in Complex Environment. Part IT: Allylic Protecting
Groups and Their Removal Through Catalytic Palladiium n-Allyl Methodology,” Tet-
rahedron, 54, 2969 (1998).
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Methyl Ether: ROMe (Chart 1)

Formation

1.

10.
11.

Me,SO,, NaOH, Bu,NI, organic solvent, 60-90% yield.l This is an excellent
and general method that can easily be scaled up.

. Mel or Me,S0O,,> NaH or KH, THF. This is the standard method for introduc-

ing the methyl ether function onto hindered and unhindered alcohols.

. Me,SO,, DMSO, DMF, Ba(OH),, BaO, rt, 18 h, 88% yield.?

O
DMSO, DMF, BaO
Ba(OH , MesSO,
It, lxh 88%
B H;CO R

< CoMe ¥ CoMe

. Mel, CsOH, DMF, TBAI, 4-A molecular sieves (ms), CH;CN, 23°C, 1 h, 88%

yield.*

. Mel, solid KOH, DMSO, 20°C, 5-30 min, 85-90% yield.5
. TMSCHN,, 40% HBF,, CH,Cl,, 0°C, 79% yield. This is a safe alternative to

the use of diazomethane (74-93% yield).("7

. CH,N,, silica gel, 0-10°C, 100% yield.®

S S S S
HO CHaNs, EtoO MeO
B
silica gel
o (@) O 3% I (@) O
OH MeO
Ref. 9

. CH,N,, HBF,, CH,Cl,, Et:N, 25°C, 1h, 95% yield.!*!! Hydroxyl amines will

O-alkylate without the acid catalyst.'”

. CH,N,, SnCl,, CH,CN, Et,0, 75% yield.'?

OH
O CH5Ns, SnCl OMe
10, . EtO,C
ﬁ)\ COREr CHLCN, B0 \l)\C02Et
OH 75% OH

(MeO),POH, cat. TsOH, 90-100°C, 12h, 60% yield."

Me;OBF,, 3 days, 55% yield."” A simple large-scale preparation of this re-
agent has been described.!® This reagent was used in conjunction with Proton-
Sponge in CH,Cl, (3h, 0°C, 90% yield) to give a methyl ether without acyl
migration. It should be noted that the use of MeOTTf (highly toxic) in this case
failed to give satisfactory results."” This method can also be used on aldols
without reversion.'®
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L/(o \\<O
O OH OBn MeOBE, CHCL O  OMe OBn
\J\JV\A' 0°C, 90% \)I\/l\/\/\

12. CF380:Me, CH,Cl,, Pyr, 80°C, 2.5h, 85-90% yield.'*?° The use of 2,6-di--
butyl-4-methylpyridine as a base is also very effective.”!
13. CF;SO;Me, LHMDS, THF, HMPA, 89% yield.?

Note: no alkylation at N

NHCbz \ NHCbz

Or-Bu LHMDS, THF

[ mo’ -Bu
HMPA, MeOTf
OH O OMe O

89%

14. Because of the increased acidity and reduced steric requirement of the carbo-
hydrate hydroxyl, ~BuOK can be used as a base to achieve ether formation.??

o OH o, OCH
>( - BuOK, Mel >{ '
o ~ THE, 100% O o
o o )

07< 07'§

15. Mel, Ag,0, 93% yield.**

Mel, Ag-,O
CO;Bn S CO,Bn
HO: ¢ 93% H,CO
., v
‘ OTBDMS e OTBDMS

This method, when modified with a catalytic amount of dimethyl sulfide, was

the only method found satisfactory for the methylation of the glycoside in the
following scheme.?’

OMP OMP
Me O Me o]
BnO Mel, AgO, Me-S Me BnO
Me 0] OAc
N3 (@] fo} OAc o—p" N3 o c
BaO = THE, 25°C, 80, 3%  pBag
OH OMe

16. AgOT{, Mel, 2,6-di--butylpyridine, 39-96% yield. This method can be used

to prepare alkyl, benzyl, and allyl ethers 2
17. From an aldehyde: MeOH, Pd-C, H,, 100°C, 40 bar, 80-95% yield.27 Other
alcohols can be used to prepare other ethers. It is possible that this transfor-

mation is acid-catalyzed from Pd—C that contains PdCl,. See section on TES
ethers for a more thorough discussion.
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18. From a MOM ether: Zn(BH,),, TMSCI, 87% yield.28

19. OAc BREGN*Mo(CO)CT OCH;
MeOH, CH,Cl,
30°C, AgOTF
93%
Ref. 29
Cleavage™

1. Me;Sil, CHCl,, 25°C, 6 h, 95% yield.31 A number of methods have been re-
ported in the literature for the in sifu formation of Me;Sil* since MesSil is
somewhat sensitive to handle. This reagent also cleaves many other ether type
protective groups, but selectivity can be maintained by control of the reaction
conditions and the inherent rate differences between functional groups.

2. BBr;, Nal, 15-crown-3. Methyl esters are not cleaved under these condi-
tions.>*

3. BBr;, EtOAc, 1h, 95% yield.®
4. BBr3, CH,Cl,, high yields.>

\\ N
H wOAC B

H.CO : .\\OAC
3

BBr, CHoClo
———

—78°C to 12°C fo)

H

CH;0,C  OAc CO,CH; OAc CO,CH;

This method is probably the most commonly used method for the cleavage
of methyl ethers because it generally gives excellent yields with a variety of
structural types. The solid complex BBr;-Me,S that is more easily handled
can also be used.’” BBr; will cleave ketals.

5. BF;-Et,0, HSCH,CH,SH, HC, 15 h, 82% yield. 3%

6. MeSSiMe, or PhSSiMes, Znl,, Bu,NL* In this case the 6-O0-methyl ether
was cleaved selectively from permethylated glucose.

7. SiCly, Nal, CH,Cl,, CH5CN, 80-100% yield.*

8. AlX; (X = Br, Cl), EtSH, 25°C, 0.5-3h, 95-98% yield.?

9. +-BuCOCI or AcCl, Nal, CHsCN, 37 h, rt, 84% yield.43 In this case the methyl
ether is replaced by a pivalate or acetate group that can be hydrolyzed with base.

10. Ac,O, FeCls, 80°C, 24h.** In this case the methyl ether is converted to an
acetate. The reaction proceeds with complete racemization. Benzyl and allyl
ethers are also cleaved.

11. AcCl, Nal, CH;CN.*%

12. Me,;BBr, CH,Cl,, 0-25°C, 3-18h, 75-93% yield. Tertiary methyl ethers give
the tertiary bromide *®

13. BI;-Et,NPh, benzene, rt, 3-4h, 94% yield ¥’
14. TMSCL, cat. H,S0,, Ac,0, 71-89% yield *8
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15. AICL, Bu,NL CH:CN, 83% yield *»

OCHj;3
BzO ~OH
AICls, BugNI
o & CH;CN, 83% OH

16. The following method works well for methyl ethers that have a hydroxyl
within 2.3-2.8 A*

OH A OH

MeO 1.DIB, I, v O . S0
¢ CH:Cl, AcO L
(0] — O + 0]
OMe MeO OMe

MeO-\ 1\ -OMe 240H  MeO

OMe 70% OMe OMe
14%
1. AcOH, TFAA
2. NaOH, MeOH
¥
OH
OH <
/O
MeO OMe
OMe

77% if done in 1 pot

17. Treatment of a methyl ether with RuCl;, NalO, converts it into a ketone.>?
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Substituted Methyl Ethers

Methoxymethyl Ether (MOM Ether): CH;OCH,OR (Chart 1)

Formation

1.

CH;OCH,(I, i-Pr,NEt, 0°C, 1h — 25°C, 8h, 86% yield.l This is the most com-
monly employed procedure for introduction of the MOM group. The reagent
chloromethylmethyl ether is reported to be carcinogenic, and dichlorometh-
ylmethyl ether, a by-product in its preparation, is considered even more toxic.
A preparation that does not produce any of the dichloro ether has been reported.?

2. CH3;0CH,CL? NaH, THF, 80% yield.*

W

. MOMBE, DIPEA, CH,Cl,, 0°C, 6h, 72% yield.!

4. Nal increases the reactivity of MOMCI by the in situ preparation of MOMI,

which facilitates the protection of tertiary alcohols.®

MOMCI, Nal
DIPEA, DME, reflux

! oH 1 OMOM
CO,CH,CH,TMS 12 h, 88% o CO,CH,CH,TMS
OCH,SCH, OCH,SCH;

. For the selective protection of diols: Bu,Sn0O, benzene, reflux; MOMCI, BuyNI,

rt, 87% yield.

. Selective formation of MOM ethers has been achieved in a diol system.®

MOMCI, NaH

B

61%

. Mono MOM derivatives of diols can be prepared from the ortho esters by

diisobutylaluminum hydride reduction (46-98% yield). In general, the most
hindered alcohol is protected.’

(Me0);CH

CSA, CH,Cl o T8
2Ll 30 mi OMOM
l OH > CH, min E]\
OH 1t, 24h 0°C, 10 min /‘OH

In the case of allylic or propargylic diols, the nonallylic (propargylic) alcohol
is protected.'”
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OMe

ol /< MOMO
/;JJ\ 1. TMOF, CSA o} 2. DIBAH A)J\
| — ER o SRR ————— I
10-96% yield :
R /\; 6% yiel OH

I

Om
jan)

. MOMCI, ALO;, ultrasound, 68-92% yield."

9. MOMCI, CH,Cl,, Na-Y Zeolite, reflux, 70-91% yield.'?

11.
12.

13.

14.

15.

16.
17.
18.
19.
20.
21
22.

. The Avermectin derivative was protected under the illustrated mild and
nearly neutral conditions.'® The reagent is easily prepared from the thiol and
CH,(OMe), with BF;-Et,O activation.

N.__ SCH,OCH4
i ~
L

AgOTT, NaOAc, THE, rt
83%

R = OMOM

H
OTBS

CH,(OMe),, Nafion H."*

CH,(OMe),, SAC-13 (commercially available), 72-96% yield. This method
very efficiently produces the i-PrOCH,OR derivative (82—-100% yield) from
the isopropyl acetal.

CH,(OMe),, CH,Cl,, TfOH, 4 h, 25°C, 65% yield.'> This method is suit-
able for the formation of primary, secondary, allylic, and propargylic MOM
ethers. Tertiary alcohols fail to give complete reaction. 1,3-Diols give methy-
lene acetals (89% yield).

CH,(OMe),, CH,=CHCH,SiMe;, Me;SiOT{, P,0s, 93-99% yield.!® This
method was used to protect the 2’-OH of ribonucleosides and deoxyribonu-
cleosides as well as the hydroxyl groups of several other carbohydrates bear-
ing functionality such as esters, amides, and acetonides.

CH,(OEt),, Montmorillonite clay (H"), 72-80% for nonallylic alcohols, 56%
for a propargylic alcohol."” Amberlyst 15 has been used as a catalyst.'®

CH,(OMe),, MoO,(acac),, CHCls, reflux, 63-95% yield."”
CH,(OCH3),, anhydrous FeCl,—MS (3 A), 1-3h, 70-99% yield.?’
CH,(OMe),, TsOH, LiBr, 9h, rt, 71-100% yield.*

CH,(OMe),, cat. P,0s, CHCl,, 25°C, 30 min, 95% yield.2?
CH,(OMe),, Me;Sil or CH,=CHCH,SiMes, I,, 76-95% yield.??
CH,(OMe),, TsOH, LiBr, 9h, rt, 71-100% yield.

CH.(OMe),, ZrCly, rt, 93-98% yield. TBDMS and THP ethers are converted
to MOM ethers directly by this method.*
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23. CH,(OMe),, Sc(OTf)s, CHCl, reflux, 77-98% yield.?

24. From a stannylmethyl ether: electrolysis, MeOH, 90% yield.?

25. From a trimethylsilyl glycoside: TMSOTf or TFA or BF;i-Et,0,
CH,;0CH,0CH;, 54—66% yield.?

26. From a PMB ether: CH,(OMe),, MOMBr, SnBr,, CICH,CH,Cl, rt, 57-81%
yield. Phenolic PMB ethers were not converted efficiently. A BOM ether was
prepared using this method.?®

27. The following reaction works best for secondary alcohols. Primary and ter-
tiary alcohols give yields in the 50-60% range, whereas secondary alcohols
give yields from 84-98% %

)O\H JJ\ TsOH or PPTS OMOM o
+ Cl T + ad \/U\
R R, 0" o )\

CHACN, rt R, R,

Cleavage

1. Trace concd. HC1, MeOH, 62°C, 15 min.*°

2. 6 M HCI, aq. THF, 50°C, 6-8h, 95% yield.84 An attempt to cleave the MOM

group with acid in the presence of a dimethyl acetal resulted in the cleavage of
32

both groups, probably by intramolecular assistance.
3. Concd. HCI, isopropyl alcohol (IPA), 65% yield. >

coned. HCI
-3 TIPSO

TIPSO IPA, 65%

Other methods attempted for the cleavage of this MOM group were unsuc-
cessful.

4. Pyridinium p-toluenesulfonate, --BuOH or 2-butanone, reflux, 80-99% yield.3*
This method is useful for allylic alcohols. MEM ethers are also cleaved under
these conditions. PPTS (+-BuOH, 84°C, 8 h, 45% yield) has been used to cleave
a MOM in the presence of a PMB group, which is somewhat acid-sensitive.’

5. AcCl,MeOH, 0°C, 4d, 93% yield.3(’ This is a method of generating HCl in situ.
Note that the acid labile PMB group was retained.

Retained w

OPMB
H

AcCl, MeOH

—

93%

OMOM

6. CF;COOH, CH,Cl,, >>85% yield.”’
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TFA, CH»Cl,
[ ——
M >85% -
o) 5 0

MOMO KO OBn HO )QO OBn

An attempt to deprotect a MOM ether in a synthesis of Pamamycin 621A re-
sulted in participation of the PMB ether and the formation of the formaldehyde
acetal which is very difficult to cleave.* Since PMB ethers can be cleaved with
TFA, the formaldehyde acetal probably forms after loss of the PMB group
rather than by participation through an oxacarbenium ion.

MOM

PMBO O MO O S

HCI, MeOH, 62%

¥
OH OH MsO O
: : .OMe

N
|

Me

A similar problem was encountered when BBr; was used in an attempt to re-
move a MOM group with a proximal PMB ether.® The methylene acetal was
also formed from a MOM ether during an attempt to remove a TBDPS ether
with HF/pyridine.*

P

MOMO OTBDPS O
= o’ 50% e

7. Dowex-50W-X2, ag. MeOH, 42-97% yield.*!

0

O
O\\ H OMOM \\_ H ~OH
: \ Dowex-50W 2
MeOH, 93%
H I H
MeO,C H coMe MeO,C COMe

Other methods resulted in skeletal rearrangement. This study also showed
that the rate of acid-catalyzed MOM cleavage increases in the order: pri-
mary (30h) <secondary (8h) < tertiary (0.5-2h). MOM ethers of tertiary
alcohols are cleaved in excellent yield (94-97% yield).

8. 50% AcOH, cat. H,SOy, reflux, 10-15 min, 80% yield.**

9. MOM ethers can be converted directly to an acetate (FeCls, Ac,O, 2-9h, 20—
95% yield), which is easily hydrolyzed to the alcohol.*’ Inls/Ac,O converts
MOM and THP ethers to acetates.**



34 PROTECTION FOR THE HYDROXYL GROUP, INCLUDING 1,2- AND 1,3-DIOLS

10. Ac,O, BF;-Et,0, 4°C, 89% yield45 This reagent combination converts the
MOM ether to the AcOCH,OR ether which is cleavable with base.

11. PhSH, BF;-Et,0, 98% yield.*® With dimethylsulfide as the cation scavenger
an adjacent PMB ether is stable.’

12. 1,3-dithiane, BF;-Et,0, 84% yield.

N
. BFy-Eb
L/S BF; - EtO -
MOMO\J\( OTBDPS —~=— HO A OTBDPS
o

OBn
13. Ph;CBF,, CH2C12, 25°C.48
0CO,Ph
PhO PhyCBF,, CHoCl, 0CO.Ph
OMOM 2,6-di-t-Bu- pyndme
N-CO,Me 0= 22°C 15-30 min
OHC 2 75% N—CO,Me

Ref. 49
14. Catechol boron halides, particularly the bromide,

O\
;BBr
o

are effective reagents for the cleavage of MOM ethers. The bromide also cleaves
the following groups in the order: MOMOR =MEMOR > ~BOC > Cbz=¢-B
uOR > BnOR > allylOR > -BuO,CR =2° alkylOR > BnO,CR > 1° alkylOR
> alkylO,CR. The -butyldimethylsilyl (TBDMS), #-butyldiphenylsilyl (TB-
DPS) and the PMB groups are stable to this reagent.>’ The chloride is less re-
active and thus may be more useful for achieving selectivity in multifunctional
substrates. Yields are generally > 83%.3' If the reaction is run in AcOH, for-
myl acetals are not formed in cases having a 1,3-disposed alcohol. It appears
that the reagent should be used in >1 equivalent because a methylene-bridged
dimer was formed during a synthesis of Epoxydictymene with <1 eq.>
o}

15. (i-PrS),BBr, MeOH, 94% yield.54 This method has the advantage that 1,2- and
1,3-diols do not give formyl acetals as is sometimes the case in cleaving MOM
groups with neighboring hydroxyl groups.”® The reagent also cleaves MEM
groups and, under basic conditions, affords the i-PrSCH,OR derivatives.

O
(i-PrS),BBr fé\><}‘u
CO,Me

MeOH, 94%

TIPSO

olil
jan)
O
jan)

(S)H (S)MOM S1\)S
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16. Me,SiCl,, TBAB, 4-A sieves, CH,Cl,, 0°C, 6h, 47% yield.5
HNﬂ)L E

Ty N

Me,SiCl,, TBAB

CH')C]') 0°C,6h
47%

/N

OR OR R =MOM

17. Me;BBr, CH,Cl,, —78°C, then NaHCO:/H,O, 87-95% vyield.>” This
reagent also cleaves the MEM, MTM, and acetal groups. An ester, a BOC,
and a TIPS group were unaffected by this reagent in a synthesis of the
Didemnins.>®

18. Me;SiBr, CH,Cl,, 0-78°C, 10 min, —10°C, 4h, 93% yield.59 Since the reagent
1s unstable and fumes in air, a method for generating TMSBr in sifu from
TMSCI1 and TBAB has been used to advantage.®” A BOC and a benzyl ether
were unaffected. This reagent also cleaves the acetonide, THP, trityl and #-
BuMe,Si groups. Esters, methyl and benzyl ethers, -butyldiphenylsilyl ethers
and amides are reported to be stable.®!

OMOM TMSBr, —30°C

B — e

25 min

O\H/OCHZCC13 OTBDMS é\n/ OCH,CCl3 OTBDMS

o o}

19. LiBF,, CH;CN, H,0, 72°C, 100% yield.(’2 Note that the SEM group is also
removed. LiBF, disproportionates to LiF and BF; upon heating, which no
doubt has its mechanistic implications.

OSEM

LiBF,, CHyCN

H,0, 72°C
100%




36

PROTECTION FOR THE HYDROXYL GROUP, INCLUDING 1,2- AND 1,3-DIOLS

20. MgBr,, ether, BuSH, 1t, 40-97% yield. Tertiary and allylic MOM derivatives

21
22.

23.

24,
25.

26.

27.

seem to give low yields, but this is not always the case as with the example be-
low. MTM and SEM ethers are also cleaved, but MEM ethers are stable.%>%*

—OMOM /// OH
o,

.,

MgBr; - Et20, C4HoSH

Ether, 48 h
CO,Me >86% CoMe
ZrCly, IPA, reflux, 93-97% yield.?*

Sc(OTf);, CH;CN, HOCH,CH,CH,OH, reflux, 1-4h, 79-98% yield. THP
ethers are similarly cleaved.*

Bi(OTf);, THE, H,O, rt, 15-60 min, 86-95% yield. Both phenolic and alkanolic
MOM ethers are readily removed.*® TBS ether is unstable to these conditions.
AICl;, Nal, CH;CN, CH,Cl,, 0°C, 25 min, >70% yield.”

The thermolysis of MOM, MEM, and THP ether in ethylene or propylene
glycol at 120-160°C releases the alcohol under neutral conditions, but ter-
tiary derivatives give some by-products that are consistent with a carbenium
ion intermediate.®®

There are times when the MOM group is not such an innocent bystander and
69

participates in some unexpected and surprising reactions.

OH OPMB

TESOTY, CHCl,

S ———

78%

The following was an attempt to prepare the silyl enol ether, but the reaction
gave the unexpected silyl acetal.””

MOMO MOMO

R
TIPSOTY .
B XN‘OTIPS
TEA /
OMOM o
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Methylthiomethyl Ether (MTM Ether): CH;SCH,OR (Chart 1)

Methylthiomethyl ethers are quite stable to acidic conditions. Most ethers and 1,3-
dithianes are stable to the neutral mercuric chloride used to remove the MTM
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group. One problem with the MTM group is that it is sometimes difficult to intro-

duce.
Formation
1. NaH, DME, CH;SCH,C], Nal, 0°C, 1h to 25°C, 1.5h, >86% yield.l
2. CH;SCH,I, DMSO, Ac,0, 20°C, 12h, 80-90% yield.2
3. DMSO, Ac,0, AcOH, 20°C, 1-2 days, 80%.°
4. CH;SCH,CI, AgNOQ:;, Et;N, benzene, 22-80°C, 4-24h, 60-80% yield.4
5. DMSO, molybdenum peroxide, benzene, reflux, 7-20h, =60% yield.5 This

8.

method was used to monoprotect 1,2-diols. The method is not general because
oxidation to «-hydroxy ketones and diketones occurs with some substrates.
Based on the mechanism and on the results, it would appear that overoxidation
has a strong conformational dependence.

. MTM ethers can be prepared from MEM and MOM ethers by treatment with

Me,BBr to form the bromomethyl ether, which is trapped with MeSH and (i-
Pr),NEt, 87-91% yield. This method may have some advantage since the prep-
aration of MTM ethers directly is not always simple. Acetals in the presence of
thiols are converted O, S-acetals.®

. CH;SCH;, CH;CN, (PhCOOQ),, 0°C, 2h, 75-95% yield.7’8 Acetonides, THP ethers,

alkenes, ketones, The Fmoc group’ and epoxides all survive these conditions.
(COCI),, DMSO, ~78°C to ~50°C; Et:N, ~78°C to ~15°C.!°

Cleavage

1.

HgCl,, CH,CN, H,0, 25°C, 1-2h, 88-95% yield.l If 2-methoxyethanol is
substituted for water, the MTM ether is converted to a MEM ether. Similarly,
substitution with methanol affords a MOM ether.'! If the MTM ether has an
adjacent hydroxyl, it is possible to form the formylidene acetal as a by-product
of cleavage.'”

. HgCl,, CaCO;, MeCN, H,O.! The calcium carbonate is used as an acid scav-

enger for acid sensitive substrates.

TBSO S HeCh, CaC0s TBSO s/j

MTMO N CHACN, Hy0 HO S

. Mel, acetone, H,O, NaHCOQs, heat a few hours, 80-95% yield.3

4. Electrolysis: applied voltage = 10V, AcONa, AcOH; K,CO;, MeOH, H,O,

80-95% yield."®

. Mgl,, ether, Ac;O, rt, 90-100% yield. Cleavage occurs to give a mixture of acetate

and an acetoxymethyl ether that is reported to be very acid- and base- sensitive.'*

. MesSiCl, Ac,0, 90% .!° Treatment of the resulting acetoxymethyl ether with

acid or base readily affords the free alcohol.
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CH:SCH,0 AcOCHQ

TMSCI, Ac,0O

7. Ph;CBF,, CH,Cl,, 5-30 min, 80-95% yield.'(‘ The mechanism of this cleav-
age has been determined to involve complex formation by the trityl cation
with the sulfur, followed by hydrolysis, rather than by hydride abstraction.”

PhyCBE,

B

CHCl,

In this case the use of HgCl,, AgNOs, and Mel gave extensive decomposition.
8. Hg(OTf),. CH,Cly. H,0, Na,HPO,.!®
9. AgNO;, THF, H,0, 2,6-lutidine, 25°C, 45 min, 88-95% yield.l These condi-
tions can be used to cleave an MTM ether in the presence of a dithiane."”
10. MgBr,, n-BuSH, Et,0, rt, 0.5-3h, 83—85% yield.2
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20. S.Kim, L. S. Kee, Y. H. Park, and J. H. Park, Synlett, 183 (1992).

(Phenyldimethylsilyl) methoxymethyl Ether (SMOM-OR):
C¢Hs(CH3),SiCH,OCH,OR

Formation
SMOMC, i-PrEt;N, CH;CN, 3h, 40°C, 87-91% yield.l Diols are selectively pro-
tected using the stannylene methodology.

Cleavage

AcOOH, KBr, AcOH, NaOAc, 1.5h, 20°C, 82-92% yield.l The SMOM group is
stable to Bu,NF; NaOMe/MeOH; 4 N NaOH/dioxane/methanol; N-iodosuccin-
imide, cat. trifluoromethanesulfonic acid.

1. G.J.P.H. Boons, C.J. J. Elie, G. A. van der Marel, and J. H. van Boom, Tetrahedron Lett.,
31, 2197 (1990).

Benzyloxymethyl Ether (BOM—OR): PhCH,OCH,0OR

Formation

1. PhACH,OCH,CI, (i-Pr),NEt, 10-20°C, 12h, 95% yield."* Bu,NI can be added
to increase the reactivity for protection of more hindered alcohols.

2. PhCH,OCH,CI, Nal, proton sponge [l,8-bis(dimethylamino)naphthalene],
84% yield.> BOMBr can also be used.*

Cleavage

1. Na, NHs, EtOH.'” A trisubstituted epoxide was stable to these conditions.

2. Li, NH;.%7 As expected benzyl groups are also cleaved.

3. LiDBB, THF, —78°C, 88% yield.® Contrary to expectation hydrogenolysis
with Pd(OH), failed to remove the BOM group without also reducing the
olefin. See #5 below.

LiDBB, THF

JR———

~78°C, 88%

4. PhSH, BF;-Et,0, CH,Cl,, —78°C, 95% yield >
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O O
OPh OPh
OBOM OJ\/ OH 0JJV
H PhSH, BF; - Et,0 z
g P
CH>Clh, -78°C, 95%
5. Ha, 1 atm, Pd—C, EtOAc—hexane, 68% yield."! This method is compatible

with an N—O bond and an aziridine."”

OCH;

H,, PA(OH)»
B
EtOAc, Hexane
68%

6. H, 1 atm, 10% Pd—C, 0.01 N HCIO,, in 80% THF/H,0, 25°C."* Without the
acid, the overall deprotection was sluggish.

7. Transfer hydrogenation: 1-methyl-1,4-cyclohexadiene, Pd/C, CaCQO;, EtOH,
100% yield."> This method was compatible with a disubstituted olefin. Benzyl
groups are also cleaved.

8. Transfer hydrogenation: HCO,H, MeOH, Pd black, rt, 1.5h. These conditions
also remove a Cbz group from an amine."* Ammonium formate can also be
used as the hydrogen source.'’

9. Bromocatecholborane, 71% yield. A 3° TMS and 1° TBS ether were retained.'®

10. HC1, MeOH, 56% yield."

11. MeOH, Dowex 50W-X8, rt, 56 days, 90% yield.'®

12. AlH,Cl, AIHCI,, or BH; in toluene or THF. See the section on SEM ethers
for a selectivity study of these reagents with the SEM, MTM, EOM (ethoxy-
methyl), and p-AOM groups.'”

13. HCL, Nal, 97% yield based on 67% conversion.*’

14. LiBF,, CH;CN, H,O, reflux, 62% yield.21 LiBF, upon heating dissociates into
LiF and BF;.

LiBE;, CH;CN
e
H-0, relflux

.... - 02%

0 Me~ OBOM

Note that the methyl ketal is also cleaved
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(MeO)2C6H3CH20CH20R

The [(3,4-dimethoxybenzyl)oxy]methyl group has been used similarly to the PMBM
group except, that as expected, it is more easily cleaved (DDQ, CH,Cl,, ~-BuOH,
phosphate buffer, pH 6.0, 23°C, 110 min, 88% yield). In fact, it was successfully
removed where a PMBM ether could not be cleaved.!

Formation

1. p-MeOCH,CH,OCH,CL, (i-Pr),NEt (DIPEA), CH,Cl,, 78-100% yield.2?
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o) PMBMCI, DIPEA o)
H R H
w o %
HO™" : PMBMO'" :
H DDQ, 88% H

2. Lithium alkoxides react with PMBMCI to form the ethers.*
3. p-MeOCH,CH,OCH,SCH;, CuBr,, TBAB, MS4A, CH,Cl, 58-95% yield.5

Cleavage

1. DDQ, H,0, rt, 1-10h, 63-96% yield.?
2. 3:1 THF-6 M HCI, 50°C, 6h.!

1. H. Kigoshi, K. Suenaga, T. Mutou, T. Ishigaki, T. Atsumi, H. Ishiwata, A. Sakakura,
T. Ogawa, M. Ojika, and K. Yamada, J. Org. Chem., 61, 5326 (1996).

2. G. Guanti, L. Banfi, E. Narisano, and S. Thea, Tetrahedron Lett., 32, 6943 (1991).
3. A.P. Kozikowski and J.-P. Wu, Tetrahedron Lett., 28, 5125 (1987).

4. J. A. Marshall and W. Y. Gung, Tetrahedron Lett., 30, 7349 (1989).

5. D. Sawada and Y. Ito, Tetrahedron Lett., 42, 2501 (2001).

p-Nitrobenzyloxymethyl Ether: NO,CcH,CH,OCH,OR

Formation

1. NO,CH,CH,OCH,-Py" C1", TBAB, DMF, 75°C.!
2. NO,C¢H,CH,0CH,SCH;, CuBr,, TBAB, MS4A, CH,Cl,, 1t, 70-77% yield.?

Cleavage

1. TBAF, THF, 25°C, 24h.

2. The section on the cleavage of 4-nitrobenzyl ethers should be consulted since
those methods are expected to be applicable in this case as well.

1. G.R. Gough, T.J. Miller, and N. A. Mantick, Tetrahedron Lett., 37, 981 (1996).
2. D.Sawada and Y. lto, Tetrahedron Lett., 42, 2501 (2001).

o-Nitrobenzyloxymethyl Ether (NBM—OR): 2-NO,C:H,CH,OCH,0OR

Formation

1. This group was developed for 2 -protection in ribonucleotide synthesis."
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DMTO DMTO.
Base Base
fo) Bu,SnCl,, DIPEA O
(CICHa)», 25°C, 60 min
OH OH then 70°C, nbm-Cl1 OH 0.0~
50-80%

2. From a diol: Bu,SnO, then 2-NO,C¢H,CH,OCH,C1.?

Cleavage

1. +BuOH, H,0, pH 3.7, long-wave UV for 4.5 h’

2. Photolysis: hv, Pyrex filtered, 0.1 M sodium citrate buffer, pH 3.5, +-BuOH,
25°C, 2h.!?

3. Hydrogenolysis or nitro group reduction should cleave this group. See the
section on the nitrobenzyl ether.

[(R)-1-(2-Nitrophenyl)ethoxy]methyl Ether ((R)-npeom—OR)

RO.__O._ .

S

0N

This group was developed for 2-OH protection in ribonucleotide synthesis.*> Its
advantage is that the reduced steric hindrance of this and related groups improves
coupling yields.® It is introduced on a diol using the stannylene method and the chlo-
ride. It is cleaved by photolysis (10 mM MgCl,, 50 mM Tris-HC], pH 8, H,O, 25°C).

1. A. Stutz and S. Pitsch, Synlett, 930 (1999).
. S.Pitsch, Helv. Chim. Acta, 80, 2286 (1997).

3. M. E. Schwartz, R. R. Breaker, G. T. Asteriadis, J. S. deBear, and G. R. Gough, Biorg.
Med. Chem. Lett., 2, 1019 (1992).

. A. Stutz, C. Hobartner, and S. Pitsch, Helv. Chim. Acta, 83, 2477 (2000).

5. S.Pitsch, P. A. Weiss, X. Wu, D. Ackermann, and T. Honegger, Helv. Chim. Acta, 82, 1753
(1999).
6. S. Pitsch, Chimia, 55, 320 (2001).

(3]

S

(4-Methoxyphenoxy)methyl Ether (p-AOM—OR), (p-Anisyloxymethyl Ether):
ROCH,0C¢H,—4-OCHj;

Formation'

1. p-AOMCI, PhCH,N"Et;Cl™, CH;CN, 50% NaOH, rt, 46-91% yield.
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2. p-AOMC, (i-Pr),NEt, CH,Cl,, reflux.
3. p-AOMCI, DMF, 18-crown-6, K,CO;, 1t.

Cleavage
1. CAN, CH:CN, H,0, 0°C, 0.5h, 60-98% yield.l In some cases the addition of
pyridine improves the yields.”
2. CAN, CH;CN, H,0, 2,6-pyridinedicarboxylic acid N-oxide (PDNOQ), 0°C,
20 min, 77% yield. the N-oxide was essential for this cleavage to work.>

>~ 0 CAN, PDNO o

g

RO —_ =
o S, ~OAOM ACN,H,0 ROJN .. oH
) 0°C, 20 min &

RO 7% RO™ T

3. BHj;, toluene converts the p-AOM ether into a methyl ether. For a stability
comparison of this group with MTM, SEM, BOM and EOM to various hydride
reagents see the section on SEM ethers.*

1. Y. Masaki, I. Iwata, I. Mukai, H. Oda, and H. Nagashima, Chem. Lett., 18, 659 (1989).

2. D. L. Clive, Y. X. Bo, Y. Tao, S. Daigneault, and Y. J. Meignam, J. Am. Chem. Soc., 120,
10332 (1998).

3. D.L.J. Clive and S. Sun, Tetrahedron Lett., 42, 6267 (2001).

4. 1. Bajza, Z. Varga, and A. Liptak, Tetrahedron Lett., 34, 1991 (1993).

Guaiacolmethyl Ether (GUM—OR): 2-MeOCcH,OCH,0OR

OMe
QOCHZCI
OMe
50% NaOH, PhH
ROH ©:
OCH,0R

BuyNHSO,, >80%
ZnBr,, CHACly, >80%

Formation/Cleavage

It is possible to introduce this group selectively onto a primary alcohol in the presence
of a secondary alcohol. The derivative is stable to KMnQ,, m-chloroperoxybenzoic
acid, LiAlH,, and CrO;-Pyr. Since this derivative is similar to the p-methoxyphenyl
ether it should also be possible to remove it oxidatively. The GUM ethers are less
stable than the MEM ethers in acid but have comparable stability to the SEM ethers.
It is possible to remove the GUM ether in the presence of a MEM ether.'

1. B. Loubinouz, G. Coudert, and G. Guillaumet, Tetrahedron Lett., 22, 1973 (1981).
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This group was developed to impart crystallinity to an intermediate in a synthesis
of PNU-140690. The derivative is formed from POMCI (from a 3° alcohol: toluene,
DIPEA, reflux, 5h, 76% yield) and can be cleaved with H,SO, (THF, MeOH, rt,
84% yield)."

1. K. S. Fors, J. R. Gage, R. F. Heier, R. C. Kelly, W. R. Perrault, and N. Wicienski, J. Org.
Chem., 63, 7348 (1998).

t-Butoxymethyl Ether: ~BuOCH,OR

The advantage of this ether is that it can be introduced under relatively neutral con-
ditions whereas the ~Bu group is introduced under acidic conditions, but can be
cleaved by typical conditions used to cleave the +~Bu ether.

Formation
L. +BuOCH,CL Et;N, —20°C — 20°C, 3h, 54—80% yield.?
2. ~-BuOCH,S0,Ph, LiBr, TEA, toluene, 2—4 days, 70-92% yield.3
3. +BuOCH,SCH,CH,, CuBr,, TBAB, MS4, CH,Cl,, rt, 4h, 69-91% yield.*

Cleavage

CF,COOH, H,0, 20°C, 48h, 85-90% yield.2 The -butoxymethyl ether is stable to hot
glacial acetic acid; aqueous acetic acid, 20°C; and anhydrous trifluoroacetic acid.

1. For an improved preparation of this reagent, see J. H. Jones, D. W. Thomas, R. M. Thomas,
and M. E. Wood, Synth. Commun., 16, 1607 (1986).

2. H. W. Pinnick and N. H. Lajis, J. Org. Chem., 43, 3964 (1978).
3. M. Julia, D. Uguen, and D. Zhang, Synlett, 503 (1991).
4. D.Sawada and Y. lto, Tetrahedron Lett., 42, 2501 (2001).

4-Pentenyloxymethyl Ether (POM—OR)!: CH,=CHCH,CH,CH,OCH,OR

Formation

POMCI, (i-Pr),NEt, CH,Cl,.2 The related pentenyl glycosides, prepared by the
usual methods, were used to protect the anomeric center.”

Cleavage

NBS, CH;CN, H,0, 62-90% yield.z’4 The POM group has been selectively re-
moved in the presence of an ethoxyethyl ether, TBDMS ether, benzyl ether,
p-methoxybenzyl ether, an acetate, and an allyl group. Because the hydrolysis of a
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pentenyl 2-acetoxyglycoside was so much slower than a pentenyl 2-benzyloxyg-
lycoside, the 2-benzyl derivative could be cleaved selectively in the presence of
the 2-acetoxy derivative.’ The POM group is stable to 75% AcOH but is cleaved

by 5% HCL.
BnO
BnO HO ngg&i’\g
OISO QNSO et w0 %
B0 VNV aco oV HGdneo: ACO&Q\_

n CH,Cly, 62% AcO
AcO OW

Cleavage of the POM group in the presence of neighboring hydroxyls can result
in the formation of methylene acetals.”

1. The chemistry of the 4-pentenyloxy group has been reviewed by B. Fraser-Reid, U. E.
Udodong, Z. Wu, H. Ottosson, J. R. Merritt, C. S. Rao, C. Roberts, and R. Madsen, Synlett,
927 (1992).

2. Z.Wu, D. R. Mootoo, and B. Fraser-Reid, Tetrahedron Lett., 29, 6549 (1988).

3. D. R. Mootoo, V. Date, and B. Fraser-Reid, J. Am. Chem. Soc., 110, 2662 (1988).

4. Foradiscussion of the factors that influence the rate of NBS induced rn-pentenylglycoside hydro-
lysis, see C. W. Andrews, R. Rodebaugh, and B. Fraser-Reid, J. Org. Chem., 61, 5280 (1996).

5. D. R. Mootoo, P. Konradsson, U. Udodong, and B. Fraser-Reid, J. Am. Chem. Soc., 110,
5583 (1988).

Siloxymethyl Ether: RR’,SiOCH,OR”, R" = Me, R = ¢-Bu; R = Thexyl,

These groups are sterically less demanding than the corresponding silyl ethers, but
are cleaved by the same conditions as the silyl ethers.

Formation

1. RR%SiOCH,C], (i-Pr),NEt, CH,Cl,, 73-92% yield."”
2. (i-Pr);Si0CH,SCHj3, CuBr,, TBAB, MS4A, CH,Cl,, 90-100% yield. Phenols
can also be protected with this method.?

3. The stannylene method can be used to monoprotect a dio
TBDMSO, TBDMSO,

U Bu,SnCl,, DIPEA o U

1.4,5

o

{CH:Cl»)s, rt then
OH OH tom-Cl, 80°C OH O._.OTIPS

45%

Cleavage

1. BuuNE, THF, 70-80% yield.l TBAF buffered with AcOH has also been
used.”
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2.
3.

[ S S

Et,NF, CH;CN, rt, 64-75% yield.
AcOH, H,0.!

. L.L. Gundersen, T. Benneche, and K. Undheim, Acta Chem. Scand., 43, 706 (1989).

. E. Vedejs and J. D. Little, J. Org. Chem., 69, 1788 (2004).

. D. Sawada and Y. Ito, Tetrahedron Lett., 42, 2501 (2001).

. A. Stutz, C. Hobartner, and S. Pitsch, Helv. Chim. Acta, 83, 2477 (2000).

. D. A.Berry, K.-Y. Jung, D. S. Wise, A. D. Sercel, W. H. Pearson, H. Mackie, J. B. Randolph,

and R. L. Somers, Tetrahedron Lett., 45, 2457 (2004); X. Wu and S. Pitsch, Nucleic Acids
Res., 26, 4315 (1998).

6. C. Hobartner, R. Rieder, C. Kreutz, B. Puffer, K. Lang, A. Polonskaia, A. Serganov, and
R. Micura, J. Am. Chem. Soc., 127, 12035 (2005).

2-Methoxyethoxymethyl Ether MEM—OR): CH;OCH,CH,OCH,OR (Chart 1)

MEM ethers are similar to the MOM and SEM ethers in their stability to protic acids
but are more sensitive to Lewis acids because the additional ether improves its abil-
ity to coordinate a Lewis acid more strongly than the MOM or SEM ether.

Formation
1. NaH or KH, MEMC]I, THF or DME, 0°C, 10-60 min, >>95% yield."
2. MEMN Et;Cl~, CH;CN, reflux, 30 min, >90% yield.'
3. MEMCI, (i-Pr);NEt (DIPEA), CH,Cl,, 25°C, 3h, quant.'
4. The MEM group has been introduced on one of two sterically similar but
electronically different alcohols in a 1,2-diol.2
CO,Me COzMe cone
\SPh
MEMC], CHCh
HO DIPFA o MEMO™
OH OMEM
49% 19%
Cleavage
1. ZnBr,, CH,Cl,, 25°C, 2-10h, 90% yield.l When a MEM protected diol was

cleaved using ZnBr; in EtOAc, 1,3-dioxolane formation occurred,’ but this can
be prevented by the use of in situ prepared TMSL*

2. TiCl,, CH,CL, 0°C, 20 min, 95% yield."

. Me,BBr, CH,Cl,, —78°C; NaHCO;, H,0, 87-95% yield.(’ This method also

cleaves MTM and MOM ethers and ketals.

. (i-PrS),BBr, DMAP; K,CO, H,O.” In this case the MEM ether is converted into

the i-PrSCHs-ether that can be cleaved using the same conditions used to cleave
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the MTM ether. In one case where the related 2-chloro-1,3,2-dithioborolane

lated as a by-product in 29% yield.®

. Pyridinium p-toluenesulfonate, -BuOH or 2-butanone, heat, 80-99% yield’

This method also cleaves the MOM ether and has the advantage that it cleanly
cleaves allylic ethers that could not be cleaved by Corey’s original procedure.

. TFA, CH,Cl,, 90% yield.

7. HCO,H, MeOH, 65°C, 4h, 97% yield.!

THPO™

11.
12.
13.
14.

. Me;SiCl, Nal, CH;CN, —20°C, 79% M Allylic and benzylic ethers tend to

form some iodide as a by-product, but less iodide 1s formed than when Me;Sil
is used directly.

S
) [ 'BBr 2 eq. CH,Cl, ~78°C." Benzyl, allyl. methyl. THP, TBDMS and

S

TBDPS ethers are all stable to these conditions. A primary MEM group could
be selectively removed in the presence of a hindered secondary MEM
group.

L BBr
.

S

MEMO  ~ -5, MEMO

P

OMEM  cy,cl,, 78°C
78%

OH

THPO™

“OMe

TBSO [e) [e) TBSO OH O

MEM Ref. 13

HBF,, CH,Cl,, 0°C, 3h, 50-60% yield."

CeCls, CH,CN, reflux.””

CBry, IPA, reflux, 94% yield.'* MOM groups are also cleaved (87-97% yield).
In a study of the deprotection of the MEM ethers of hydroxyproline and ser-
ine derivatives, it was found that the MEM group was stable to conditions that
normally cleave the #-butyl and BOC groups [CF;COOH, CH,Cl,, 1:1 (viv)].
The MEM group was also stable to 0.2 N HC1 but not stable to 2.0 N HC] or
HBr-AcOH."
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Removal Time in TFA/CH,ClL,(v/v)

1:4 1:1 1:0
Z-Hyp(+-Bu)—ONb 45 min 15 min 5 min
Z-Hyp(MEM)OMe 10h 6h 2h

Hyp=hydroxyproline, Nb=4-nitrobenzoate

15. (a) »n-BuLi, THF; (b) Hg(OAc)., H,O, THEF, 81% yield.18 In this case, con-
ventional methods to remove the MEM group were unsuccessful.

1. BuLi, THF
S —

2. Hg(OAc)», H,O
THF, 81%

MOM ethers.!” TBS ethers are stable to these conditions but a BOC group
was not.?’

17. Ph,BBr, CH,Cl,, —78°C, 71% yield.?!

OTMS OMEM OTMS o
s
PhsBBr, CHACls
R
N, _78°C, 71% NH
o T™MS o

18. MgBr3, Et;0, 77-95% yield.22 MOM, SEM, and MTM ethers are also cleaved
with this reagent.
19. Aq. HBr, THF, rt, 72h, 74% yield."”

MEM

aq. HBr, THF
B

rt, 72 h, 74%

20. FeCls, Ac,O, —45°C; K,COs, MeOH, 90% yield.24 A TBDMS group and an
acetonide were not affected by these conditions.
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oW =

NoR- R S NN

11
12.
13.
14.
15.

16.
17.

18.
19.
20.

21.
22.
23.

24.

25.

26

21. CAN, Ac0, rt, 24h, 80-98% yield. These conditions result in the formation
of ROCH,0Ac, which would then be hydrolyzed to the alcohol.?>

22. HyZnCLBr,, THF, rt, 1h, 84% or Li,ZnBr,, THF, rt, 48h, 94% yield.?®
t-Butyl esters ethers are stable and TBS ethers are cleaved very slowly.
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2-Cyanoethoxymethyl Ether (CEM): ROCH,OCH,CH,CN

The CEM group was developed as a 2"-hydroxy protective group for oligoribonucle-
otide synthesis. It is introduced with poor selectivity using the stannylene method. It
is not completely stable to MeNH, but is stable to NH;, which allows for cyanoethyl
cleavage on the phosphate residue with retention of the CEM group. It is cleaved
with TBAF.

1. T.Ohgi, Y. Masutomi, K. Ishiyama, H. Kitagawa, Y. Shiba, and J. Yano, Org. Lett., 7, 3477
(2005).

Bis(2-chloroethoxy)methyl Ether: ROCH(OCH,CH,Cl), (Chart 1)

The mixed ortho ester formed from tri(2-chloroethyl) orthoformate (100°C, 10 min
to 2h, 76% yield) is more stable to acid than the unsubstituted derivative, but can be
cleaved with 80% AcOH (20°C, 1h).!

1. T. Hata and J. Azizian, Tetrahedron Lett., 10, 4443 (1969).

2,2,2-Trichloroethoxymethyl Ether: Cl;CCH,OCH,OR

Formation

1. CLCCH,OCH,CI, NaH or KH, LiL, THF, 5h, 70-90% yield.!

2. CLCCH,OCH,CI, (i-Pr),NEt, CH,Cl,, 30-60% yield.!

3. Cl1CCH,OCH,Br, 1,8-bis(dimethylamino)naphthalene (proton sponge), CH;CN,
0-25°C, >87% yield.?

Cleavage

1. Zn—Cu or Zn-Ag, MeOH, reflux, 97% R

2. Zn, MeOH, Et:N, AcOH, reflux 4h, 90-100% .
3. Li, NH,.!

4. Sml,, THF, 25°C, 71% yield .

5. 6% Na(Hg), MeOH, THF, >66% yield.2

1. R. M. Jacobson and J. W. Clader, Synth. Commun., 9, 57 (1979).

2. D. A. Evans, S. W. Kaldor, T. K. Jones, J. Clardy, and T. J. Stout, J. Am. Chem. Soc., 112,
7001 (1990).
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SEM ethers are stable to the acidic conditions (AcOH, H,O, THF, 45°C, 7h) that are
used to cleave tetrahydropyranyl and f-butyldimethylsilyl ethers. Overall, this is a
very robust protective group that is often difficult to remove.!

Formation

1. Me;SiCH,CH,OCH,(C], (i-Pr),NEt (DIPEA), CH,Cl,, 35-40°C, 1-5h, 86-100%
yield.?

2. Me;SiCH,CH,OCH,Cl, 2.6-di-fert-butylpyridine, 48h, 56% yield. Other
bases resulted in much lower selectivity and the formation of considerable
bis-SEM ethers.?

OH

OQH

SEM-CI, DTBP

OH Y
TBDMSO N~OTBDMS TBDMSO

N.
OTBDMS

3. The above conditions failed in this example unless Bu,NI was added to pre-
pare SEMI in situ.*

SEMCI, CHoCl,
R = SEM

1.1 eq. BuyNI
DIPEA

CH,OBn

OrR 0.0

A
R=H

4. SEMCI, KH, THF, 0°C — rt, L h, 87% yield.>

5. +-BuMgCl, THF, rt, 5 min, then Buy,NI, SEMCIL, rt, 20-30h, 78-84% yield.
These conditions prevent alkylation of the nitrogen in the nucleoside bases.®

Cleavage

1. BuNF, THF, or HMPA, 45°C, 8-12h, 85-95% yield.z’7 The cleavage of
2-(trimethylsilyl)ethyl glycosides is included here because they are function-
ally equivalent to the SEM group. They can be prepared by oxymercuration
of a glycal with Hg(OAc), and TMSCH,CH,OH, by the reaction of a glycosyl
halide using Koenig—Knorr conditions, by a Fischer glycosylation, and by a
glycal rearrangement.* N,N-Dimethylpropyleneurea can be used to replace the
carcinogenic HMPA (45-80% yield).® An improved isolation procedure uti-
lizing the insolubility of BuyNCIO, in water has been developed for isolations
where tetrabutylammonium fluoride is used.’
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10.

. BuyNF, DMPU, 4-A molecular sieves, 45—-80°C, 80-95% yield.8 These con-

ditions were especially effective in cleaving tertiary SEM derivatives and
avoid the use of the toxic HMPA.

. CsF, DMF, 130°C, >>89% yield.' HMPA has also been used as a solvent."

DMPU can be used as a HMPA replacement.

. TFA, CH,Cl, (2:1, v:v), 0°C, 30 min, 93% yield.'?

OBn OBn
BnOf .OTBDMS  TFA, CHsCl, BnO,, .~ OTBDMS
D
OBn 0°C, 30 min, 93% OBn
TMSCH,CH,0 oj\ HO™ "0
The 4,6-0-benzylidene group is also cleaved under these conditions, but the
anomeric linkage between sugars is not affected. Anomeric trimethylsilyle-
thyl groups are also cleaved with BF;+Et,0'? or Ac,O/FeCl; (this reagent also

cleaves the BOM group)."* The anomeric trimethylsilylethyl group is hydro-
lyzed much faster than the other alkyl glycosides.'>

. LiBF,;, CH;CN, 70°C, 3-8h, 81-90% yield.'(’ This system of reagents also

cleaves benzylidene acetals. This reagent was used when conventional re-
agents failed to cleave the glycosidic TMSEt group. It is interesting to note
that the $-anomers are cleaved more rapidly than the «-anomers and that the
furanoside derivatives are not cleaved. TBS, MOM, and BOM ethers are also
cleaved under these conditions.

. MgBr,, n-BuSH, Et,0, rt, 3-24h, 49-97% yield. MOM and MTM ethers are

also cleaved, but MEM and TBDMS ethers are stable. These conditions have
resulted in the formation of an ethyl thioether.”

. MgBr,, Et;0, CH3NO,, 1-6h, rt, 64-99% yield. The addition of nitrometh-

ane greatly improves the reaction which is now compatible with silylated
cyanohydrins, TBS and TBDPS ethers, acetonides and a Troc group.'® In the
presence of HSCH,CH,CH,SH, aldehydes are converted to dithianes.'®

. ZnCl-Et,0, 99% yield® or BF3-Et,0, CH,Cl,, 0-25°C, 2h.%! In these ex-

amples a simple trimethylsilylethyl ether was cleaved, but the method is also

applicable to SEM deprotection.!*?
OSEM
OH
o ZnCla, MeOH o
S

N CH,Cly, 1t 5h o
85%

. BCl;, toluene, 2,6-di-fert-butyl-4-methylpyridine, —78°C, 87% yield. In the

synthesis of ditriptophenaline, an FMOC group did not survive the basic
TBAF or BF;-Et,0.

1.5% Methanolic HCI, 16h, 80-94% yield. These conditions do not cleave the
MEM group.?* 1% Sulfuric acid in methanol has also been used.?
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11. Coned. HF, CH;CN, >76% yield.2® Note that a trimethylsilylethyl ester was
not cleaved under these conditions. A dithiane can also be cleaved because of
internal participation of the released alcohol during a SEM deprotection.?’

o HF, CH;CN
: 508 CHACl, HoO
SEMO HO OTBS 212, H2

I», sunlamp

OTBDMS ReH
CO,CH,CH,TMS 92%

R =SEM

OMe

13. Pyridine-HF, THF, 2.5h, 0-25°C, 79% yield.”

14. CBry, MeOH, reflux, 10-18h, 88-98% yield. These conditions produce HBr
in situ. The TES, TBS, TBDPS, and TIPS ethers are also cleaved, but when
IPA is used as the solvent TIPS and TBDPS ethers are stable 3

15. A study of the reductive cleavage of a series of alkoxymethyl ethers using the
glucose backbone shows that, depending on the reagent, excellent selectivity

can be obtained for deprotection vs. methyl ether formation for most of the
common protective groups.”!

OBn OBn

Relative Cleavage Rates for Selected Ethers of a Primary Alcohol

AlH,Cl AIHCI, BH;/THF BH3/Toluene
Ether Percent Percent Percent Percent Percent Percent Percent Percent
R'= 1 2 1 2 1 2 1 2
MTM 100 0 100 0 85 15 100 0
SEM 0 0 100 0 100 0 100 0
BOM 0 0 89 11 98 2 100 0
pPAOM 45 55 32 68 12 86 0 100

EOM 0 0 100 0 0 0 100 0
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For secondary derivatives, the selectivity and reactivity varies somewhat. To
what extent this is a function of the highly functionalized glucose derivative
has not been determined. The table below gives the cleavage selectivity for the
following reaction.

OBn OBn

BnO, \\\OR' hydride
j\/ OBn
MeO' O

Relative Cleavage Rates of Various Ethers of a Secondary Alcohol

I.R=H
2.R=Me

AlH,Cl AIHCI, BH;/THF BH;/Toluene
Ether Percent Percent Percent Percent Percent Percent Percent Percent
R'= 1 2 1 2 1 2 1 2
SEM 100 0 82 18 0 0 100 0
BOM 100 0 90 10 0 0 100 0
pAOM 0 0 0 0 0 0 0 100
EOM 100 0 100 0 0 0 100 0
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Menthoxymethyl Ether (MM—OR)

This protective group was developed to determine the enantiomeric excess of chiral
alcohols. It is anticipated that many of the methods used to cleave the MOM group
would be effective for the MM group as well.

Formation

Menthoxymethyl chloride, DIPEA, CH,Cl,, rt, overnight, 77-95% yield.l

Cleavage

1. ZnBr,, CH,CL.!

2. TMSOTS, TMSOMe, CICH,CH,Cl, 0°C to rt, 98% yield. The MM ether is
converted to a simple MOM ether. When the TMSOMe was left out of the
reaction, neighboring group participation occurred to give a 1,3-dioxane.”

TMSOTf O/\"O
CICH,CH,Cly

TBDMSO SnBUs (o rort 81% TBDMSO

TBDMSO OMM

SnBus

§
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1. D. Dawkins and P. R. Jenkins, Tetrahedron: Asymmetry, 3, 833 (1992).
2. R.J. Linderman, K. P. Cusack, and M. R. Jaber, Tetrahedron Lett., 37, 6649 (1996).

0O-Bis(2-acetoxyethoxy)methyl (ACE) orthoester, (CH;CO,CH,CH,0),CH—OR

This orthoester was developed for RNA synthesis. It is cleaved by hydrolysis of the
acetates to produce O-bis(2-hydroxyethoxy)methyl orthoester during the general de-
protection of the bases followed by treatment with acid at pH 3 for 10 min at 55°C.
The O-bis(2-hydroxyethoxy)methyl orthoester is 10 times more labile to acid than is
the acetylated derivative. It is formed by orthoester exchange with the alcohol using
PPTS as a catalyst at 55°C for 3h under high vacuum. This group greatly improves
RNA synthesis over existing methods.!

1. S. A. Scaringe, F. E. Wincott, and M. H. Caruthers, J. Am. Chem. Soc., 120, 11820 (1998),
R. Micura, Angew. Chem. Int. Ed., 41, 2265 (2002).

L

(@) OR

The introduction of a THP ether onto a chiral molecule results in the formation of
diastereomers because of the additional stereogenic center present in the tetrahydro-
pyran ring. This can make the interpretation of NMR spectra somewhat troublesome
at times. Even so, this was an extensively used protective group in chemical synthe-
sis because of its low cost, ease of installation, general stability to most nonacidic
reagents, and the ease with which it can be removed. Generally, almost any acidic
reagent or reagent that generates an acid in situ can be used to introduce the THP
group. Although still used, it has largely been replaced with the TBS ether since it
does not introduce an additional chiral center. Its relative stability compared to some
other acetals discussed in following sections is illustrated below.!

RO_ OCH; RO OCH;

(e}
Relative stability = 1 3 8 20

Formation

1. Dihydropyran, TsOH, CH,Cl,, 20°C, 1.5h, 100% yield.2

2. The following method proceeds under nonacidic conditions: 2-hydroxytetra-
hydropyran, PhsP, DEAD, THF, 52-86% yield. The method is also effective
for phenolic THP derivatives.®
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. Pyridinium p-toluenesulfonate (PPTS), dihydropyran, CH,Cl,, 20°C, 4h,

94-100% yield.* The lower acidity of PPTS makes this a very mild method
that has excellent compatibility with most functional groups. This is probably
one of the simplest methods.

. Reillex 425-HC], dihydropyran, 86°C, 1.5h, 84-98% yield.’ The Reillex resin

1s a macroreticular polyvinylpyridine resin and is thus an insoluble form of
the PPTS catalyst.

. Amberlyst H-15 (SO;H ion exchange resin), dihydropyran, hexane, 1-2h,

95% yield.®

. Dihydropyran, Dowex-50wx2, toluene, 10-355 min, 78-95% yield. These

conditions were developed to monoprotect symmetrical 1,c0-diols.” Aqueous
NaHSO,® and HCY’ as a catalyst shows good selectivity for the monoprotec-
tion of 1,w-diols.

. Dihydropyran, sulfonated charcoal, 3-A ms, CH,Cl,, 67-98% yield.10 Sul-

fated zirconia has also been used as a catalyst with similar effectiveness.'"

. Dihydropyran, Zr(O;PCH;),2(0:PCcH,SOsH)ps, CH,Cly, 70-94% yield.

Phenols are similarly protected.'

. Dihydropyran, K-10 clay, CH,Cl,, 1t, 63-95% yield.'>'* This method was re-

ported to be successful for epoxide containing substrates when other methods
failed. Kaolinitic clay is also an effective catalyst except for phenols, which
fail to react.’® Spanish Speolite clay has also been used.'®

Dihydropyran, (TMSO),S0,, CH,Cl,, 92-100% yields.17 Sulfuric acid is
produced in situ. Sulfamic acid is also an effective catalyst.'®

Dihydropyran, H,SO,-Silica gel, 5-10 min, CH,Cl,, 74-95% yield."”
Dihydropyran, TMSI, CH,Cl,, rt, 80-96% yield.?

Dihydropyran, I, 0.5-3.5h, CH,Cl,, rt, 83-92% yield.?' In situ generated HI
1s most likely the actual catalyst. This method modified by microwave heat-
ing has been used to monoprotect diols with modest selectivity.?
Dihydropyran, (CH;),SBr,, rt, 5 min to 3.5h, 81-97% yield. HBr is gener-
ated in situ.?® Phenols are also protected. Buy;NBr; which also generates HBr
in situ is similarly effective (75-97% yield).?* NBS has been used simi-
larly.?

Dihydropyran, acetonyltriphenylphosphonium bromide, CH,Cl,, 5 min,
80-97% yield. The EE and THF ethers are also formed using this re-
agent.?

Dihydropyran, trichloroisocyanuric acid, 60-80°C, neat, 75-95% yield. In
the presence of methanol THP groups are removed. TCCA is known to react
with alcohols to generate HCI, the likely catalyst.”’

Dihydropyran, PdC1,(CH;CN),, THF, rt, 49-90% yield. Phenols do not re-
act.”” Dihydropyran, PhsP-HBr, 24h, CH,Cl,, 88% yield.?®

Dihydropyran, LaCl;, CH,Cl,, rt, 4h, 90% 2 Gal; is similarly an effective
catalyst (85-95% yield).>
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Dihydropyran, Sc(OTf);, EtOAc, rt, 92-98% yield. THF ethers are formed
with dihydrofuran.® The method is applicable to phenols. In(OTf); can also
be used (30 min, 64-85% yield).*?

Dihydropyran, polystyrene supported AICl;, CH,Cl,, rt, 89-97% yield. Con-
siderable selectivity can be achieved by this method. The more electron rich
alcohols react in preference to electron poor derivatives, primary alcohols
react faster than 2° alcohols, alkanols react in preference to phenols and diols
can be monoprotected efficiently.3* The catalyst AICl;-6H,0 under solvent-
free conditions gives THP ethers of alcohols and phenols in 74-96% yield.>*
Dihydropyran, CuSQO,4-5H,0, CH;CN, rt, 40 min to 12h, 70-91% yield. Phenols
are similarly derivatized.® Diols can be selectively monotetrahydropyranylated.
Dihydropyran, anhydrous FeSO,, MW, 80-97% yield.>® In the presence of
water, THP groups are removed.

Dihydropyran, anhydrous Fe(ClOy)s, Et;O, 75-98% yield. Fe(ClO);, MeOH
is used to cleave the THP group.” Note that metal perchlorates are gener-
ally hazardous.

Dihydropyran, LiCl0,, Et,0, 56-92% yield.?® LiOTf*® or LiPF,*" can be used
as the catalyst to protect alkanols and phenols. 1,4- and 1,2-cyclohexanediols
can be monoprotected in 83-87% yield with LiOT{.

Dihydropyran, InCl;, [bmim]PFg, 81-91% yield. THF ethers are formed with
dihydrofuran.*

Polymer-bound dihydropyran, PPTS, 80°C.#

Dihydropyran, Al(PO,),, reflux, 15 min, 97% yield *

Dihydropyran, DDQ, CH,Cl,, 82-100% yield.**

2-Tetrahydropyranyl phenyl sulfone, MgBr,-Et,O, NaHCO;, THF, rt, 47-99%
yield. 4

Dihydropyran, H-Y Zeolite, hexane, reflux, 60-95% yield.‘“’ H-Rho Zeolite,*’
H-Beta Zeolite,* Zeolite HSZ-330 (dihydropyran, rt, 1.5h, 44-100% yield),*
and Zeolite E4> can also be used as a catalyst.

Dihydropyran, H-MCM-41, ms, 69°C, 44—99% yield.>

Dihydropyran, H;[PW,0,0], CH,Cl,, rt, 64-96% yield. The same acid can
be used to cleave the THP group if methanol is used as solvent.*>* The simi-
lar KsCoW ,,044-3H,0 has also been used.>*

Tetrahydropyran, (BuyN"),S,05 72, reflux, 85-95% yield. These oxidative
conditions do not affect thioethers.>

3,4-(MeO),CsH;CH,OTHE, DDQ, CH5CN, 54-94% yield. These conditions
can also be used for glycoside synthesis.>®

Aly(50,);-Si0; is a reasonable catalyst for the monotetrahydropyranylation
of simple, symmetrical 1,c0-diols.’

Dihydropyran, Al,Os, ZnCl, .5

Dihydropyran, CAN, CH;CN, rt, 81-91% yield.”

Dihydropyran, CuCl, CH,Cl,, 75-93% yield.*’
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Cleavage

1.

AcOH, THF, H,O, (4:2:1), 45°C, 3.5h.! MEM ethers are stable to these
conditions.®

2. PPTS, EtOH, (pH 3.0), 55°C, 3h, 95-100% yield.?

12.
13.

14.

15.
16.
17.

18.

. Amberlyst H-15, MeOH, 45°C, 1h, 95% yield.> Dowex-50W-X8, 25°C, 1h,

MeOH, 99% yield.”

. Boric acid, EtOCH,CH,OH, 90°C, 2h, 80-95% yield.%3
. TsOH, MeOH, 25°C, 1h, 94% yield.(’4 The use of 2-propanol as solvent was

found to enhance the selectivity for THP removal in the presence of a 1,3-
TBDPS group.®> TBDPS ethers are not affected by these conditions.®

. H,SOy-silica gel, 5-10 min, MeOH, 78-92% yield.lg
. KsCoW,,040-H,0, MeOH, rt, 94-100% yield.>*
. MeOH, (TMSQ0),SO;, 10-90 min, 93-100% yield.(’ This reagent forms

H,SO, in situ.

. 1, MeOH, rt, 3-6h, 73-85% yield.
10.
11.

(CHa),SBrs, rt, CH,Cly, MeOH, 73-97% yield.?

CBry, MeOH, reflux, 89-96% yield. HBr is formed in situ. 1,3-dioxolanes are
also cleaved.

Acetonyltriphenylphosphonium bromide, MeOH, rt, 90-99% yield.?®
PdC1,(CH;CN),, wet CH;CN, reflux, trace to 93% yield.(’7 Phenolic THP
ethers are cleaved also. The residual PdCl, found in some sources of Pd/C
has been shown to catalyze cleavage of THP ethers during hydrogenation.®®
MgBr,, EbO, rt, 66-95% yield.” r-Butyldimethylsilyl and MEM ethers are
not affected by these conditions, but the MOM ether is slowly cleaved. The
THP derivatives of benzylic and tertiary alcohols give bromides.
CuCl,-2H,0, MeOH, rt, 68-95% yield.™

TiCls, CH;CN, rt, 46-97% yield.”!

In(OTf);, MeOH, H,0, rt, 60-92% yield. In the presence of Ac,O the THP
is converted directly to an acetate.? Inl, (EtOAc, reflux 12-15h)” or TiCl,
(CH,Cl,, Ac,O, 0-25°C, 6h, 72-90% yield)” also converts THP ethers di-
rectly to an acetate. The THP ether can be converted directly to an acetate
by refluxing in AcOH/AcCl (91% yield).” These conditions would probably
convert other related acetals to acetates as well.

Me,AICl, CH,Cl,, —25°C —» rt, 1 h, 89-100% yield.”

AN MeAICT, CHoCl,
CoO,Me "

-25°Ctort, 1 h, 89%

THPO OTBDMS OTBDMS

19.

(NCSBu,Sn),0 1% , THF, H,0.” Acetonides and TMS ethers are also cleaved
under these conditions, but TBDMS, MTM, and MOM groups are stable.
This catalyst has also been used to effect transesterifications.”’
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MeOH, reagent prepared by heating Bu,SnO and Bu;SnPO,, heat 2h, 90%
yield.”® This method is effective for primary, secondary, tertiary, benzylic
and allylic THP derivatives. The MEM group and ketals are inert to this
reagent, but TMS and TBDMS ethers are cleaved.
2.,4,4,6-Tetrabromo-2,5-cyclohexadiene, PhsP in CH,Cl, or CH;CN con-
verts THP ethers into bromides (78-99% yield).79 Ph;P-Br,, CH,Cl,,
""" 50°C to 35°C, 85-94% yield.®" Ethyl acetals and MOM groups are also
cleaved with this reagent, but a THP ether can be selectively cleaved in
the presence of a MOM ether. The use of this reagent at 0-10°C (16 h)
will convert a THP ether directly into a bromide,* and with a slight
modification of the reaction conditions, chlorides, nitriles, methyl ethers,
and trifluoroacetates may also be directly produced.®? THP ethers, when
treated with the Viehe salt (CH,Cl,, 78-96% yield), are converted to
chlorides.®

Bu;SnSMe, BF;-Et,0, toluene, --20°C to 0°C, 1.5h; H;O", 70-97% yield.
The intermediate stannanes from this reaction, when treated with various
electrophiles, form benzyl and MEM ethers, benzoates, and tosylates, and
when treated with PCC, they form aldehydes 5%

Tonsil, a Mexican Bentonite, acetone, 30 min, rt, 60-95% yield. MOM and
MEM groups are stable and phenolic THP ethers were also cleaved.®
Expansive graphite, MeOH, 40-50°C, 92-98% yield."’

TBDMSOT{, CH,Cl; ; MesS, 95% yield. The THP group is converted di-
rectly into a TBDMS ether.%®

BH;-THF, 20°C, 24h, 84% yield.¥

DDQ, aq. MeOH, 81-98% yield”® DDQ in aqueous CH;CN has also been
used (42-95% yield), but since the medium was reported to be acidic (pH 3),
the reaction probably occurs by simple acid catalysis. Benzylic, allylic, and
primary THP derivatives are not efficiently cleaved.”’

NaCNBH,, BF:-Et,0, 1t, 68—95% yield.””

LiCl, H,0, DMSO, 90°C, 6h, 81-92% yield.*®

CAN, MeOH, 0°C, 0.5-3h, 81-95% yield. TBDMS ethers are more easily
cleaved, and thus a TBDMS ether is cleaved selectively in the presence of a
THP ether (15 min, 95% ).>* An improved version of this method has been
developed.”> THF ethers are cleaved similarly.

BF;-Et,0, HSCH,CH,SH, CH,Cl,, 100% yield. A primary TBDMS ether
was not affected.”

SnCl,, MeOH, 80-95% yield.”

CuS0,-5H,0, MeOH, rt, 2-6h.%

B-cyclodextrin, H,0, 50°C, 70-90% yield.*® The phenolic derivative is also
cleaved.

THP ethers can be converted directly to TBDMS and TES ethers using the
silyl hydride and Sn(OTf), or the silyl triflate (70-95% yield). The use of
TMSOTT gives the free alcohols upon isolation.”
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36. THP ethers can be converted directly to an acetate or formate by reaction
with ethyl acetate, acetic acid, or ethyl formate and with KsCoW,0,¢:3H,O
as the catalyst (20-98% yield). The transformation is most successtul with
primary THP ethers.'"

37. In the presence of PhCHO, Et;SiH, TMSOTS, CH;CN, 0°C, 1h, THP ethers
are converted to benzyl ethers.'”!

38. Explosions have been reported on distillation of compounds containing a tet-
rahydropyranyl ether after a reaction with B,Hs, H>O,, and OH™ and with
40% CH;CO;H:

1. BoHg
\"/\OTHP : YOTHP
2. HyOn, NaOH o
\]_r\/OTHP 40% CH{COH \If\/OTHP
o

It was thought that the acetal might have reacted with peroxy reagents, forming
explosive peroxides. It was suggested that this could also occur with compounds
such as tetrahydrofuranyl acetals, 1,3-dioxolanes, and methoxymethyl ethers.'"?

Oxidative Deprotection

The THP or the TMS ether can be converted directly to an aldehyde or ketone us-
ing a variety of oxidative methods. In most of the examples the reagent cleaves the
THP or TMS ether with acid or a liberated acid and then oxidizes the alcohol to the
carbonyl derivative. The majority of examples are very simple and the generality of
these methods in complex synthesis remains to be tested.

1. Montmorillonite K-10, Fe(NQ;);, MW, 80-90% yield.!”® Bis(trimethylsilyl)
chromate'™* and ammonium chlorochromate/Montmorillonite K-10'% as the
oxidant gives similar results.

2. Clay supported [Ce(NO;);],CrO, and [Ce(NO;);],HIO¢, CH,Cl,, 65-90%
yield.!%

3. Ceric ammonium nitrate support on HNOs/silica gel, MW, 6-10 min, 90-91%
yield. The method only works for benzylic derivatives.!””

4. Wet alumina-supported chromium(VI) oxide, CH,Cl;, 10-25 min, 83-93%
yield.!%®

5. 3-Carboxypyridinium chlorochromate, CH;CN or CH,Cl,, reflux, 0.1-2.5h,
63-98% yield.'”

6. AgBrO;(NaBrO3)/AICL, CH;CN, reflux, 0.6-3h, 70-95% yield.!!"

7. 4-(Dimethylamino)pyridinium and 2,2-bipyridinium chlorochromate,
CH;CN, 15-35 min, 25-95% yield'"" or tetramethylammonium chlorochro-
mate (80-98% yield).!'?

8. K, FeOy/silica gel, CH:CN, reflux, 2—14h, 80-94% yield.!"*
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9. PhCH,PPH,HSOs, BiCls, CH,Cl,, MW, 80-99% yield.''*
10. B-Cyclodextrin, NBS, H,0, rt, 20—60 min, 74-98% yield.!"®
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Fluorous Tetrahydropyranyl

(@) OR

This group was developed for the simple purification of small molecules by liquid/
liquid extraction with CH;CN/FC72.

Formation/Cleavage'

CsF Cp>ZiCly, ACIO.
8E19 CgFpg  “P2r-z e CsF CsFio
ROH, CHxCl, L LI
B + ROH

4-A MS, —20°C-1t TsOH
S©OPh 30-92% o OR 80-95% o OMe
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The related fluorous alkoxy ethyl ether (CgF;CH,CH,);CHOCH(OR)CH; has
been prepared for the same purpose.”

1. P. Wipf and J. T. Reeves, Tetrahedron Lett., 40, 4649 (1999).
2. P. Wipf and J. T. Reeves, Tetrahedron Lett., 40, 5139 (1999).

-

(@) OR

The 3-bromotetrahydropyranyl ether was prepared from a 17-hydroxy steroid and
2.3-dibromopyran (pyridine, benzene, 20°C, 24 h); it was cleaved by zinc/ethanol.!

1. A. D. Cross and 1. T. Harrison, Steroids, 6, 397 (1965).

Tetrahydrothiopyranyl Ether (Chart 1)

Bt

S OR

The tetrahydrothiopyranyl ether was prepared from a 3-hydroxy steroid and dihydro-
thiopyran (CF;COOH, CHCl,;, 35% yield); it can be cleaved under neutral conditions
(AgNOs, aq. acetone, 85% yield).!

1. L. A. Cohen and J. A. Steele, J. Org. Chem., 31, 2333 (1966).

1-Methoxycyclohexyl Ether!: A

H,CO_ OR

H;CO. OR

o

4-Methoxytetrahydrothiopyranyl Ether’: C (Chart 1)
H;CO_ OR
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4-Methoxytetrahydrothiopyranyl Ether S,S-Dioxide*: D

H:CO. OR

/,S\\O
The above ethers have been examined as possible protective groups for the 2-

hydroxyl of ribonucleotides. The following rates of hydrolysis were found: A:B:

used for the preparation of the THP derivative. Compounds B and C have been
prepared from the vinyl ether and TMSCI as a catalyst.* Sulfoxide D was prepared
from sulfide C by oxidation with m-CIC¢H,COsH. These ethers have the advantage
that they do not introduce an additional stereogenic center into the molecules as
does the THP group. The 4-methoxytetrahydropyranyl group has seen extensive
use in nucleoside synthesis, but still suffers from excessive acid lability when the
9-phenylxanthen-9-yl group is used to protect 5-hydroxy functions in ribonucleo-
tides.’ The recommended conditions for removal of this group are 0.01 M HCI at
room temperature. Little, if any, use of these groups has been made by the general
synthetic community, but the wide range of selectivities observed in their acidic
hydrolysis should make them useful for the selective protection of polyfunctional
molecules.

This group was designed to have nearly constant acid stability with decreasing pH
(t,= 80 min at pH = 3.0, #,,= 33.5 min at pH = 0.5), which is in contrast to the
MTHP group that is hydrolyzed faster as the pH is decreased (¢, = 125 min at
pH=3, #,,= 0.9 min at pH = 1.0). This group was reported to have excellent com-
patibility with the conditions used to remove the 9-phenylxanthen-9-yl group (5.5 eq.
CF:COOH, 16.5 eq. pyrrole, CH,Cl,, rt, 30, 95.5% yield).>"

1-(2-Fluorophenyl)-4-methoxypiperidin-4-yl Ether (Fpmp—OR)
F

OR
N
one

1- (2-Fluorophenyl)-4-methoxy-1,2,5,6-tetrahydropyridine, mesitylenesulfonic acid
or TFA, CH,Cl,, 76-91% yield >!!

Formation
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Cleavage

Water, pH 2-2.5, 20 h. The ¢, for deblocking the 2-Fpmp derivative of uridine is
166 min at pH 3 at 25°C, whereas it is 75 min for the bis-Fpmp r[UpU] derivative.
The increased rate in the latter is assumed to be a result of internal phosphate
participation.'” The Fpmp group is ~1.3 times more stable than the related Ctmp
group in the pH range 0.5-1.5. This added stability improves the selectivity for
cleavage of the DMTr and pixyl groups in the presence of the Fpmp group during
RNA synthesis.!"

1- (4-Chlorophenyl) -4-methoxypiperidin-4-yl Ether (Cpep—OR)

OR
Cl N
O oo

The Cpep group, formed from the enol ether, has a rate of hydrolysis that is only 3.73
times slower at pH 3.75 than at pH 0.5. It is more stable than the Fpmp group at pH
0.5 and yet over twice as labile at pH 3.75. It has a nearly constant half-life between
pH 0.5 and 2.5.

C. B. Reese, R. Safthill, and J. E. Sulston, J. Am. Chem. Soc., 89, 3366 (1967); idem,
Tetrahedron, 26, 1023 (1970).
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1,4-Dioxan-2-yl Ether

(P

Formation

1,4-Dihydrodioxin, CuBr,, THE, rt, 50-88% yield.l

Cleavage

6 N HCI, EtOH, reflux, 90% yield for cholesterol.! Although a direct stability
comparison was not made, this group should be more stable than the THP group
for the same reasons that the anomeric ethers of carbohydrates are more stable
than their 2-deoxy counterparts.

1. M. Fetizon and I. Hanna, Synthesis, 806 (1985).

Tetrahydrofuranyl Ether (Chart 1)

L on

S

Formation

1.

2-Chlorotetrahydrofuran, Et;N, 30 min, 82-98% yield.l 2-Chlorotetrahydro-
furan is readily prepared from THF with SO,Cl, (25°C, 0.5 h, 85%).

. Dihydrofuran, metallosalen catalyst, CcHsCl or CH,Cl,, 1t, 24 h, 81-100%

yield. Since this reaction employs a chiral catalyst the derivatization proceeds
with 71-86% ee or 40-99% de.”

. Ph,CHCO,-2-tetrahydrofuranyl, 1% TsOH, CCl, 20°C, 30 min, 90-99%

yield.""* The authors report that formation of the THF ether by reaction with
2-chlorotetrahydrofuran avoids a laborious procedure” that is required when
dihydrofuran is used. In addition, the use of dihydrofuran to protect the 2-OH
of a nucleotide gives low yields (24-42%).°> The tetrahydrofuranyl ester is
reported to be a readily available, stable solid. A tetrahydrofuranyl ether can
be cleaved in the presence of a THP ether.'

. THF, [Ce(Et;NH),](NO3)s. 50-100°C, 8 h, 30-98% yield.® Hindered alcohols

give the lower yields. The method was also used to introduce the THP group
with tetrahydropyran.

. THF, PhI(OAc),, 10-68% yield.” These results show that hypervalent iodine

species should probably not be used in THF as a solvent.

. THF, (n-Bu,N"),8,04 ", reflux, 85% yield.8 These oxidative conditions proved

to be compatible with an aromatic thioether.
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7. BrCCl;, 60°C, 2.,4,6-collidine, THF, 56-92% yield.g This method is not rec-
ommended for allylic and tertiary alcohols.

8. THF, CrCl,, CCly, rt, 47-95% yield. The reaction proceed through in sifu for-
mation of 2-chlorotetrahydrofuran.'” Phenols and tertiary alcohols give the
ethers in only modest yields.

9. 1-+-Butylperoxy-1,2-benziodoxol-3(1H)-one, CCly, 50°C, THF, 10 h, K,CO;,
43-98% yield. Phenols and tertiary alcohols fail to react. 2-Chlorotetrahydro-
furan is formed in sifu by a free radical mechanism.!'

Cleavage

1. AcOH, H,0, THF, (3:1:1), 25°C, 30 min, 90% yield.
2. 0.01 N HCI, THF (1:1), 25°C, 10 min, 50% yield."
3. pH 5,25°C, 3 h, 90% yield."

1. C.G. Kruse, F. L. Jonkers, V. Dert, and A. van der Gen, Recl. Trav. Chim. Pays-Bas, 98
371 (1979).

. H. Nagano and T. Katsuki, Chem. Lett., 782 (2002).

3. C. G. Kruse, E. K. Poels, F. L. Jonkers, and A. van der Gen, J. Org. Chem., 43, 3548
(1978).

4. E. L. Eliel, B. E. Nowak, R. A. Daignault, and V. G. Badding, J. Org. Chem., 30, 2441
(1965).

. E. Ohtsuka, A. Yamane, and M. Ikehara, Chem. Pharm. Bull., 31, 1534 (1983).

. A. M. Maione and A. Romeo, Synthesis, 250 (1987).

. A.N. French, J. Cole, and T. Wirth, Synlett, 2291 (2004).

. J.C. Jung, H. C. Choi, and Y. H. Kim, Tetrahedron Lett., 34, 3581 (1993).

. J. M. Barks, B. C. Gilbert, A. F. Parsons, and B. Upeandran, Tetrahedron Lett., 41, 6249
(2000).

10. R. Baati, A. Valleix, C. Mioskowski, D. K. Barma, and J. R. Falck, Org. Lett., 2, 485
(2000).

11. M. Ochiai and T. Sueda, Tetrahedron Lett., 45, 3557 (2004).

(3]

O 00 =~ O W

Tetrahydrothiofuranyl Ether (Chart 1)

L on

S

Formation

1. Dihydrothiofuran, CHCl;, CF;COOH, reflux, 6 days, 75% yield.l

0]
2. O\ /Lk cat. TSOH, CHCl,, 20°C, 5 h, 85-95% yield.
s7 o CHPh,
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Cleavage

1. AgNQ;, acetone, H,O, reflux, 90% yield.l

2. HgCl,, CH;CN, H,0, 25°C, 10 min, quant.2 Some of the methods used to
cleave methylthiomethyl (MTM) ethers should also be applicable to the cleav-
age of tetrahydrothiofuranyl ethers.

1. L. A. Cohen and J. A. Steele, J. Org. Chem., 31, 2333 (1966).
2. C.G. Kruse, E. K. Poels, F. L. Jonkers, and A. van der Gen, J. Org. Chem., 43, 3548 (1978).

2,3,3a,4,5,6,7,7a-Octahydro-7,8,8-trimethyl-4,7-methanobenzofuran-2-yl
Ether (RO ~MBF)

Formation'?

—— OR

HO

The advantage of this ketal is that unlike the THP group, only a single isomer is
produced in the derivatization, but the disadvantage is that it is not commercially
available. Conditions used to hydrolyze the THP group can be used to hydrolyze this
acetal.? This group may also find applications in the resolution of racemic alcohols.

1. C.R. Noe, Chem. Ber., 115, 1576 1591 (1982); C. R. Noe, M. Knollmiiller, G. Steinbauer,
E. Jangg, and H. Vollenkle, Chem. Ber., 121, 1231 (1988).

2. U. Girreser and C. R. Noe, Synthesis, 1223 (1995).
3. K. Zimmermann, Synth. Commun., 25, 2959 (1995).

Substituted Ethyl Ethers

1-Ethoxyethyl Ether (EE—OR): ROCH(OC,H;)CH; (Chart 1)

Formation

1. Ethyl vinyl ether, HCI (anhydrous)."

2. Ethyl vinyl ether, TsOH, 25°C, 1 h.?

3. Ethyl vinyl ether, pyridinium tosylate (PPTS), CH,Cl,, rt, 0.5 h.?

4. The ethoxyethyl ether was selectively introduced on a primary alcohol in the
presence of a secondary alcohol
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CH,=CHOEt

[ ————

TsOH, >81%

I
HO OTBDMS HO OTBDMS

5. CH;CH(CI)OEt, PhNMe,, CH,Cl,, 0°C, 10-60 min.’ These conditions are
effective for extremely acid-sensitive substrates or where conditions 1 and 2
fail.

6. CH,=CHOELt, CoCl, 65-91% yield.®

7. 2:1 Ethyl vinyl ether, CH,Cl,, PPTS, 25°C, 4 h, 84% yield. These conditions
proved optimal for the protection of this acid-sensitive alcohol.’

Bu3Sn/w\~ OH Bu35n/:-\— OEE

2:1 EVE:CH»Cl,

PPTS, 84%

Cleavage

1
2

3
4
5
6
7

1. 5% AcOH, 20°C, 2 h, 100% yield.!

2. 0.5 NHCI, THF, 0°C, 100% yield.”> The ethoxyethyl ether is more readily cleaved
by acidic hydrolysis than the THP ether, but it is more stable than the 1-methyl-
I-methoxyethyl ether. TBDMS ethers are not affected by these conditions.®

3. Pyridinium tosylate, n-PrOH, 80-85% yield.” An acetonide was not affected
by these conditions.

. S. Chladek and J. Smrt, Chem. Ind. (London), 1719 (1964).

. A. I Meyers, D. L. Comins, D. M. Roland, R. Henning, and K. Shimizu, J. Am. Chem.
Soc., 101, 7104 (1979).

. A.Fukuzawa, H. Sato, and T. Masamune, Tetrahedron Lett., 28, 4303 (1987).

. M. F. Semmelhack and S. Tomoda, J. Am. Chem. Soc., 103, 2427 (1981).

. W.C.Still, J. Am. Chem. Soc., 100, 1481 (1978).

. J. Igbal, R. R. Srivastava, K. B. Gupta, and M. A. Khan, Synth. Commun., 19, 901 (1989).

. M.R. Hellberg, R. E. Conrow, N. A. Sharif, M. A. McLaughlin, J. E. Bishop, J. Y. Crider, W.
D. Dean, K. A. DeWolf, D. R. Pierce, V. L. Sallee, R. D. Selliah, B. S. Severns, S. J. Sproull,
G. W. Williams, P. W. Zinke, and P. G. Klimko, Bioorg. & Med. Chem., 10, 2031 (2002).

. K. Zimmermann, Synth. Commun., 25, 2959 (1995).
. M. A. Tius and A. H. Faug, J. Am. Chem. Soc., 108, 1035 (1986).

1-(2-Chloroethoxy)ethyl Ether (Cee-~OR): ROCH(CH;)OCH,CH,Cl

The Cee group was developed for the protection of the 2-hydroxyl group of
ribonucleosides.
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Formation
CH,=CHOCH,CH,CI, PPTS, CH,Cl,, 80-83% yield.!

Cleavage

The relative rates of cleavage for a variety of uridine-protected acetals are given
in the table below.

Relative Cleavage Rates for Various Uridine-Protected Acetals

1.5% C1,CHCO,H in CH,Cl, 0.01 N HCI (pH 2)
Ether T,, (min) T.. (min) T,, (min) T.. (min)
ROCH(CH3)OCH,CH,CI 420 960 96 360
ROCH(CH3)O—i-Pr — 30s 1 4
ROCH(CH;)OBu 2 5 12 34
ROCH(CH3)OFEt 20s 3 5 18
ROTHP 90 273 32 150
ROCTMP* — — 55 295

“CTMP =1-[(2-chloro-4-methyl)phenyl]-4-methoxypiperidin-4-yl ether

The Cee group is stable under the acidic conditions used to cleave the DMTr
3
group.

1. S-i. Yamakage, O. Sakatsume, E. Furuyama, and H. Takaku, Tetrahedron Lett., 30, 6361
(1989).

2. O. Sakatsume, T. Yamaguchi, M. Ishikawa, L. Ichiro, K. Miura, and H. Takaku, Tetrahe-
dron, 47, 8717 (1991).

3. O. Sakatsume, T. Ogawa, H. Hosaka, M. Kawashima, M. Takaki, and H. Takaku, Nucleo-
sides & Nucleotides, 10, 141 (1991).

2-Hydroxyethyl Ethers

Although not strictly used as a protective group, these ethers are often formed as a
result of other transformations and thus block a hydroxyl. They are cleaved by the
action of CAN to release the alcohol. What is unusual about this process is that even
nonbenzylic ethers are cleaved as illustrated below.'

Ph_ Ph Ph  Ph Me Me Me
N VAR
RO OH RO OH RO OH RO OH RO OH RO OH

Yieldof ROH  100% 100% 92% 80% 80% No Rxn

1. H.Fujioka, Y. Ohba, H. Hirose, K. Murai, and Y. Kita, Org. Lett., 7, 3303 (2005).
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2-Bromoethyl Ether: BrCH,CH,OR

The bromomethyl ether was used for the protection of the anomeric center in carbo-
hydrate synthesis. It is readily introduced by normal glycosylation methodology. It is
cleaved by conversion to phenylsulfonylethyl ether, which, upon treatment with base,
releases the alcohol by an E-2 process.!

1. U. Ellervik, M. Jacobsson, and J. Ohlsson, Tetrahedron, 61, 2421 (2005).
1-[2-(Trimethylsilyl)ethoxylethyl Ether (SEE—OR)

RO/LO/\/ IMS

The chiral center produced upon derivatization of an alcohol may be a detriment to
this group.
Formation
2-TMSCH,CH,OCH=CH,, CH,Cl,, PPTS, rt, 1-3 h, 76—96% yield. Phenols are
readily protected with this reagent.!
Cleavage

1. TBAF-H,0, THF, 45°C, 20-24 h, 76-90% yield.
2. TsOH or PPTS, THF, H,0, 4 h, rt.!

3. The section on the cleavage of the SEM ether should be consulted. The ex-
pectation is that this group is more easily cleaved by acid than the SEM group
because the added stabilization the methyl group imparts to an intermediate
carbenium ion.

1. J. Wu, B. K. Shull, and M. Koreeda, Tetrahedron Lett., 37, 3647 (1996).

This group can be used to protect the sensitive hydroperoxides.!

Formation

OCH,4 OMIP

OH OH )\ O
o . ]l/&/
- OBn
HO ~OBn o ou, 24n o
OH OH

94%

3. CH,=C(CH;)OMe has been used to protect a hydroperoxide.*
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Cleavage

1. 20% AcOH, 20°C, 10 min."
2. Pyridinium p-toluenesulfonate, 5°C, 1 h.3 Similar selectivity can be achieved
using a silica-alumina gel prepared by the sol-gel method.®

OCH;z PPTS, MeOH —

AcO—< _ 0)< AcO—< - OH
OEE 5°C,1h OEE

Ref. 5

In general, the MIP ether is very labile to acid and silica gel chromatography
unless some TEA is used as part of the eluting solvent. The acid in the NMR
solvent, CDCls, is sufficient to cleave the MIP ether.

1. P. H. Dussault and K. R. Woller, J. Am. Chem. Soc., 119, 3824 (1997).

2. A.F.Klug, K. G. Untch, and J. H. Fried, J. Am. Chem. Soc., 94, 7827 (1972).

3. P. L. Barili, G. Berti, G. Catelani, F. Colonna, and A. Marra, Tetrahedron Lett., 27, 2307
(1986).

4. P. H. Dussault and K. R. Woller, J. Am. Chem. Soc., 119, 3824 (1997).

5. G. Just, C. Luthe and M. T. P. Viet, Can. J. Chem., 61, 712 (1983).

6. Y. Matsumoto, K. Mita, K. Hashimoto, H. lio, and T. Tokoroyama, Tetrahedron, 52, 9387
(1996).

1. CH,=C(OBn)(CH3), PdCl,(1,5-cyclooctadiene) [PdCl,(COD)], 85-95%
yield.!

2. CH,=C(OBn)(CH;), POCI; or TsOH, 61-98% yield.l It should be noted that
these conditions do not afford a cyclic acetal with a 1,3-diol. This ketal is
stable to LiAlH,, diisobutylaluminum hydride, NaOH, alkyllithiums, and
Grignard reagents.

OBn OBn OBn

e
0. _OBn
oH PACICOD) Me0” 0

JAS

BnO.
MeO ¢}

Cleavage

L. H,, 5% Pd—C, EtOH, 1t, 92-99% yield."
2. 3 M AcOH, H,0, THF.?
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1-Methyl-1-benzyloxy-2-fluoroethyl Ether: ROC(OBn)(CH,F)(CH;)

The electron-withdrawing fluorine group should make this group more stable to acid
than the MBE group.

Formation

CH,=C(OBn)CH,F, PAC1,(COD), CH;CN, rt, 24 h, 89-100% yield.> Protic acids
can also be used to introduce this group, but the yields are sometimes lower. A
primary alcohol can be protected in the presence of a secondary alcohol. This
reagent does not give cyclic acetals of 1,3-diols with palladium catalysis.

Cleavage

H,, Pd—C, EtOH, 1 atm, 98-100% yield.> This group is stable to 3 M aqueous
acetic acid at room temperature, conditions that cleave the TBDMS group and the
1-methyl-1-benzyloxyethyl ether.

1. T. Mukaiyama, M. Ohshima, and M. Murakami, Chem. Lett., 13, 265 (1984).

2. T. Mukaiyama, M. Ohishima, H. Nagaoka, and M. Murakami, Chem. Lett., 13, 615
(1984).

1-Methyl-1-phenoxyethyl Ether: ROC(OPh)(CHs),

The electron-withdrawing phenyl group is expected to increase the stability of this
group toward acid relative to its methyl counterpart.

Formation/Cleavage'

JJ\ cat. POCl,
PhO
RO

ROH OPh

H;O"

1. P. Zandbergen, H. M. G. Willems, G. A. Van der Marel, J. Brussee, and A. van der Gen,
Synth. Commun., 22, 2781 (1992).

2,2,2-Trichloroethyl Ether: Cl;CCH,OR

The anomeric position of a carbohydrate is protected as its trichloroethyl ether.
Cleavage is effected with Zn, AcOH, AcONa (3 h, 92% ).l

1. R. U. Lemieux and H. Driguez, J. Am. Chem. Soc., 97, 4069 (1975).
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CCly

OR

Formation

Any(CL,C)CCL, AgOTS, CH:CN, Pyr, rt, 12—18 h, 92% yield.!

Cleavage'
1. Li[Co(I)Pc], MeOH, 80-90% yield.
2. Zn, ZnBr,, MeOH, Et,;0, or Zn, 80% AcOH-dioxane, 70-80% yield.

3. DATE ethers are stable to concd. HClI-MeOH-dioxane (1:2:2), CI,CHCO,H-
CH,Cl, (3:97), and NH;—dioxane (1:1).

1. R. M. Karl, R. Klosel, S. Konig, S. Lehnhoft, and 1. Ugi, Tetrahedron, 51, 3759 (1995).

This group is stable to strong acid and base, TMSI, Pd-C/H,, DDQ, TBAF, and
LAH at low temperatures, and thus has the potential to participate in a large number
of orthogonal sets.

Formation

1,1,1,3,3,3-Hexafluoro-2-phenylisopropyl alcohol, diethyl azodicarboxylate, PPhs,
benzene, 82-98% yield. Primary alcohols are effectively derivatized, but yields
for secondary alcohols are low (46—-65% yield).'

Cleavage

Lithium naphthalenide, <C1h, --78°C. The following protective groups can be

cleaved in the presence of the HIP group: Tr, THP, MEM, Bn, MPM, TBDPS,

Bz; all but the Bz group are stable to the conditions for the cleavage of the HIP
|

group.

1. H.-S. Cho, J. Yu, and J. R. Falck, J. Am. Chem. Soc., 116, 8354 (1994).

1-(2-Cyanoethoxy)ethyl Ether (CEE—OR): ROCH(CH;)OCH,CH,CN

This group was developed for the protection of ribonucleosides. The CEE group is
stable to TEA-HF, 25% aq. NH;, 25% aq. NH4+/EtOH and 2M NH:/EtOH.
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Formation

CH,=CHOCH,CH,CN, dioxane, pTSA, 75-97% yield.'
Cleavage
1. 0.5M DBU, CH;CN, ¢,,2 = 240 min.

2. TBAF, THF, 1 min.

1. T. Umemoto and T. Wada, Tetrahedron Lett., 45, 9529 (2004).

2-Trimethylsilylethyl Ether: Me;SiCH,CH,OR

Cleavage
1. BF;-Et,0, CH,Cl,, 0-25°C, 79% yield.l
PhS PhS
CO.-H COH
2 BE3°Et,0 o /
O ~ B OH
OCH,CH,TMS CH-Cl», 0-25°C ot
0, 79% R
R
2. CsF, DMF, 210°C, >>65% yield.?
/-\/TMS
O HO
OPMB o = OPMB o 3
CsF, DMF
Me ——eee Me
M ! 210°C, >65%
e Me [
M
¢ OCH, Me OCH;

1. S. D. Burke, G. J. Pacofsky, and A. D. Piscopio, Tetrahedron Lett., 277, 3345 (1986).
2. L. A. Paquette, D. Backhaus, and R. Braun, J. Am. Chem. Soc., 118, 11990 (1996).

2-(Benzylthio)ethyl Ether: BnSCH,CH,OR

This ether, developed for protection of a pyranoside anomeric hydroxyl, is prepared
via a Kénigs—Knorr reaction from the glycosyl bromide and 2-(benzylthio)ethanol
in the presence of DIPEA. It is cleaved, after oxidation with dimethyldioxirane, by
treatment with LDA or MeONa.'

1. T-H. Chan and C. P. Fei, J. Chem. Soc., Chem. Commun., 825 (1993).
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2-(Phenylselenyl) ethyl Ether: ROCH,CH,SePh (Chart 1)

This ether was prepared from an alcohol and 2-(phenylselenyl)ethyl bromide
(AgNQ;, CH;CN, 20°C, 10-15 min, 80-90% yield); it is cleaved by oxidation (H,O,,
1 h; ozone; or NalQ,), followed by acidic hydrolysis of the intermediate vinyl ether
(dil. HCI, 65-70% yield).! The use of this group was crucial to the synthesis of Iuci-
lacaene which is not stable to acid, base or light.2

0.0
Dabco H DMDO . 9 H 1
TR NH/: Ny R N e " NH
THE 60°C CHACl
3n MeOC O e MeO,C H OH
40 min

o

1. T-L. Ho and T. W. Hall, Synth. Commun., 5, 367 (1975).
2. J. Yamaguchi, H. Kakeya, T. Uno, M. Shoji, H. Osada, and Y. Hayashi, Angew. Chem. Int.
Ed., 44, 3110 (2005).

t-Butyl Ether: ~-BuOR (Chart 1)

Formation

t-Butyl ethers can be prepared from a variety of alcohols, including allylic alcohols.
They are stable to most reagents except strong acids. The ¢-butyl ether is probably
one of the more under-used alcohol protective groups considering its stability, the
ease and efficiency of introduction, and the ease of cleavage.

L. Isobutylene, BF;-Et,0, H;PO,, 100% yield.'?

OH O-7-Bu

isobutylene ng
o BF4°Et,0, H1PO, o

100%

This method has been used for the preparation of the somewhat more hindered
2-ethyl-2-butyl ether (~amyl ether); the introduction is selective for primary
alcohols.?

2. Tsobutylene, Amberlyst H-15, hexane.* Methylene chloride can also be used
as solvent, and in this case a primary alcohol was selectively converted to the
t-amyl ether in the presence of a secondary alcohol.’
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5.
6.

. Isobutylene, H,SO,.% Acyl migration has been observed using these condi-

tions.’

BOC,0, Mg(ClO,),, CH,Cl,, 40°C, 8-43 h, 65-95% yield.'?

Cleavage

[ )

N

1.

Anhydrous CF;COOH, 0-20°C, 1-16 h, 80-90% yield.>*

2. HBr, AcOH, 20°C, 30 min."

. 4 N HC], dioxane, reflux, 3 h.!> In this case the t-butyl ether was stable to 10 ¥

HCl, MeOH, 0-5°C, 30 h.

4. HCO.H, rt, 24 h, >83% yield."

. MesSil, CCly, or CHCl5, 25°C, <<0.1h, 100% yield.14 Under suitable conditions,

this reagent also cleaves many other ethers, esters, ketals, and carbamates."”

. Ac,0, FeCl,, Et,0, 76-93% yield.‘”(’ These conditions give the acetate of the

alcohol, which can then be cleaved by simple basic hydrolysis. The method is
also effective for the conversion of #-butyl glycosides to acetates with retention
of configuration (80—-100% yield)."”

7. TiCly, CH,Cl,, 0°C, 1 min, 85% yield.'®

. TBDMSOTT{, CH,Cl,, 1t, 24 h, 82% yield. The use of a catalytic amount of

the triflate will give the alcohol. If the triflate is used stoichiometrically and
the reaction worked up with 2,6-lutidine the TBDMS ether is isolated (98%
yield)."

. CeCl;-7H,0, CH;CN, 93-98% yield."?

R. A. Micheli, Z. G. Hajos, N. Cohen, D. R. Parrish, L. A. Portland, W. Sciamanna, M.
A. Scott, and P. A. Wehrli, J. Org. Chem., 40, 675 (1975).

. H. C. Beyerman and G. L. Heiszwolf, J. Chem. Soc., 755 (1963).
. B. Figadere, X. Franck, and A. Cave, Tetrahedron Lett., 34, 5893 (1993).

. A. Alexakis and J. M. Duffault, Tetrahedron Lett., 29, 6243 (1988); A. Alexakis, M.
Gardette, and S. Colin, Tetrahedron Lett., 29, 2951 (1988).

. X. Franck, B. Figadere, and A. Cavé, Tetrahedron Lett., 38, 1413 (1997).

. H. C. Beyerman and J. S. Bontekoe, Proc. Chem. Soc., 249 (1961).

7. N. L. Simirskaya and M. V. Mavrov, Zh. Org. Khim., 31, 140 (1995); Chem. Abstr. 124,
8220w (1996).

. N.Cohen, W.F. Eichel, R. J. Lopresti, C. Neukom, and G. Saucy, J. Org. Chem., 41, 3505
(1976).

. A. Armstrong, I. Brackenridge, R. F. W. Jackson, and J. M. Kirk, Tetrahedron Lett., 29,
2483 (1988).

. G. Bartoli, M. Bosco, M. Locatelli, E. Marcantoni, P. Melchiorre, and L. Sambri, Org.
Lett., 7,427 (2005).
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11. F. M. Callahan, G. W. Anderson, R. Paul, and J. E. Zimmerman, J. Am. Chem. Soc., 85,
201 (1963).

12. U. Eder, G. Haffer, G. Neef, G. Sauer, A. Seeger, and R. Wiechert, Chem. Ber., 110, 3161
(1977).

13. H. Paulsen and K. Adermann, Liebigs Ann. Chem., 751 (1989).

14. M. E. Jung and M. A. Lyster, J. Org. Chem., 42, 3761 (1977).

15. A. H. Schmidt, Aldrichimica Acta, 14, 31 (1981).

16. B. Ganem and V. R. Small, Jr., J. Org. Chem., 39, 3728 (1974).

17. N. Rakotomanomana, J. M. Lacombe, and A. A. Pavia, J. Carbohydr. Chem., 9, 93 (1990).

18. R. H. Schlessinger and R. A. Nugent, J. Am. Chem. Soc., 104, 1116 (1982).

19. X. Franck, B. Figadere, and A. Cavé, Tetrahedron Lett., 36, 711 (1995).

Cyclohexyl (Chx—OR) Ether: C¢H;,OR

The cyclohexyl group was developed as an alternative to the benzyl group for the
protection of serine and threonine in BOC-based peptide synthesis because the ben-
zyl group is partially lost upon deprotection of the BOC groups with TFA. It is
about 20 X more stable to TFA than the benzyl group. Since a direct Williamson
ether synthesis failed with cyclohexyl bromide, a two-step approach was used that
relies on the greater reactivity of the cyclohexenyl bromide, which does undergo the
Sn2 displacement in modest yield. The resulting allylic ether is then hydrogenated
with PtO, to give the cyclohexyl ether. It is efficiently cleaved using 1 M TFMSA-
thioanisole in TFA at rt for 30 min.'

1. Y. Nishiyama and K. Kurita, Tetrahedron Lett., 40,927 (1999); Y. Nishiyama, S. Shikama,
K.-i. Morita, and K. Kurita, J. Chem. Soc., Perkin 1, 1949 (2000).

1-Methyl-1'"-cyclopropylmethyl (MCPM—OR) Ether: C;Hs;CH(CH;)OR

This ether was developed as a protective group for carbohydrate synthesis. It has the
disadvantage of having a chiral center which will complicate analysis. It is formed
using the trichloroacetamidate method with Lewis acid catalysis (BFs-Et,O, or
AgOT1, 56% yield). It is somewhat more stable to TFA than the MPM ether. It is
cleaved using 10% TFA, but was also cleaved with Ac,O/ Sc(OT)s.!

1. E.Eichler, F. Yan, J. Sealy, and D. M. Whitfield, Tetrahedron, 57, 6679 (2001).

The use of allyl ethers for the protection of alcohols is common in the carbo-
hydrate literature because allyl ethers are generally compatible with the vari-
ous methods for glycoside formation.! Obviously the allyl ether is not compatible
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with powerful electrophiles such as bromine and catalytic hydrogenation, but it
is stable to moderately acidic conditions (1 N HCI, reflux, 10 h).? The ease of
formation, the many mild methods for its cleavage in the presence of numerous
other protective groups, and its general stability have made it a mainstay of many
orthogonal sets. The synthesis of perdeuteroallyl bromide and its use as a protec-
tive group in carbohydrates have been reported. The perdeutero derivative has
the advantage that the allyl resonances in the NMR no longer obscure other, more
diagnostic resonances, such as those of the anomeric carbon in glycosides.? The
use of the allyl protective group primarily covering carbohydrate chemistry has
been reviewed.*

Formation

1. CH,=CHCH,Br, NaOH, benzene, reflux, 1.5 h,”> or NaH, benzene, 90-100%
yield.®

2. CH,=CHCH,0H, [CpRu(CH;CN);]PF, 0.0005 eq., 2-quinolinecarboxylic
acid, 70°C, 6 h, 87-98% yield.

LCpRu(CH;CN)3]PFg

S\ § 2-quinolinecarboxylic acid ﬁ\
Jj \ﬂ/\N FI 1151 aleohol, 6 b, 98% Jtr OFm

3. CH,=CHCH,0C(=NH)CCl,, H" 8
4. Bu,SnO, toluene, THF; CH,~CHCH,Br, Bu,NBr, 96% yield.g The crotyl ether
has been introduced using similar methodology.!®

Ph Ph
OH (@)

HO o 1o ,OH OOJ
1) HO 1. Bu»SnO, PhMe, THF
RO o | O HO
o] 2. CHo=CHCH,Br, Bu ;NBr 0o 0o o
OH
OH

OH 95%
OH ’

HO~.

HO OH OAllyl
o Pds(dba)s, THF 0
CHa=CHCH,0CO,E
2 2060, 0 0
OXO 65°C, 4 b, T0% ><

Note the preferential reaction at the anomeric hydroxyl. The method is also
effective for the protection of primary and secondary alcohols. A modifica-

selecthlty monoalkylates a tertlary hydroxyl in the erythronohde derlvatlve.
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The method is effective because ~-BuOH does not compete effectively in the
allylation process.'?

©< OiPr Reactive hydroxyl

+-BuO>COCH,CH=CH>
. R =Allyl
Pd(OAc), PhyP
THE, reflux, 96%

These remain
unprotected

95% yield."

7. Allyl carbonates have been converted to allyl ethers with Pd(PhsP),."* The
reaction also proceeds with Pd(OAc), and PhsP (82% yield).15 In the case
below, acid- and base-catalyzed procedures failed because of the sensitivity
of the [(i-Pr)2Si],0O group.

(i-Pr), Allylo (-Pry
: Si

USi 1. CH>,=CHCH-0OCOC(l M
HO,, o 1 CHy=CHEH,0C00 — Ayi0,, L0770
o SiiPr 2 (PR . o~ Si-Po:
mco” o HCco' o

8. Allyl bromide, (RO);Mg.'®

9. KF-alumina, allyl bromide, 80% yield. These conditions were developed
because the typical strongly basic metal alkoxide-induced alkylation led to
Beckmann fragmentation of the isoxazoline.!”

KF-alumina
e R = Allyl

allyl bromide

CH,CN, 80%

10. Allyl bromide, DMF, BaO, rt.!® This method is used in carbohydrates to pre-
vent alkylation of an amide, which is a problem when NaH is used as the
base.!”

11. Allyl bromide, Al,O;, 1-10 days. These conditions were developed to alkylate
selectively an alcohol in the presence of an amide.?’

12. Allyl alcohol, DEAD, Ph;P, THF, 69% yield. Other ethers were prepared but
only ascorbic acid was used as a substrate.”! The pK, seems to determine
the selectivity. pK, of 2-OH~ 8§, 3-OH ~3-4, 5-OH~ 12, 6-OH ~ 14, based on
calculations using ACD software.
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(0] (0]
HO ~z AllylOH, DEAD HO 0._.0
= Ph3P, THF o
OH 2%

HO

13. Allyl acetate, toluene, 100°C, [Ir(COD),] "BF,, 5 h, 62-98% yield. Phenols,
acids, amines, and thiols are similarly allylated by this method in excellent
yield.*?

14. From an aldehyde: BiBr;, Et;SiH, CH;CN, CH,=CHCH,OTBS, 92% yield.
Other ethers can be prepared simply by changing the silyl ether. A propyl
ether was prepared using this method on a 50-kg scale.”® The BiBr; serves to
generate HBr and TESBr in sifu.

15. BrCH,CH,CH,Br, NaH, THF, DMF, 2 h, 32-90% yield. This method is spe-
cific for the monoprotection of diols.

iIOH BrCH-CH-CH,Br (IOW
— T
NaH, THF, DMF
OH 8% OH

Cleavage

1. One of the primary methods for the cleavage of allyl ethers is through isom-
erization of the olefin to the vinyl ether. The vinyl ether can then be cleaved by
a number of methods.
t+-BuOK, DMSO o i—xi
R~ ———= ROH
Ref. 24

R/O\\/\\\

100°C, 15 min

i. 0.1 N HCl, acetone—water, reflux, 30 min.?

ii. 0.1 eq. TSOH, MeOH, 25°C, 2.5 h, >>86% yield.?
iii. KMnQ,, NaOH-H,0, 10°C, 100% yield. These basic conditions avoid

acid-catalyzed acetonide cleavage.”

iv. HgCl,/HgO, acetone—H,0, 5 min, 100% yield.?

v. Ozonolysis.**?’

vi. Se0,, H,0,, 2% yield.?®

vii. MesNO, 0s0,, CH,Cly, > 76% yield
viii. MCPBA, MeOH, H,0.%

OMIP

OAc

When the OAc group was a hydroxyl, the epoxidation selectivity was not
very good, presumably because of the known directing effect of hydroxyl
groups in peracid epoxidations.
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ix. NIS, CH,Cl,, H,0.* Todine can also be used.>
x. BF3-Et,0, BuNF, 0°C, 52-88% yield.3
Xi. PdC1,(MeCN),, IPA, THF, or MeCN, 66-99% yield.3*

2. Allyl group isomerization can also be performed using a variety of catalysts

that have the advantage of being compatible with base-sensitive groups.

o Rh(PhaP):Cl1 0 i-xi
R CN ROF N ——~ ROH
DABCO, EtOH
reflux, 3 h

Allyl ethers are isomerized by (Ph;P);RhCl, and ~BuOK/DMSO in the fol-
lowing order’:

(Ph;P);RhCI:  allyl > 2-methylallyl > but-2-enyl
+-BuOK: but-2-enyl > allyl > 2-methylallyl

A variety of catalysts have been used to isomerize olefins and allyl ethers. It
1s possible to remove the allyl group in the presence of an allyloxycarbonyl
(AOC, Alloc, or Aloc) group using an [Ir(COD)(Ph,MeP),]PF¢-catalyzed
1somerization, but the selectivity is not complete. The allyloxycarbonyl group
can be removed selectively in the presence of an allyl group using a palladium
or rhodium catalyst.“’ Hydrogen-activated [Ir(COD)(Ph,MeP),]PF; is a better
catalyst for allyl isomerization (91-100% yield) because there is no reduc-
tion of the alkene as is sometimes the case with (PhsP);RhCL>"*® Cationic
Iridium catalysts bearing ¢-basic phosphines such as PCy; very efficiently
isomerizes allylic ethers.®*" The preparation of a polymer-supported iridium
catalyst that makes product isolation more facile has been reported.* When
Wilkinson’s catalyst is prereduced with BuL.i, alkene reduction is not observed
and high yields of enol ethers are obtained.*? This method can also be used
for isomerization of but-2-enyl ethers.** The iridium catalyst is also compat-
ible with acetylenes.** Because the iridium catalyst can effect isomerization at
room temperature, adjacent azides do not cycloadd to the allyl group during
the isomerization reaction, as is the case when the isomerization must be per-
formed at reflux.”
Allylo  OBn Allylo  OBn
Rh(PhyP);C1
BrOCH;” ™ oRoc o BnOCH;”
OBn OBn

OH

[Ir(COD)(PMePh,)>]PE¢

OH OBn HCly, HO "o OB
_—
L0AOC " A onoc
BnOCH,” 67% BnOCH;”

OBn OBn Ref. 27
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Useful selectivity between allyl and 3-methylbut-2-enyl (prenyl) ethers has
been achieved.®

OBn OBn
PrenylO,, (licisn Rh(Ph3P);Cl PrenylO.,, [lloljn
DABCO OBn
Allylo™ 0 Obn EtOH 0" o

‘/BUOK, DMSO
OBn

i. H,Ru(PPhs),, EtOH, 95°C; 1.5 h, TsOH, MeOH, 2.5 h, 86% yield.?
ii. RhH(PhsP),, TFA, EtOH, 50°C, 30 min, 98% yield.*
iii. RuH(CO)(Ph;P);, 60-80°C, 3 h.4®
iv. [CpRu(CH;CN)|PF,, quinaldic acid, MeOH, 0.5-3 h, 41% to >99%
yield.
v. RhCl;, DABCO, EtOH, H,0; H;0%, EtOH.*
vi. Polystyrene—CH,NMe,—RhCl, (EtOH, H,0).*8
vii. RuCl,(PPh); (NaBH,, EtOH).*
viii. Rh(diphos)(acetone),[Cl0O,], (acetone, 25°C).>
ix. Fe(CO);s (xylene, 135°C, 8-15 h, 97% yield).”! Fe(CO)s, EtOH, H,0,
NaOH, reflux, 0.5 h, 63-96% yield. The isomerization is effective for
a large variety of allyl ethers including the 2-methylpropenyl ether. An
epoxide survives these conditions.”

X. trans-Pd(NH;),Cly/+-BuOH isomerizes allyl ethers to vinyl ethers that
can then be hydrolyzed in 90% yield, but in the presence of an ¢o-hydroxy
group the intermediate vinyl ether cyclizes to an acetal.> This reagent
does not affect benzylidene acetals.

OH
HO,, .OH ~PA(NH)-Cls Ou.{j;of
’ ) il < T
+BuOH, 12 h OH
o OH 0" ™o

Allylo*

xi. Pd/C, H,0, MeOH, cat. TsOH or HCIO, 60-80°C, 24 h, 80-95% yield.>*
When TsOH is omitted the reaction gives the vinyl ether.>

xii. Pd/C, TFA, H,0, dioxane, reflux 18 h, 70% yield.*

xiii. Pd(Ph;P),, AcOH, 80°C, 10—60 min, 72-98% yield.>’

xiv. PdCl,, AcOH, H,O, NaOAc, 89% yield.27 This method has found applica-
tion in complex carbohydrate synthesis.58
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xv. Both the first and second generation Grubbs’ olefin metathesis catalysts

XVI.

have been shown to isomerize allylic ethers to vinyl ethers that are readily
hydrolyzed.> It is a decomposition product of the catalyst that was shown
to be the isomerization catalyst.*

NiCl,(diop), LiBHEt;, THF, reflux, 2h, 80-87% yield. This catalyst se-
lectively isomerizes allylic alcohols to the Z-vinyl ethers. RuCl,(PPhs),
reduced with LiBHEt; is also an effective isomerization catalyst, but in
this case there is no E/Z selectivity.®'

. Allyl ethers can be cleaved using Pd(0) or Ni(0). In this case the n-allyl com-

plex is intercepted with a good nucleophile.

i

1L

11l

Pd(Ph;P)4, K2COs, MeOH, reflux, 90% yield. If the reaction is performed
at rt phenolic allyl ethers are cleaved selectively.”

Pd(Ph;P),, PMHS—ZnCl,, THF, rt, 85-94% yield. Additionally, allyl es-
ters and allyl amines are cleaved, but a prenyl ether is stable.”

Pd(Ph;P),, K,CO;, MeOH, reflux, 90% yield. If the reaction is performed
at rt phenolic allyl ethers are cleaved selectively.*

iv. Pd(PhsP)4, RSO;Na, CH,Cl, or THF/MeOH, 70-99% yield. These condi-

tions were shown to be superior to the use of sodium 2-ethylhexanoate.
Methallyl, crotyl, and cinnamyl ethers, the alloc group, and allylamines
are all efficiently cleaved by this method.*> Using DME as solvent was
found optimal for the deprotection of polymer bound allyl groups. Precipi-
tated Pd can be removed by treatment with pyrrolidinedithiocarbamate in
MeOH/THF.%

. Pd(Ph3P)4, N,N’-dimethylbarbituric acid, 90°C, 24 h, sealed tube, 78—100%

yield. The prenyl groups along with other common ethers and esters are
all stable.”” Dimedone can be used as an allyl scavenger. In this example,
deprotection of the SEM or PMB ethers was completely unsuccessful be-
cause of the sensitivity of the tetronate to base and oxidative reagents. The
facile nature of this reaction is attributed to the increased acidity of the
tetronate hydroxyl.%®

OTBDPS

R=Allyl PA(PhaP)s, THF

94%

™S  OMOM
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vi. DIBAL, Et;Al or NaBH,, NiCly(dppp), toluene, CH,Cl,, THF, or ether,
80-97% yield.* These conditions are chemoselective for simple alkyl and
phenolic allyl ethers. More highly substituted allyl ethers are unreactive.
The following ethers and esters are stable: TBS, MPM, Bn, prenyl, MOM,

THP, Ac, Bz, Pv.
>< DIBAL, NiClx{dppp) ><
o 0 Et,0, 0°C to 1t, 55% o 0

or BnO ’ !
BnO\ ““UﬂAO EtzAl, NiClx(dppp) " AN OH

\\/ toluene, 0°C to 1t, 0%

vii. 1,2-Bis(4-methoxyphenyl)3,4-bis(2,4,6-tri-fert-butylphenylphosphinidiene)-
cyclobutene, Pd(0), aniline, 84-99% yield. This is an excellent catalyst for
the cleavage of allyl ethers, esters and carbamates.”

4. NBS, hv, CCly; base, 78-99% yield.”

5. Tetrabutylammonium peroxydisulfate, I, 25-50°C, CH;CN, H,0, 0.5-4 h,
81-95% yield.”” When tetrabutylammonium peroxydisulfate is used alone
the allyl group is oxidized to an ester which is then cleaved with MeONa/
MeOH.”

6. NMO, OsQy,, then NalQy, dioxane, H,O, 60°C, 18 h, 64-77% yield. Addition-
ally, allyl amides are cleaved.”

7. t-BuOOH, cat. CuBr, +-BuOH, H;0, 70°C, 60% yield at 90% conversion.”

8. DDQ, wet CH;Cl,, 70-92% yield. Anomeric and secondary allylic ethers
could not be cleaved under these conditions.”

OB OBn
o, " DDQ, 1.2 eq. o,
OAllyl — / OAllyl
O CH5Cls, HyO, 1t o---L
. o
o OAllyl 2% OH

9. Pyridinium chlorochromate oxidation of an allyl ether or benzyl ether gives
the enone (CH,Cl,, reflux, 84% yield).””
10. Protection for the double bond in the allyl protecting group may be achieved
by epoxidation.

B
N
Regeneration of the allyl group occurs upon treatment with @[ >=Se
and TFA.® s

11. Allyl groups are subject to oxidative deprotection with Chromiapillared Mont-
morillonite clay, ~BuOOH, CH,Cl,, isooctane, 85% yield.79 Allylamines are
cleaved in 84-90% yield and allyl phenyl ethers are cleaved in 80% yield.
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- Se0,, AcOH RO SN
—~ \(\ ——=  ROH
o Reflux 1 h, 50% OH

12.

Ref. 80

13. PdCl, CuCl, DMF, O,, 4 h, rt, 88-93% yield.®!
14. CpyZr prepared from CpZrCl,, n-BuLi; H,O, 50-98% yield. Allyl ethers are

cleaved faster than allylamines that are also cleaved (66% ).82

/\ OTBS OTBS
)\( o NT: Cp 2ZrCls, n-BuLi Q
R \ ﬂ\ T e
N O./\/

15. Li, naphthalene, THF, —78°C to 20°C, 1-12 h, 25-90% yield. Benzyl and
PhMe,Si ethers, sulfonamides, allyl sulfonamides sulfonyl amides, benzyl
amides and some esters are also cleaved.®*

16. Sml, (5 eq./allyl group), THF, i-PtNH; (20 eq.), H>O (15 eq.), 80-99% yield.
Phenolic allyl ethers are cleaved at a faster rate. An anomeric allyl ether is
completely stable and other substituted allyl ethers along with allyl amines
and allyl sulfides are also not cleaved.®

17. Ti(O-i-Pr)4, n-BuMgCl, THF, rt, 69-97% yield. Methallyl and other substi-
tuted allyl ethers are not cleaved, but ester groups are partially removed as
expected 5

18. TiCls, Mg, THF, 28-96% yield.®’

19. Electrolysis, DMF, SmCl,, (#-Bu),NBr, Mg anode, Ni cathode, 60-90% yield.88

20. Electrolysis, [Ni(bipyr);](BF,),,Mg anode, DMF, rt, 25-99% yield.89 Aryl
halides are reduced.

21. Ac,O, BF; -Et,0 then MeONa/MeOH to hydrolyze the acetate.”

22. TMSCI, Nal, CH;CN, 90-98% yield. Both alkyl and phenolic ethers were
cleaved. This method generates TMSI in situ, which is known to cleave a
large variety of ethers, ester, and carbamates.”’

23. CoCl,, AcCl, CH5CN, rt, 8-12 h, 71-84% yield. Benzyl ethers and epoxides
are among those that are also cleaved.”?

24. RCO,Br or RCO,Cl, graphite, CICH,C1,Cl, reflux, 77% yield. Most other
ethers are also cleaved.”

25. AlCl;-PhNMe,, CH,Cl,, 73-100% yield.94 Benzyl ethers are also cleaved.

26. NaBH,, I,, THF, 0°C, 53-96% yield.95 Methyl esters, an actonide, THP,
TBDMS, and benzyl ethers were stable.

27. LiCl, NaBH,4, THF, 0-35°C, 70-92% yield. Both alkyl and phenolic allyl
ethers are cleaved.”

28. I(CFy)6X (X == F or Cl), Na,S;04, NaHCO;, CH;CN (or DMF)/H;O, rt, 30 min;
Zn powder, NH,Cl, EtOH, reflux, 15 min, ~87-93% yield. The reaction pro-
ceeds to give an iodohydrin ether, which is reductively cleaved with Zn.”?

OH Ref. 83
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Cleavage of Substituted Allyl Octyl Ethers Promoted by CeCl;*7H,0

29. +BuLi, pentane, —78°C to rt, 1 h, 90-99% .

93

The functional group compat-

ibility of this method is somewhat limited, but TBS, THP, and Bn ethers were

shown to be compatible.”®

30. NaTeH, EtOH, AcOH, reflux, 2 h, 85-99% yield.*”’

31. CeCl3-7H,0, Nal, CH;CN, reflux, 69-95% yield. Phenolic and alkyl ethers
are cleaved.'” Another version of this method uses 1,3-propanethiol to scav-
enge formed allyl iodide. The relative rates for various allyl ethers are pre-

sented in the table below.

conditions: TBS, Tr, and Alloc.

The following groups were unaffected by these

Entry Derivative T t (h) % Yield Solvent Scavenger

1 Allyl Reflux 109 24 CH;CN None

2 Allyl Reflux 30 83 CH;NO, HS(CH,);SH
3 Prenyl Reflux 10 17 CH;NO, HS(CH,);SH
4 Crotyl Reflux 1.5 85 CH;NO, HS(CH,);SH
5 Cinnamyl Reflux 9 63 CH;NO, HS(CH,);SH
6 [B-Methallyl Reflux 2.5 54 CH;NO, HS(CH,);SH
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Prenyl Ether (Pre): (CH;),C=CHCH,OR

Formation

Prenyl ethers can be formed using the typical Williamson ether synthesis—that
is, by reacting the alcohol with a suitable base and a prenyl halide. Many of the
methods used for the formation of allyl and benzyl ethers should be applicable.!
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Cleavage

1.

DDQ, CH,Cl,, H,O, rt, 0.75 min to 9h, 36-89% yield. The reaction can be run
using catalytic DDQ with Mn(OAc); as the reoxidant. Allyl, TBS, TBDPS,
and a phenolic prenyl ether were stable to these conditions.”

. +BuOK, DMSO. In this case deprotection occurs by y-elimination rather than
isomerization as with the simple allyl group. Elimination is also faster than
isomerization of the allyl group, but the rate difference is insufficient for good
selectivity.® The crotyl group is removed similarly.

. I, CH,Cl,, 3A MS, 1-8h, rt, 22-94% yield. The Bn, allyl, and TBDMS ethers

are stable to these conditions, but TBS ether is partially cleaved.* Phenolic

prenyl ethers react to give chromanes.

4. p-TSA, CH,CL,, rt, 1-4h, 76% yield. Phenolic prenyl ethers are also cleaved.’

. Z1Cl; (0.2 eq.), Nal (0.2 eq.), CH;CN, reflux, 1-2 h, 79-94% yield. Allyl, cro-
tyl, benzyl, and THP ethers and the acetate, Cbz, and BOC are not affected,
but prenyl esters are cleaved efficiently (85-91% yield).®

. TiCly, n-BuyNI, CH,Cl,, 0°C, 2 h, 64-100% yield.7

. Yb(OTf)s, CH3NO;, rt, 0.5-24 h, 55-85% yield. Prenyl esters and phenolic
ethers are cleaved.®

. (PhSO,), 10 mol % , 80°C, 88-93% yield.’

(6]
HO—{ OH
-0

o

N

Approximate Half-Life of Various Allylic Ethers in Wet CD,Cl, at 80°C
with (PhSO,),

OR )\/OR W/\/OR %OR
e Bn TBS  Ac

NR. 120 h 2l h 6h N.R. N.R. N.R.
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Cinnamyl Ether (Cin): C;H;CH=CHCH,OR

Formation

1. The ether can be formed by the typical Williamson ether synthesis using a
strong base and the cinnamyl bromide.! Many of the methods used for allyl
ether synthesis should be applicable.

This methods works for a variety of ethers.3

4. From a TMS ether: PhCH=CHCHO, TMSOT{, CH,Cl,, —86°C, EtsSiH, 87%
yield.*

5. 1-Phenylpropyne, Pd(Ph;P),, benzoic acid, dioxane, 100°C, 66—-89% yield. Ac-
1ds react to give the esters, but phenols give a mixture of O- and C-alkylation
products with C-alkylation predominating with prolonged reaction times.’

Cleavage

1. Electrolysis: —2.7 to —2.9V, Hg electrode, 62-83% yield. The allyl group is
unaffected.® Cinnamyl carbamates are cleaved.’

2. CeCl;3-7H,0, Nal, CH3NO,, reflux, 1,3-propanedithiol, 52—-88% yield. Trityl,
Alloc and TBDPS groups were stable, but benzyl and THP ethers were not.®

1. M. L. Fascio, A. Alvarez-Larena, and N. B. D’Accorso, Carbohydr. Res., 337, 2419
(2002).

2. H.Kim and C. Lee, Org. Lett., 4, 4369 (2002).

3. T. Shintou and T. Mukaiyama, Chem. Lett., 32, 984 (2003).

4. C.-C. Wang, J.-C. Lee, S.-Y. Luo, H.-F. Fan, C-L. Pai, W.-C. Yang, L.-D. Lu, and S.-C.
Hung, Angew. Chem. Int. Ed., 41, 2360 (2002).

. W.Zhang, A. R. Haight, and M. C. Hsu, Tetrahedron Lett., 43, 6575 (2002).
. A. Solis-Oba, T. Hudlicky, L. Koroniak, and D. Frey, Tetrahedron Lett., 42, 1241 (2001).
. J.Hansen, S. Freeman, and T. Hudlicky, Tetrahedron Lett., 44, 1575 (2003).

. G. Bartoli, G. Cupone, R. Dalpozzo, A. De Nino, L. Maiuolo, E. Marcantoni, and A. Pro-
copio, Synlett, 1897 (2001).
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Ph
L

This ether is prepared by the Williamson ether synthesis from alcohols and phenols
using ¢-bromomethylstyrene. It is cleaved by treating the ether in THF with #-BulLi
at —78°C for 30 min (75-97% yield). The phenallyl ether can be cleaved in the
presence of an allyl ether. Phenallyl amines and amides are cleaved similarly.! Cleav-
age occurs by an addition of the alkyllithium to the olefin followed by elimination.

2-Phenallyl Ether

1. J. Barluenga, F. J. Fananas, R. Sanz, C. Marcos, and J. M. Ignacio, Chem. Commun., 933
(2005).

Propargyl Ethers: HC=CCH,OR

This group is smaller than an allyl group and has found value in directing the forma-
tion of B-mannosyl derivatives.

Formation

Propargyl ethers are readily formed from the alcohol by treatment with NaH,
DMF, and propargyl bromide.! Note that propargyl halides are explosive and
shock-sensitive!

Cleavage

1. Propargyl ethers are cleaved with TiCl;—Mg in THEF, 54-92% yield. Allyl and
benzyl ethers were not cleaved; phenolic propargyl ethers are also cleaved.’
2. (BnNEt;);MoS, (benzyltriethylammonium tetrathiomolybdate).3’4

3. +BuOK for allene formation then OsO,, N-methylmorpholine-N-oxide,
80-91% yield.'

. D. Crich and P. Jayalath, Org. Lett., 7, 2277 (2005).

. S.K. Nayak, S. M. Kadam, and A. Banerji, Synlett, 581 (1993).

V. M. Swamy, P. [lankumaran, and S. Chandrasekaran, Synlett, 513 (1997).
. K. R. Prabhu, N. Devan, and S. Chandrasekaran, Synlett, 1762 (2002).

P N

p-Chlorophenyl Ether: p-CICcH4-OR

Formation/Cleavage'

The p-chlorophenyl ether was used in this synthesis to minimize ring sulfonation dur-
ing cyclization of a diketo ester with concentrated H,SO,/AcOH.! Cleavage occurs by
reduction of the aromatic ring to form an enol ether which is hydrolyzed with acid.
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1. MsCl, Pyridine
2. p-CIC4gH;,ONa

ROH p-CICgH,-OR

1.Li, NH;
2.H0*

1. J. A. Marshall and J. J. Partridge, J. Am. Chem. Soc., 90, 1090 (1968).

p-Methoxyphenyl Ether (PMP-OR): p-MeOCH,OR

This group is stable to 3 N HC1, 100°C; 3 N NaOH, 100°C; H,, 1200 psi; O3, MeOH,
—78°C; RaNi, 100°C; LiAlHy; Jones reagent and pyridinium chlorochromate (PCC).
It has also been used for protection of the anomeric hydroxyl during oligosaccharide
synthesis.'

Formation
1. From an alcohol: MeOC-H,BF; K*, Cu(OAc),, DMAP, CH,Cl,, MS4A, rt,
0,, 24 h, quant.2

2. From an alcohol: MeOCsHyl, Cul, Cs;CQOs, 1,10-phenanthroline, 18-24 h,
110°C, 64-93% yield.?

3. p-MeOC¢H,OH, DEAD, Ph;P, THF, 82-99% yield.“’5 Using this method on a
secondary alcohol would give inversion.

OBn 4-CH3C4H,OH, THF OBn

ZHN,, LOH DEAD, PhsP, 80°C ZHN,, ~OH
’ ' 82%
. o
- OH .
Mo 0 MeO (6]
(NH;),Ce(NO3)g
80% OMe

Z = benzyloxycarbonyl, DEAD = diethyl azodicarboxylate

4. From a mesylate: K,CO;, 18-crown-6, CH;CN, reflux, 48 h, 81% yield.(’
5. From a tosylate: p-MeOC¢H,OH, DMF, NaH, 60°C, 14 h’

Cleavage
1. Ceric ammonium nitrate, CH;CN, H,O (4:1), 0°C, 10 min, 80-85% yield"* or
CAN, Pyr, CH;CN, H,0, 0°C, 0.5 h, 96% yield.®
2. Anodic oxidation, CH;CN, H,0, Bu,;NPF,, 20°C, 74-100% yield.?

3. Treatment of a PMP ether with Na/NHj; results in the formation of an enol
either, which in principle can be hydrolyzed to release the alcohol.’

1. Y. Matsuzaki, Y. Ito, Y. Nakahara, and T. Ogawa, Tetrahedron Lett., 34, 1061 (1993).
2. T.D. Quach and R. A. Batey, Org. Lett., 5, 1381 (2003).
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Manbeck, A. J. Lipman, R. A. Stockland, Jr., A. L. Freidl, A. F. Hasler, J. J. Stone, and L.
A. Guzei, J. Org. Chem., 70, 244 (2005).

. T. Fukuyama, A. A. Laud, and L. M. Hotchkiss, Tetrahedron Lett., 26, 6291 (1985).
. M. Petitou, P. Duchaussoy, and J. Choay, Tetrahedron Lett., 29, 1389 (1988).
. Y. Masaki, K. Yoshizawa, and A. Itoh, Tetrahedron Lett., 37, 9321 (1996).

. S. Takano, M. Moriya, M. Suzuki, Y. Iwabuchi, T. Sugihara, and K. Ogasawara, Hetero-
cycles, 31, 1555 (1990).

. S. Iacobucci, N. Filippova, and M. d’Alarcao, Carbohydr. Res., 277, 321 (1995).
9. D. Qin, H-S. Byun, and R. Bittman, J. Am. Chem. Soc., 121, 662—-668 (1999).

~N N

o0

p-Nitrophenyl Ether: NO,C;H,OR

The p-nitrophenyl ether was used for the protection of the anomeric position of a
pyranoside. It is installed using the Kénigs—Knorr process and can be cleaved by hy-
drogenolysis (Pd—C, H,, Ac,0), followed by oxidation with ceric ammonium nitrate
(81-99% yield).!

1. K. Fukase, T. Yasukochi, Y. Nakai, and S. Kusumoto, Tetrahedron Lett., 37, 3343 (1996).

2,4-Dinitrophenyl Ether (RO—DNP): 2,4-(NO,),—C¢H;OR

Formation

2.4-Dinitrofluorobenzene, DABCO, DME, 85% yield.l When this group was
used to protect an anomeric center of a carbohydrate, only the B-isomer was
formed, but this could be equilibrated to the ¢-isomer in 90% yield with K,CO5
in DMF.

1. H.J. Koeners, A. J. De Kok, C. Romers, and J. H. Van Boom, Recl. Trav. Chim. Pays-Bas,
99, 355 (1980).

2,3,5,6-Tetrafluoro-4- (trifluoromethyl) phenyl Ether: CF;CF,OR

Treatment of a steroidal alcohol with perfluorotoluene [NaOH, (#-Bu),NHSO,,
CH,Cl,, 79% ] gives the ether, which can be cleaved in 82% yield with NaOMe/
DME.!

1. J. J. Deadman, R. McCague, and M. Jarman, J. Chem. Soc., Perkin Trans. 1, 2413
(1991).
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The benzyl ether is one of the most robust of protecting groups and is orthogo-
nal to a host of others, making it and its variants one of the most used of pro-
tecting groups, but it can participate in unwanted side reactions as the following

illustrates.!
X o X
OBn O o BusSnH, AIBN o o o
\\\} PhCHj, reflux Bu;Sn
56%
BnO BnO
Formation

1. BnCl, powdered KOH, 130-140°C, 86% yield.2

2. BnBr, CsOH, TBAL 4-A MS, DMF, 23°C, 3 h, 73-97% yield.?

3. BnCl, BusNHSO,, 50% KOH, benzene.* This method was used to selectively
monoprotect a diol.?

OH
Ph-70 aq. TBAHSO, Ph-7"~0 OBn
0o E—— 0
HO CH,Cl,, BnBr Hgg%

SPh 75% SPh

4. BnX (X=Cl, Br), Ag,O, DMF, 25°C, good yields.(’ This method is very effec-
tive for the monobenzylation of diols.’
5. Ag,0O, BnBr, DMF, t, 48 h, 76% yield.8 In the following case all other methods

failed.’
O O
BOCNH AgaO nBuyNI BOCNH g\)é
Ar BnBr, 71 % -
E E neat 6
OH OH OBn OBn

BnBr, DMF

Ag»0, 48 h, rt
0O 76%

6. BnCl, Ni(acac),, reflux, 3 h, 80-90% .'°

7. BnCl, Cu(acac),, reflux, 3—5 h, 65-92% when reaction is performed neat. Pri-
mary alcohols react preferentially and phenols fail to react. In THF the yields
are much lower."!
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Isy
9. II( 0Bn MgQ, CH,Cl,, reflux, 19-24 h, 45-84% yield.'®
Me  rpo-

10. BnOH, BiBrs, CCL, rt, 76-95% yield."?

11. NaH, THF, BnBr, BuyNI, 20°C, 3 h, 100% 1% This method was used to pro-
tect a hindered hydroxyl group. Increased reactivity is achieved by the in situ
generation of benzyl iodide.

12. The primary alcohol below was selectively benzylated using NaH and BnBr

t ~70°C.”

BnBr, NaH, DMF
[
—70°C, 40 min, 97%

HO OBn

13. Note that in this case the primary alcohol was left unprotected.?’ This selec-
tivity is probably due to the increased acidity of the secondary alcohol verses
the primary alcohol.

OH
MeO
HOO BnBr, NaH, DMF
o~
o e
MeO SEt

14. Bnl, NaH, rt, 90% yield.21 Note that in this case the reaction proceeds without

complication of the Payne rearrangement. This appears to be general.??

OCH; OCH;

=
Bnl, Nal / = I
90% |
BnO"
O

15. BnCl, NaH, CuCl,, BuNI, THF, reflux 25 h, 70% yield.?

OBn
BnCl, NaH
HOI'];‘O/\( Ph CuCly, BugNI HO:['I‘O/'Y Ph
o
o O THE, reflux MeO o

25 h, 70%
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16.

17.

18.

19.

20.

21
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(BusSn),0, toluene, reflux; BnBr, N-methylimidazole, 95% yield.24 Equato-
rial alcohols are benzylated in preference to axial alcohols in diol-containing
substrates. The application of the stannylene method for the selective protec-
tion of carbohydrates has been reviewed.?

1. (Bn1Sn),0, PhMe

0 reflux 0
HOL 007 0
HO->97 0y 2 BnBr,PhMe BnO ~ OBn

N-Methylimidazole
92%

Bu,SnO, benzene; BnBr, DMF, heat, 80% yield.z(‘ This method has also been
used to protect selectively the anomeric hydroxyl in a carbohydrate deriva-
tive.” The reaction can be accelerated using microwave heating.”® The re-
placement of Bu,SnO with Bu,Sn(OMe), improves this process procedur-
ally.?® The use of stannylene acetals for the regioselective manipulation of
hydroxyl groups has been reviewed.>

PhCHN,, HBF,, —40°C, CH,Cl,, 66-92% yield.31 Selective alcohol protec-
tion in the presence of amines is achieved under these conditions.??
Ph,POBn, 2,6-dimethylquinone, CH,Cl,, rt, 0.5 h, 90-95% yield. This
method is quite general and can be used to prepare a large variety of ethers
(PMB, cinnamyl, #-Bu, etc.) and esters.>

From a TMS ether: PhnCHO, TESH, TMSOTT, 96% yield.34 This method is
effective for the preparation of allyl ethers (85% yield). This method has been
expanded to include the MPM, 2-Nap, cinnamyl, crotyl, and DMB ethers.
Primary alcohols are derivatized in preference to secondary alcohols. The
reaction is also regioselective.®

/% PhCHO, TMSOT /lv
0 TESH, CH,Cl, o
8] 0O (038 0
TMSO ~78°C, 04% BnO
TMSO e OH

OMe

LiHMDS, TBAI, BnBr, THF, —78°C to 25°C, 72% . The use of other bases
led to significant participation of the NHBOC group. LDA also proved unsat-
isfactory in this case.®

; g
i
BOCN LiMDS, Brgr DO
TBAL THF
AN " AN
O °N 72% ? N
CH,OH CH,0Bn

1. A.F. Petri, A. Bayer, and M. E. Maier, Angew. Chem. Int. Ed., 43, 5821 (2004).
2. H. G.Fletcher, Methods Carbohydr. Chem., 11, 166 (1963).
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Cleavage: Reductively (Hydrogenolysis)

The following table shows how substituents can affect the relative rate of benzyl
ether hydrogenolysis:

Relative Rates for Substituted Benzyl Ether Cleavage

OTHP
@/\ o~ PA-C, H, | BN OTHP
S
/ = EtOH / = HO
R R

Substrate k, (M 52y x 107° Relative Rate
R =CF, 0.080 +0.002 0.205
R=H 0.390 2 0.008 1.00
R=4-Me 3.07£0.12 794
R=3,5-Me, 4.30+0.22 11.01
R=4-£-Bu 9.58 +0.78 24778

1. Hy/Pd—C, EtOH, 95% yield."”

2. Pd is the preferred catalyst since the use of Pt results in ring hydrogenation.!
Hydrogenolysis of the benzyl group of threonine in peptides containing tryp-
tophan often results in reduction of tryptophan to the 2,3-dihydro derivative.’
The presence of nonaromatic amines can retard O-debenzylation,*> and the
presence of Na,CO; prevents benzyl group removal but allows double-bond re-
duction to occur.® Similarly, the ethylenediamine complex with Pd—C retards
debenzylation except for benzyl esters, which are cleaved. Cbz group hydroge-
nolysis with this catalyst is strongly solvent-dependent with cleavage occurring
in MeOH for aliphatic amine derivatives but not in THF where aromatic amines
are released.” Epoxides® are stable to this catalyst and alkynes are cleanly re-
duced to Z-alkenes.” Although it is possible to effect benzyl ether cleavage in
the presence of an isolated olefin (H./5% Pd-C, 97% yield),10 in general, the
degree of selectivity is dependent upon the substitution pattern and the level of
steric hindrance. Good selectivity was achieved for hydrogenolysis of a benzyl
group in the presence of a trisubstituted olefin conjugated to an ester.!! Excellent
selectivity has been observed in the hydrogenolysis (Pd—C, EtOAc, 1t, 18 h) of a
benzyl group in the presence of a p-methoxybenzyl group.!? Hydrogenolysis of
the benzyl group is solvent-dependent, as illustrated in the following table'?:
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Solvent Effect on the Hydrogenation of Benzyl Ether
(1.1 bar H,, 50°C)

Solvent Relative Rate
Methanol 2.5
Ethanol 3.5
Propanol 7
Hexanol 12.5
Octanol 16

Acetic acid 17

THF 20
Hexane 3
Toluene 1

3. Ti—-HMS modified Pd—C was found to accelerate the hydrogenolysis of simple
benzyl ethers in the presence of acid-sensitive functional groups.'* The use
of benzyl protection for polymer-supported syntheses has been a problem be-
cause of trapping of the catalyst by the polymer. This problem is partially
solved by the use of Pd nanoparticles which result in efficient benzyl group
hydrogenolysis from polymer supports.'®

4. In the following case, no hydrogenolysis of the benzyl groups occurs because
the amino alcohol poisons the Pd—C or Pd(OH),.'

OH
H
nO N 5
= NHCby PdiC, H \/\NHZ
MeOH 1t, retlux
OBn OBn

5. Hydrogenation of aromatic halides is often a problem,!” but in the presence of
an unprotected maleimide the catalyst is sufficiently poisoned that the chloride
is retained.'® Similarly, the presence of phthalimide has a poisoning effect on
the Lindlar reduction of acetylenes.

H H
N o O\\_/N ©

r By XD o OO

N
N
THE, rt, xa% H Cl
Cl
o |-oH o |-OH
HO
OBn OH
OMe OMe

6. Pd—C using transfer hydrogenation. A number of methods have been developed
where hydrogen is generated in sifu. These include the use of HCO,H,"” am-

monium formate (MeOH, reflux, 91% yield),

),20 isopropyl alcohol,?' cyclohexene
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(1-8 h, 80-90% yield),” and cyclohexadiene (25°C, 2 h, good yields).”> PMB

ethers are retained with these conditions when EtOAc is the solvent,2* but further

moderation of the catalyst with 2,6-lutidine was employed in the following case®:

OTBS OTBS

10% Pd/C, MeOH
0.1eq. 2,6-ut.
B

45°C, 81%

OPMB

A benzylidene acetal is not cleaved when ammonium formate is used as the
hydrogen source,?” and a trisubstituted olefin is not affected when formic acid
is used as a hydrogen source,? but the following groups are also cleaved under
these conditions: N-Cbz, CO,Bn, BOM(His), N-2-CICbz, and PhOBn.”” The
use of hydrazinium monoformate was found advantageous for deprotection of
N-Cbz, BnOR, N-2-CICbz, N-2-BrCbz, and RCO,Bn because the reaction could
be run at rt in MeOH or AcOH rather than the usual refluxing conditions used
with other hydrogen transfer agents.”® A disubstituted olefin is retained when
using the following conditions for cleavage of a primary benzyl ether (second-
ary BOM is also cleaved): 1-methyl-1,4-cyclohexadiene, Pd(OH),—C, CaCOs;,
EtOH (90%).” In o-methyl 2,3-di-O-benzyl-4,6-O-benzylideneglucose the
cleavage can be controlled to cleave the 2-benzyl group selectively (83%) when
cyclohexene is used as the hydrogen source.’ Hydrogenation was also shown
to cleave only an anomeric benzyl group in perbenzylated galactose.> Benzyl
ethers are stable to transfer hydrogenolysis with Pd-C, ~~-BuNH,-BH:/MeOH,
whereas alkenes, alkynes, aryl halides, and benzyl esters are reduced.*?

7. Pd-C, H,, CI;CCO,H (anhydrous), MeOH, 74-93% yield. These conditions
were developed to retain the Troc group, which is normally incompatible with

Me
/ reduced H2N
?/ retained
AcO—
Pd-C, Hs, CLLCCO-H NHTroc
NHTroc
MeOH, 74-93% yield
CHZOH
CHZOBn

cleaved NHBOC

“NHBOC
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9.

10.

hydrogenolysis of benzyl ethers, thus solving a long-standing problem.?
Trichloroacetic acid serves as a sacrificial Troc surrogate, thus preventing
reduction of the Troc group.

. Raney Nickel W2 or W4, EtOH, 85-100% yield.>** Mono- and dimethoxy-

substituted benzyl ethers, benzaldehyde and 4-methoxybenzaldehyde acetals
are not cleaved under these conditions, and trisubstituted alkenes are not
reduced.

PdCl,, EtOH, H,0, H,, 79-99% yield. These conditions were used for the
deprotection of peptides; the PdCl, was used stoichiometrically.>®

Rh/ALOs, Ha, 100% %7

O-i-Pr

Rh/ALO, Hy
I

BnO 100%

Cleavage: Reductively (Single Electron)

11.

12.

Na/ammonia®®*® or EtOH.*

o SOMe
WE 4

Na/NH3, 15 s
R —

97%

Note that in this example the ester was not reduced. When the TBDMS group
was replaced with an acetate, the benzyl cleavage reaction failed.* The re-
ducing end hemiacetal of a polysaccharide is maintainable during a Birch
debenzylation.*?

Li, NH;, THF, EtO-allyl. These conditions were used to prevent cleav-
age of an allylic ether. Presumably, the allyl ether serves as a sacrificial
allyl ether, thus reducing the likelihood of reduction of the substrate allyl
ether®

Li, NHs, THF
e R = H

BIOAllyl, ~78°C, 78%
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13.

14.

15.

16.

17.

18.

19.

20.
21

22.
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A similar problem was encountered in the synthesis of okadaic acid, which
contains a number of allylic ethers. In this case, successful debenzylation was
achieved using LiDBB in THF (70% yield),** but in the case of a ciguatoxin
synthesis, LiDBB did cleave an allylic ether. In this case, Na/NH;,EtOH,
THF, -90°C, 10 min resulted in successful deprotection albeit in only
30-40% yield.*

Lithium di-ter-butylbiphenyl (LiDBB), THF, —78°C, 3 h, 95% yield.*’
LiDBB has been found to cleave THF upon sonication.*’ A p-methoxybenzyl
group is retained during benzyl cleavage with this reagent.*®

(t-BuPh),Li
—
THF, -78°C, 3 h
95%

OTIPS

Li, catalytic naphthalene, —78°C, THF, 68-99% yield. In addition, tosyl, ben-
zyl and mesyl amides are cleaved with excellent efficiency.*’

Lithium naphthalenide, THF, —25°C, 55-80 min, 73-98% yield.50 These
conditions will also cleave N-Ts, N-Ms, RCONRTs, RCONRMs, and the
RCONRBn groups.>!

Ca/NH,, ether, or THF, 2 h; NH,Cl, H,0, 90% yield.3> Acetylenes are not
reduced under these conditions. One problem with the use of calcium is that
the oxide coating makes it difficult to initiate the reaction. This is partially
overcome by adding sand to the reaction mixture to abrade the surface of the
calcium mechanically.

K (10 eq.), ~BuNH; (2 eq.), ~BuOH (2 eq.), 18-crown-6 (0.1 eq.), 90-99% .
Benzylidine acetals are cleaved.>

Mg, HCO,NH,, methanol, rt, 88-90% yield. The following groups are
cleaved similarly: N-Cbz, N-2-BrCbz, N-2-CICbz, RCO,Bn, His(BOM), N-
Fmoc, 2,6-C1,BnOPh, and PhOBn.>*

Zn, HCO,NH,, MeOH, rt, 79-82% yield.”®> Benzylthio ethers and benzyl-
amines are also cleaved in excellent yield under these conditions.
Electrolytic reduction: —3.1 V, R,;NF, DMFE.%

Lithijum aluminum hydride will also cleave benzyl ethers, but this is seldom
practical because of its high reactivity to other functional groups.”’

DIBAL (150 eq.), PhCH3, 50°C, 2 h, 82% yield, perbenzylated cyclodextrin
as substrate.® The method is also applicable to the monodebenzylation of
perbenzylated mono and disaccharides.”® DIBAL in combination with triiso-
butylaluminum has also been used successfully to cleave benzyl groups from
carbohydrates.%
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Cleavage: Lewis Acid-Based

23.

24,

25.

26.

27.

28.

29.

30.

31.

Me;Sil, CH,Cl,, 25°C, 15 min, 100% yield.(’l This reagent also cleaves most
other ethers and esters, but selectivity can be achieved with the proper choice
of conditions.

Me,BBr, CICH,CH,CI, 0°C to rt, 70-93% yield.”” The reagent also cleaves
phenolic methyl ethers; tertiary ethers and allylic ethers give the bromide
rather than the alcohol.

FeCls, Ac,O, 55-75% yield.(’3 The relative rates of cleavage for the 6-, 3-, and
2-0O-benzyl groups of a glucose derivative are 125:24:1. Sulfuric acid has
also been used as a catalyst.(‘4 FeCl; (CH,Cl,, 0°C, rt, 64-88% yield) in the
absence of acetic anhydride is also effective and was found to cleave second-
ary benzyl groups in the presence of a primary benzyl group.®> This method
has been used on complex polysaccharides.’

Ac,0, H,SO4; MeOH, MeONa. A primary benzyl is removed from a perben-
zylated galactose derivative.?’

CrCl,, Lil, EtOAc, H,0, 80—-89% yield. The relative reactivity of various ben-
zyl ethers is as follows: DOB > DMB > PMB ~ Bn.%%¢

Zn(OTf),, CICH,CH,Cl, BzBr, rt, 10 min, 95-98% yield. TBDMS ether and
acetonides are also cleaved by this method.”

BzBr, graphite, CICH,CH,Cl, 50°C, 1-4 h, 67-91% . Allyl, alkyl, propargyl,
and £-Bu ethers are also cleaved.”!

Sc(CTf3); or Sc(NTf,)s, anisole, 100°C, 77-97% . These conditions also
cleave the MPM ether, MPM amide, and the benzyl ester.”?

PhSSiMe;, Bu,NI, Znl,, CICH,CH,CI, 60°C, 2 h, 75% yield.”®

OAc OAc

PhSTMS, Znl,, BusNI
E0,C. - iy -~ BO,C_~ Y
CICH,CHoCL, 60°C, 2 b
OB OH

32.

33.

n 5%

PhyCBF,, CH,CL,.*

PhyCBF,

+-BuMgBr, benzene, 80°C, 69% 7 MeMgl fails in this reaction. In general,
benzyl ethers are quite stable to Grignard reagents because these reactions
are not usually run at such high temperatures.
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NBny NBn,
N N¥ N
N7 [
N
L LY N
N N t-BuMgBr N
BnOCH, e BnOCH,
\( PhH, 80°C, 69%
\
BnO OBn BnO OH

34. EtSH, BF;-Et,0, 63% yield.m Benzylamines are stable to these conditions,
but BF;-Et,0/Me,S has been used to cleave an allylic benzyl ether.”’

35. Et,AlSPh, CH,Cl,, hexane, —5°C. This reagent causes partial cleavage of a
benzyl ether.”®

36. The fungus Mortierella isabellina NRRL 1757, 0-100% yield.”
37. BF;-Et,0, Nal, CH,CN, 0°C, 1 h; rt, 7 h, 80% yield *
38. BCl;, CH,Cl,, —78°C to 0°C; MeOH at —78°C, 77% yield.®!

CO,Me
g BCly, CHaCls, ~78°C 10 0°C
\I\/\I\!\/\I‘
0F N # "N; then MeOH at ~78°C (CH,),0H
(CH,),0Bn 71%

39. The following is an example of unexpected selectivity in the cleavage of a
tribenzyl ether.®? This selectivity is not general.

B0 £ o BCly, CHaCly o o
BnO >98% BnO
ﬁ\p HO /

40. These conditions selectively remove an alkyl benzyl group in the presence of
a phenolic benzyl group.*®

OMe OMe
Me BCly, CH,Cl M
OBn  -78°Cto-10°C, 16 h e OH
N 7
MeO \COZMe >71% MeO N\COZMe
OBn
SPh OBn "\ oph

41. BCl;-DMS, CH,Cl,, 5 min to 24 h, rt, 16-100% BA trityl group is cleaved
in preference to a benzyl group under these conditions. A phenolic benzyl
ether is stable.

42. BBr;, 60% yield.g(’ A SBn was not cleaved under these conditions.®’
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43. Me;SiBr, thioanisole.® This reagent combination also cleaves a carbobenzoxy
(Z) group, a 4-MeOC¢H,CH,SR group, and reduces sulfoxides to sulfides.

44. AlCls-aniline, CH,Cl,, rt, 80-96% yield %%
OTIPS

AICl,, MesNPh Cl

R
0%

45, TMSOTT, Ac,O, 10-15°C, 85% yield.gl The acetate is produced that must
then be hydrolyzed.

46. AcBr, SnBr; or Sn(OTf),, CH,Cl,, rt, 1-4 h, 76-97% yield.92 These condi-
tions convert a benzyl ether into an acetate.

47. ZnCly, Ac,O, AcOH, rt, 80-94% yield. These conditions are selective for the
cleavage of 6-O-benzylpyranosides.”’

48. SnCly, CH,Cl, 1t, 30 min.**

o

o { 0 [

BnO_/ SnCly, CH,Cl, ~ HO 07 HO 0
07 opn  ————— OH + OBn

t, 30 min

OBn OBn OBn
92% 5%

Secondary benzyl ether is cleaved in preference to a primary benzyl ether.”>
TiCly (CHCl,, 1t, 30 min) has been used to cleave a secondary benzyl ether”®
and an e-methylbenzyl ether.”” In carbohydrates where benzyl groups are used
extensively for protection, their stability toward electrophilic reagents is in-
creased by the presence of electron-withdrawing groups in the ring.*®

Cleavage: Oxidative Methods

49. CrO:/AcOH, 25°C, 50% yield [-> ROCOPh (- ROH -+ PhCO,H)].** This
method was used to remove benzyl ethers from carbohydrates that contain
functional groups sensitive to catalytic hydrogenation or dissolving metals.
Esters are stable, but glycosides or acetals are cleaved.

50. RuQ,, NalQ,, CCl,, CH;CN, H,0, 54-96% yield.'” The benzyl group is oxi-
dized to a benzoate that can be hydrolyzed under basic conditions. In the fol-
lowing case, reductive conditions (Na/NH3) failed.'"”

><0 1. RuOy, NalO; 0><

e
Wi

e
ASPSOBY o piBaLL 88% A -OH
CN

CN
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51.
52.

53.

54.
55.

56.
57.

58.

59.

60.

PROTECTION FOR THE HYDROXYL GROUP, INCLUDING 1,2- AND 1,3-DIOLS

Ozone, 50 min, then NaOMe, 60-88% yield.102

NaBrO;, Na,S,0,, EtOAc, H>O. Benzyl ethers are cleaved in preference to
benzylcarbonates and 4,6-carbohydrate benzylidine acetals are unselectively
cleaved to give a mixture of the primary and secondary monobenzoates.'™
This method was also found effective in complex carbohydrate synthesis.!*
(n-BuyN)S,05, CH:CN, 5°C; MeONa, MeOH, 15°C, 85-90% yield. The
benzyl ether is first oxidized to the benzoate and then cleaved by methano-
lysis.'®

NBS, hv, CaCOs, CCly, H,0, 86% yield.!"

NIS, 2.5 eq., CH;CN, Av. This method cleaves a benzyl group in carbohy-
drates, provided that there is an adjacent hydroxyl. In some cases a benzyli-
dine is formed.!"108

BHO\\/ NIS, Av, 40 min
00 -2
BnO ﬂ CHeN, 5%
BnO op e B“O OMe

Electrolytic oxidation: 1.4-1.7V, Ar;N, CH;CN, CH,Cl,, LiClO,, utidine.'”
4-Methoxy-TEMPO, CC,, KBr, H,0, NaHSO, to adjust pH to < 8.0, 0-5°C,
NaOCl, 62-76% yield. These conditions oxidize the benzyl to a benzoate
which can then be hydrolyzed by conventional means.'!’

Dimethyldioxirane, acetone, 48 h, rt, 85-93% yield.“"112 p-Bromo-,
p-cyano-, and 2-naphthylmethyl ethers and benzylidene acetals can also be
deprotected.

PhI(OH)OTs, CH;CN.!'?

Me'«@ PhI(OH)OTs Me,,, O]

. CHACN, >95% .

BnO™ Y TR B [nj
BnO o}

DDQ, CH,Cl,, 58°C, 2 days, 52% yield.114 In this example, conventional re-
ductive methods failed. Anhydrous DDQ was used to prevent acid-promoted
decomposition.

OPv  OPv
N3 - -
H
PvO NGO
AcNH_ _N._ O
= \}4 O  OAc OAc DDQ, CHACls
s N H 0 H H e R = H
< - 58°C, 2 days
z 52%
OR OAc OAc
AcO
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The removal of benzyl ethers in the presence of allylic ethers can be a prob-
lem, as illustrated in the synthesis of Ciguatoxin.*> This method was found to
prevent TIPS migration that occurred while attempting to remove a benzyl
group with a variety of Lewis acids.!"

DDQ, DCE, reflux
pH = buffer, 45 min

N ———

82%

™S

DDQ, CICH2CHACl
e e

pH 7 buffer, 40°C

5h, 90%
TIPS
Ref. 116
PhSO, \\/‘\O/ o DDQ, CHsCls, H,O PhSO, \\/vo o
O ——g O
BnO 1 15 h, 1t, 60% HO
BnO OMe BnO OMe
Ref. 117

Photolysis at 365 nm in CH;CN improves the rate of DDQ promoted cleavage
of benzyl ethers in that under these conditions cleavage occurs at rt. The MPM
groups is still cleaved more rapidly and good selectivity can be achieved over
benzyl ether cleavage. Unfortunately, olefins and acetylenes are incompatible
with this protocol.!'®

6. £BUO,

Me

1. o
SRS
W ° W
RO OBn ———eme RO OBz

KoCO4, PhH, rt
R = MOM, THP, TBDMS, Ac 47-100 min Ref. 119
61-90%

Allyl ethers are oxidized to acrylates with this reagent.
62. 25% MsOH/CHCl,, 25°C, 84% yield.!*

63. 6 N HCI, reflux, 92% yield. A N-Cbz group is also removed.'?!
64. P,Sy, CH,Cl,, 88% yield.'??

H
(¢]
Me. §..OBn P.S 1 CHoCl O:\\\/ Me
HO,C o 88%

S Me \\

Me



116 PROTECTION FOR THE HYDROXYL GROUP, INCLUDING 1,2- AND 1,3-DIOLS

65. ClO,S—N=C=0, K,CO;, CH,Cl,, reflux or —78°C; NaOH, MeOH, rt, 69—
88% yield. PMB ethers can be cleaved in the presence of benzyl ethers; how-
ever, under more forcing conditions, benzyl ethers are cleaved.!?’

66. Although benzyl groups are considered robust and compatible with a myriad
of transformations, they have been known to misbehave as in the following
case where migration occurred unexpectedly.'** The reaction presumably oc-
curs through a bridged oxonium ion for which there is precedent.'’

AcO, }r Nor
2 OBn [:C /——<F >'NBZ
DIAD, PhyP, THF
OH 2 days, 20°C

W

Noowoe

75:25

67. A special case that proceeds through ether formation followed by reductive

cleavage is illustrated below.!*

H

1. I, CHsCl,, 0°C to 1t
—» R=H
2.7n, AcOH, Et-0, MeOH | | O

83%
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Methoxy-Substituted Benzyl Ethers

Several methoxy-substituted benzyl ethers have been prepared and used as protec-
tive groups. Their utility lies in the fact that they are more readily cleaved oxidatively
than the unsubstituted benzyl ethers. These ethers are not stable to methyl(trifluorom
ethyl)dioxirane, which oxidizes the aromatic ring.' The related p-(dodecyloxy)benzyl
ether has been prepared to facilitate chromatographic purification of carbohydrates
on Cyg silica gel.> The table below gives the relative rates of cleavage with dichloro-
dicyanoquinone (DDQ).?

o « " (OMe), CHACly 0 "

10:1, 20°C

Cleavage of MPM, DMPM and TMPM Ethers with DDQ in CH,Cl,/H,O at 20°C

Protective Protective

Group Time (h) Yieldii (% )iii |Group Time (h) Yieldii (%) iii
3,4-DMPM <0.33 86 84 2-MPM 3.5 93 70
4-MPM 0.33 89 86 3,5-DMPM 8 73 92
2,3,4-TMPM 0.5 60 75 2,3-DMPM 12.5 75 73
3,4,5-TMPM 1 89 89 3-MPM 24 80 94
2,5-DMPM 2.5 95 16 2,6-DMPM 27.5 80 95
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From the table it is clear that there are considerable differences in the cleavage rates
of the various ethers. These have been exploited in numerous syntheses.

p-Methoxybenzyl Ether (MPM-OR, PMB-OR): p-MeOCsH,CH,OR

Formation

1.
2.

The section on the formation of benzyl ethers should also be consulted.

NaH, p-MeOCH,CH,C1, THF, 81% yield.* For simple alcohols this is prob-
ably the most commonly used method.

. NaH, p-MeOC¢H,CH,Br, DMF, —5°C, 1 h, 65%.>° Additionally, other bases

such as BuLi,” dimsyl potassium®, CsOH or Cs,COs,” and NaOH under phase
transfer conditions'® have been used to introduce the MPM group. The use
of (n-Bu)4NI for the in situ preparation of the very reactive p-methoxybenzyl
iodide is often used for improving the protection of hindered alcohols.!! In the
following example, selectivity is probably achieved because of the increased
acidity of the 2-hydroxyl group.

HO HO
ot 4-MeOCgH,CH,Br o &
DME, Nat, 1h, 5°C
65%
HO OH HO OMPM  Ref 7

. p-MeOC¢H,CH,Br (freshly distilled), THF, TEA, KHMDS, ~78°C, 1 h then

rt 2 h. The method was used to protect a secondary neopentyl alcohol.'?

. p-MeOCGH,CH,OC(==NH)CCls, H", 52-84% yield>™'> or with BF;-Et,0.'°

In addition, camphorsulfonic acid* and p-toluenesulfonic acid'> have been
used as a catalysts. La(OTf); in toluene or acetonitrile is a superior catalyst
giving the MPM ether in 8§7-93% yield of primary, secondary, and tertiary
alcohols. It was necessary to use thioanisole as a carbocation scavenger for
the protection of the epoxide of cinnamyl alcohol, 61% yield (34% without
thioanisole).!” The reagent is reported to be unstable which accounts for the
low yields in some cases.

HO, ,CO;Me HO_ ,CO;Me

HO., MPMOC(=NH)CCl, ~MPMO,
TrBE., 89%
BOMO® ™ “OTBDMS BOMO® ™ “OTBDMS

OTBDMS OTBDMS Ref. 18

. p-MeOC:H,CH,OC(=NH)CF;, PPTS or TfOH, CH,Cl, or Et,0O, 70-88%

yield. The trifluoroacetimidate is more stable than the trichloroacetimidate
and can be chromatographed. A series of homologs were also prepared.”® In
the following example, basic conditions could not be used because of migra-
tion of the TBS group.?”
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MPMOC(=NH)CF;
TBSO = PPTS, CH-Cl5 TBSO X
OH 51% OMPM

8. p-MeOCH,CH,0C(0)S-2-pyr, AgOTf, CH,Cl,, 72-88% yield.?' In contrast
to most other methods, the conditions are neutral.

ﬁj\ O pMBO
1B

J\I\ll\l\f\l'
JW N /ﬁ\«\‘
CH,Cly, AgOTE | H
0 l
g )L

N OPMB Ref. 22

9. PMBONPYy, toluene, Et;O, BTF or CH,Cl,, TMSOTY, or TrB(CeFs)a, rt,
74-100% yield. This method has the advantage that the reagent is easily han-
dled and quite stable.?

. NO2

[
NHZ N~ "OPMB

HO ~ TMSOTT, CHoClo, 1t
~"C0,Bn Sl

NHZ

2=}
£
8
§
a
&

Bn
90%

10. n-BuLi, Ph,PCl; p-MeOCH,CH,OH, fluoranil, CH,Cl,, rt, 3 h 30-94%
yield. This methods works for a variety of ethers.**

11. p-MeOC¢H,CH,0OH, Yb(OTf);, CH,Cl,, rt, 60-88% yield.?
12. p-MeOC-H,CH,OH, AI-MCM-41 zeolite, CH;NO;, 12-20 h, 32-75% yield.
Primary alcohols are protected in preference to secondary alcohols.?®

13. TMSOTf, TESH
Ph/\z) O o 4-MeOPhCHO Ph /TO /\
TMSO CH,Clo, 78°C PMPO ﬁ
TMSO (M e 91%

O OMe Ref. 27

Other ethers can be prepared similarly using this method.

14. p-MeOCsH4CHN,, SnCl,, =50% yield.28 This method was used to introduce
the MPM group at the 2’- and 3"-positions of ribonucleotides without selectiv-
ity for either the 2~ or 3*-isomer. The primary 5-hydroxyl was not affected.

15. OH OH
R,, OBn 1. BusSnO R., OBn
B
2.CsE MpMcl  MPMO

.y
OBn TBAL DMF

o >95% fo)
7§ Ref. 29
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16. -
Hoz,( 1. BusSnO, PhCH; HOI_QMB
B —
2. PMBCI, K1, CsF
0/\§O DME, 47% o 0
Ref. 30
17 BaO, Ba(OH)»
Ph/%o o MeOPhCH,C1 Ph/\oo/x/o
D—
HO A DMEF, 7 days PMBO
AcNH o)) 55% ANH Qa1

The authors do not indicate why these conditions were chosen over the more
conventional, but it may be a result of competitive alkylation at the amide
NH.

18. N-(4-Methoxybenzyl)-o-benzenedisulfonamide, NaH, THF, 57-78% yield.>?

Cleavage

1. The section on the cleavage of benzyl ethers should also be consulted.

2. Electrolytic oxidation: Ar;N, CH;CN, LiClOQ,, 20°C, 1.4-1.7V, 80-90%
yield. ¥ Benzyl ethers are not affected by these conditions.

3. Dichlorodicyanoquinone (DDQ), CH,Cl,, H,O, 40 min, rt, 84-93% yield. >
This method normally does not cleave simple benzyl ethers, but forcing condi-
tions will result in benzyl ether cleavage.’’ Surprisingly, a glycosidic TMS group
was found to survive these conditions.>® An O-MPM group can be cleaved in
preference to an N-MPM protected amide® and a 2-naphthyl group (NAP).*
The following groups are generally stable to these conditions: ketones, acetals,
epoxides, alkenes, acetonides, tosylates, MOM, and MEM ethers, THP ethers,
acetates, benzyloxymethyl (BOM) ethers, boronate, and TBDMS ethers, but
exceptions do occur and will depend on the nature of the reaction conditions.
MPM protected amide was shown to be stable to these conditions.* In this
case the tertiary and electron-deficient MPM group is retained.*?

OTBDMS

MPMO DDQ, 1.2 eq.
—————— R=H
MeO,C CH,Cly, Hs0
0°,3h Ref. 24

A very slow cleavage of an MPM protected adenosine was attributed to its
reduced electron density as a result of 7 stacking with the adenine. Typically,
these reactions are complete in<(1h, but in this case complete cleavage re-
quired 41 h.¥
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N(Bz),

<1
HO o g =
OCH;

RO o\/©/

One problem that is encountered in the use of DDQ is that either 1,4-dienes
or 1,3-dienes® often interfere with deprotection, especially those that are have
allylic heteroatoms. Trienes are even more problematic. The problem is less pro-
nounced when there is an electron-withdrawing group conjugated to the diene.

44,67

DDQ
=~ [Jecomposition

DDQ

~ OPMB Decomposition

OMe

A serendipitous deprotection of only one equatorial PMB group was observed
with 1 eq. of DDQ (CH,Cl,, 0°C, 70% }.48 No explanation was offered for this
result, but it may be that the electron withdrawing axial acetate deactivates the
adjacent OPMB toward oxidation.

OAc -
)v PMBO DDQ /L PMBO OAc

le} OAll T0% O L~ OAll
PMBO HO

The hydroquinone produced from DDQ oxidations is fairly acidic and can
interfere with acid sensitive glycals, but if the reaction is conducted in the
presence of 2,6-di--butylpyridine glycals will survive*’

OTIPS
OTIPS o o
0
PMBO % o RO—-—T"
RO DDQ AcO
AcO AcO OB

S
AcO OBn m < (e} n
- RO Ae s O
- fe) +-Bu N +Bu BnO e
RO o) 0 57% AcO
AcO B0~



ETHERS 125

4. The following illustrates a rather surprising result where an allylic NHBOC

was converted to a ketone during attempted PMB cleavage. As with dienic
48

alcohols and ethers, this is probably a function of the diene.

OPMB DDQ, CH,Cl,

—

NHBOC H,0

DDQ.

\ 83%
MPMO H 0

6. In a rather unusual reaction oxidation of the PMB ether below with 2 eq. of
DDQ affords the ortho ester.>

PMP
2 eq. DDQ 0 %/ 0
—— i —~CO,Me
70% o}

T

7. When MPM ethers bearing a proximal hydroxyl are treated DDQ acetals are
formed.>"3

MP

DDQ, on MS P

e

CH,Cl,, -20°C
82%

o 9

Placing 2 oxidatively removable groups adjacent to each other may not be the
best synthetic strategy if they are both to be removed as in the following ex-
ample where the desired diol could not be produced cleanly.*

PMP.

OH
DDQ (1.5 eq.)

ChsCls, 0°C, 67%

R=PMBandR =H
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Even a bis-PMB ether in a 1,3-relationship has been shown to form the 4-
methoxybenzylidine acetal.>*

MP
OPMB )\
DDQ, CH:Cly O o
TBSO k OPv
5 OBn t, 90% TBSO N
| BnO' OPv

OPMB
An MPM group is readily cleaved in the presence of a 3-MPM.

OTIPS OTIPS

0-3-MPM  DDQ, CH,Cl,, H,O
R S
0°C, 89%

MPMO™ HO'

8. Catalytic DDQ, FeCls, CH,Cl,. H,0, 62-94% yield.>
9. Catalytic DDQ (10% ), Mn(OAc); (3 eq.), CH,Cl,, H,O, rt, 6-24 h, 61-90%
yield.%
10. Ozone, acetone, —78°C, 42-82% yield.s&59 PMB ethers are not stable during
the ozonolysis of a monosubstituted alkene.*
11. Ceric ammonium nitrate (CAN), Br, or NBS, CH,Cl,, H,0, 90% yield.(’l A
PMB group is cleaved in preference to a 2-napthylmethyl group under these
conditions, and it is also more efficient than when DDQ is used.*

OAc OAc
~OAc CAN, Br; or NBS PhthN,, s\\OAC
B
OAc CH,Cl», H,O . OAc
HO' O

Phth = phthalimido

PhthN

MPMO' O

NHBn NHBn
CAN,rt, 1-3h
COMe ol )\l/ CO,Me
Ph CHACN, HoO
OPMB 95% OH Ref. 62

12. PhyCBF, CH,Cl, or CH:CN, H,0."* In one case the reaction with DDQ failed
to go to completion. This was attributed to the reduced electron density on the
aromatic ring because of its attachment at the more electron-poor anomeric
center.

13. Av>>280 nm, H,0, 1,4-dicyanonaphthalene, 70-81% yield.®

14. Mg(ClQ,),, hv, anthraquinone or dicyanoanthmcene.(’4 These conditions also
cleave the DMPM group.
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15. The following examples illustrate unusual and unexpected cleavage processes

because of participation by nearby functionality.

mMpMO  © OH OH
z - MesAl H-O H H

i / aAl Hy s COsE
BnO COEL oy a1, 3000 B“O/\IAI/\E/\/

16.

17.

18.

19.

95% Ref. 65

@\\ OTBDMS PPh,
HO I W

CCly
heat

MgBr,;-Et,0, Me, S, CH,Cl,, 4-94 h, 75-96% yield.(‘7 The failure of this sub-
strate to undergo cleavage with DDQ was attributed to the presence of the
1,3-diene. Acetonides and TBDMS ethers were found to be stable.

MgBrs - Et-0, MesS
OR —= R=H

CH,>Cl,, 76% after
R = MPM 5 cycles

R [y

OMe

AlCl; or SnCl,, EtSH, CH,Cl,, 73-97% yield.(’8 Phenolic PMB ethers are also
readily cleaved. In some cases the secondary ethers are cleaved faster than the
primary PMB ether.%

SnCly, PhSH, CH,Cl,, —78°C to 50°C, 5 min to 1 h, 88-93% yield. Benzyl,
allyl, and TBDMS ethers are stable along with various esters.® BF;+Et,0 can

also be used as a Lewis acid (83% yield).70

SnCl, alone is capable of cleaving PMB ethers of carbohydrates with reason-
able selectivity. The notable feature of this reaction is that the rate of cleav-
age of a primary benzyl ether is considerably faster than a secondary benzyl
ether. In another example an axial derivative was cleaved faster than an equa-
torial PMB ether.”!

OPMB OPMB
\( 0.1 eq. SnCl, >{0 0.25 eq. SnCl; >(0
0 ———— o)
CH:CL, 20°C O ,/V\/OM"‘CHZCIZ, 20 0O OMe

4.5, 85% OPMB & min, 70% as OH
acetate deriv.

20. ZrCly (20 mol % ), CH;CN, rt, 67-92% yield. The groups BOC, Ac, Bz,

acetonide, THP, MEM, allyl, prenyl, and Bn were shown to be stable to
these conditions, whereas the trityl group is cleaved. PMB esters are also
cleaved.™
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21

MeO

22.

23.

24,
25.

26.

27.
28.
29.

30.
31.
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During the course of a dithiane-forming reaction, a PMB group was lost,
which is consistent with a Lewis acid/thiol deprotection of the PMB group
as in item 177

OPMB
O HSCH,CH,SH s OH OH
———T =
. COMe  BFr-E0O,ACN J\/\)v\/COZMe
o S LOMe T 1t, 70% S =

An allylic MPM ether has been converted directly to a bromide upon treat-
ment with Me,BBr (5 min, *78°C).74 The reagent CBr,/TPP (CH,Cl,, 0—
30°C) is more general and converts alkyl, allyl, and benzyl PMB derivatives
to bromides in 45-94% yield.”

BCl,, dimethyl sulfide.”®”” These conditions can remove a primary vs. a sec-
ondary PMB group.”

BCl; - DMS
- R=H
CHCls, 0°C
>88%

OTBS

Me,BBr, CH,Cl,, —78°C, 5 min, 100% yield."®

SnBr,;, AcBr, CH,CL,, rt, 81-92% yield. These conditions, which also cleave
alkyl and aryl benzyl ethers, produce an acetate that must then be hydrolyzed
with base to release the alcohol.” When SnCl,/PhOCH,COCI is used, only
MPM ethers are cleaved, leaving benzyl ethers unaffected.

CeCl;3+7H,0, Nal, CH;CN, reflux, 75-97% yield. PMB ether is selectively
cleaved in the presence of a benzyl ether. TBDMS ethers are also cleaved.®
Replacing CeCl; with Ce(OTf); is a more efficient reagent for the deprotec-
tion of the MPM group (CH;NO,, reflux, 61-99% yield). It operates cata-
lytically, but for aryl ethers a scavenging agent must be added to prevent
Friedel-Crafts alkylation of the ring.®! The trityl, THP, TBDPS, and benzyl
ethers remain largely unaffected by this reagent.

TBDMSOT{, TEA, CH,Cl,, rt.%? These conditions result in conversion of the
MPM ether into a TBDMS ether.

TMSI, CHCl;, 0.25 h, 25°C.%

ClO,S—N=C=0, K,CO,;, CH,Cl,, reflux or —78°C; NaOH, MeOH, rt,
72—-88% yield. PMB ethers can be cleaved in the presence of benzyl ethers,
but under more forcing conditions benzyl ethers are cleaved.®*

TMSCI, anisole, SnCl,, CH,Cl,, rt, 10-50 min, 78-96% yield.85

BF;-Et,0, NaCNBH;, THF, reflux 4-24 h, 65-98% yield.g(’ Functional
groups such aryl ketones and nitro compounds are reduced and electron-rich
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32.

33.

34.
35.

=

36.

37.

38.

39.
40.

phenols tend to be alkylated with the released benzyl carbenium ion. The use
of BF;-Et,0 and triethylsilane as a cation scavenger is also effective.’’

BF; - Et:0
TESH, CHyCN
OoCH, —————
0°C, 50 min
H \ 81% H \
: H coMe i H coMe

/
/

(CH;);OMPM (CH,);OH

TFA, CH,Cl,, rt, 5-30 min, 84-99% yield.®® An adamantyl glycoside was
stable to these conditions. Secondary carbohydrate PMB ethers are cleaved
faster than the primary PMB.*® The reaction has also been performed in
the presence of anisole to scavenge the liberated benzyl carbenium ion.”
This method is probably preferred for the cleavage of two adjacent PMB
ethers since competing benzylidine acetal formation is not a problem.”!
AcOH, 90°C.*? This method has been used for PMB cleavage in carbohy-
drates.”

1 M HC1 EtOH, reflux, 87% yield **

48% aq. HF, CH;CN/CH,Cl, (1:9), rt, 88% yield.95 In this case it is possible
that the released thiol assists in the cleavage of the PMB similar to the situa-
tion in entries 17 and 18.

N

PMBO S\ S (E)TBS :*OTBS J— OBn
: OBn  scN,cHc,  HO
OH = 1, 88%
TfOH (0.1 eq.), polymer—PhSO,NH, or PhSO,NH,, dioxane, 64-98% yield.

The benzylidine group interferes with deprotection because of sulfonimine
formation. This can be prevented by using an N-methylsulfonamide as the
PMB scavenger. Phenolic PMB groups are also readily cleaved, but benzyl
groups are completely stable.”®

Clay supported NH4NO; (clayan), pW, 70—-88 % yield. The reactionis carried
out neat since the use of a solvent resulted in incomplete deprotection.”’
I, MeOH, reflux, 12-16 h, 75-91% yield. Benzyl ethers are stable to these
conditions, but isopropylidenes are cleaved.”®

AgO, HNO;, 74% yield

Pd-C, H,.!
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l/l\l l\CO Me
Pd-C, Hy

OCH;
OCH;

130

R =MPM

O%

41. Na, NHj3, 95% yield 10U Thig is the method found most successful when DDQ

oxidation fails.
42. The following surprising transformation indicates that the PMB ether may
102

not always be such an innocent bystander

OPMB
KHMDS, 18-C-6
H THE, 1t, TIHE M 6%
)

3,4 (MeO)2C6H3CH20R

Formation
3,4-(Me0),CH;CH,OC(=NH)CClL,, TsOH.!® The dimethoxybenzyl ether has
103

also been used for protection of the anomeric hydroxyl in carbohydrates

. NaH, 3,4-(MeO),C¢H;CH,Br, DMFE.'*
Benzylidine acetals can be reduced selectively to give DMBN ethers

DIBAL-H (3 eq.)

B

. o CHoClo, ~78°C
OMe 0\<
DMP

30 min, 70% =
OMe ODMPN
4. 2-(3.4-Dimethoxybenzyloxy)-3-nitropyridine, CSA, 85% yield.'*

Cleavage

1. H,, Pd/C, MeOH, >60-98% yield.'""”
2. This ether has properties similar to the p-methoxybenzyl (MPM) ether except

that it can be removed from an alcohol with DDQ in the presence of an MPM
group with 98% selectivity.>*® The selectivity is attributed to the lower oxidation
potential of the DMPM group; 1.45V for the DMPM versus 1.78 V for the MPM.
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OBn OBn
/\\/\\/ ODMPM oo /\/\\/ OH
MPMO T """;1"/'"""' MPMO :
z % z
OMOM OMOM Ref. 34

As has been observed with MPM group, DDQ deprotection of a DMB group

failed in the presence of a dienic allylic ether.!”® In the following case the
109

DMB group was used successfully in the presence of allylic diene.

DDQ, CH,Cl,
B
pH 7 buffer, reflux
96%

3. In the presence of a neighboring hydroxyl, DDQ cleavage results in the for-
mation of a benzylidine acetal, which, upon extended treatment with DDQ,
gives a hydroxy benzoate that can be hydrolyzed with LiOH (DDQ (4.0 eq.),
CH,Cly: buffer pH 7.0 (1:1), 0-25°C, 4 h: LiOH 2.0 eq.), MeOH, 25°C, 12 h,
85% over two steps).'”

Cleavage
DOBO HO

ODOB CrCl,, EtOAc ODOR

S

Q H,0, Lil, 1t O
0 % 80% o JV
Ref. 111

The relative rates of benzyl either cleavage using these conditions is as follows:
PMB>Bn (85%); DMBN >Bn (95% ); DOB>Bn (98% ); DOB>DMBN
(85%). The reagent also does not cleave N-benzylamines. Benzyl groups are
readily cleaved by hydrogenolysis in the presence of a DOB ether (Pd/C, EtOAc,
hexane, 12 h, 1t, H, (1 atm), >95% yield.!'?
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o- and p-Nitrobenzyl Ether: o- and p-NO,C¢H,CH,OR (Chart 1)

The o-nitrobenzyl and p-nitrobenzyl ethers can be prepared and cleaved by many
of the methods described for benzyl ethers.' In addition, the o-nitrobenzyl ether can
be cleaved by irradiation (320 nm, 10 min, quant. yield of carbohydrate>?; 280 nm,
95% yield of nucleotide*). This is one of the most important methods for cleavage of
this ether. These ethers can also be cleaved oxidatively (DDQ or electrolysis) after
reduction to the aniline derivative.!! Clean reduction to the aniline is accomplished
with Zn(Cu) (acetylacetone, rt, >>93% yield)."> Hydrogenolysis is also an effective
means for cleavage.’ A polymeric version of the o-nitrobenzyl ether has been pre-
pared for oligosaccharide synthesis that is also conveniently cleaved by photolysis.®
An unusual selective deprotection of a bis-o-nitrobenzyl ether has been observed.”
The photochemical reaction of o-nitrobenzyl derivatives has been reviewed.®

NH,

NH,
N N
N
¢ T as
0-NO,CsH4CH,O . =~ hotolvsis. 3 HO - J
o N N photolysis, 350 nm N N

(0]

B

5 min, 76%

()—N02C6H4CH20 ()—N02C6H4CH20
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A photodeprotection in a highly functionalized environment is illustrated with the
deprotection of an intermediate in the synthesis of calicheamicin v,.'°

1 ANy
-N
s/%,o \&&,0 RO,N\&&N
fo) OMe OTES T];ZESO o W.THE,H:0 TESO = OH
t

07 O (L507 wemmn
TES N 0°C, 15 min I{Iw
oMeO OTES Fmoc MeO 82%  Fmoc”

MeO

p-Nitrobenzyl Ether: p-NO,—CH,CH,OR

Formation

1. 4-NO,BnBr, Ag,0, CH,Cl,, reflux, 5 days, 58-84% yield.!’

2. The p-nitrobenzyl ether is also prepared from an alcohol and p-nitrobenzyl
alcohol (trifluoroacetic anhydride, 2,6-lutidine, CH,Cl,, 67% yield) or with
the bromide and Ag,0.!"'?

Cleavage

Cleavage is generally accomplished by first reducing the nitro group and then re-
moving the p-aminobenzyl ether with acid or oxidatively with DDQ." Thus, condi-
tions that reduce a nitro group should be applicable for the deprotection of this ether.
Some of the methods that have been used specifically for the p-nitrobenzyl ether are
as follows.

1. In, EtOH, H,0, NH,CI, rt, 81-100% yield. These conditions generally reduce
nitro groups.'®!?

. Electrolytic reduction (—1.1 V, DMF, R,NX, 60% yield)."*!5
. Reduction with Na,$,0, (pH 8-9, 80-95% yield).'®

. Reduction by Zn/AcOH followed by acidolysis.'’

. Reduction with In, NH,C1, MeOH, IPA, 85°C, 73% yield.18
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=2

Pentadienylnitrobenzyl (PeNB—OR) Ether, Pentadienylnitropiperonyl

OR
N
NO,
OR
<0 PN
o NO,

These groups were developed as photochemically cleavable protecting groups for
alcohols and acids. They are cleaved by irradiation at 350 nm for 3 h in MeOH. The
phenyl ethers required 254-nm irradiation. The photochemical deprotection does
not produce a reactive by-product.!
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Halobenzyl ethers have been prepared to protect side-chain hydroxyl groups in amino
acids. They are more stable to the conditions of acidic hydrolysis (50% CF:COOH)
than the unsubstituted benzyl ether; they are cleaved by HF (0°C, 10 min).! Deprotec-
tion can also be accomplished with Pearlman’s catalyst,2 Raney nickel W2, Li/NHY,
or Na/NH,.* These ethers also impart greater crystallinity, which often aids purifica-
tion.> The electron-withdrawing effect can be used to advantage to stabilize the gly-
cosidic bond toward acid® and the benzyl ether bond toward electrophilic reagents, as
in the following case where the BrBn group (PPB) was used to prevent competition of
the ether linkage with the carbonate group for the iodonium intermediate.”

+-Bu
o~ 0

Br O)\O IBr, toluene  Bp O)I\O
OWEJ —78°C o : : |
TN

The transformation of the PPB group to a more readily cleaved benzyl group has
been exploited in carbohydrate synthesis. This transformation is accomplished with
4,4"-di-t-butylbiphenylide (LDBB).® Since the 4-C1Bn group (PCB) is less reactive to
Pd-catalyzed substitution with an amine, the PPB group can be selectively converted
to a p-amine derivative which may then be cleaved with SnCl,, dichloroacetic acid,
TFA, ZnCl, TiCly or CAN.® After derivatization of the alcohol as a propyl ether, the
PCB group was removed similarly.

1. Pd.dbas, -BuONa
BHC%\OL o-BiphP(:-Bu)» BnO %/ o
PCBO ul PCBO™"
PPBO - OMe PhNHMe, 80°C HO /\\\/ OMe
OR 2. 8nCly, 82% OR

A similar strategy has been used where the PPB group is converted to a biphenyl
group that can be removed oxidatively with DDQ. The DMPBn group is oxidatively
cleaved at a rate similar to the MPM group, but it has a much greater stability toward
acid, which allows cleavage of the PMB in the presence of the DMPBn with ZrCl,
(catalytic, CH;CN, 82% yield).'

OMe
O\/@ B
o MeO‘QB(OH)Z o OMe OH
oY 0
>( O MeO
Pd(OAc),, BusNBr o s o
e K4PO4, EIOH, 92% DDQ, 85% 0

/O< © /( 0
The PPB group has been converted to a p-hydroxybenzyl group (PHB) that is readily

cleaved with DDQ (CH,Cl,, H,0, 97% yield). It has also been converted to a PMB
I
group.
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OBn

o OBn
o H—B\ o
BnO

Y oppg  [dChdpp, KOAe

: DMSO, 80°C BnO
OBn

H>0,, NaOH
rOBn THE, H»0

‘2

68% overall
O o~
’ * OIBS DDQ, CH,Cl,
- R
BnO

=0OH
- OH H»0, 0 to 25°C
: 7
OBn 97%

The 2-bromobenzyl ether has been used as a self oxidizing protective group in the

synthesis of the CP-225,917 core skeleton.!? Other methods to oxidize this position
all met with failure.

OTBS OTBS
e n-BusSnH
o E—— H
MeO,C™ = AIBN, PhH H
/ CsHis goec, 80% CgHis
HO

2,6-Dichlorobenzyl Ether: 2,6-C1,C¢H;CH,OR and
2,4-Dichlorobenzyl Ether: 2,4-C1,C¢H;CH,OR

Formation

The reaction proceeds without the complication of a Payne rearrangement.

e

Cl Cl
H Cl Cl

CH>Br
N

S —
d

0 NaH, BuyNI, THF, rt
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Cleavage

This group is cleaved during an iodine-promoted tetrahydrofuran synthesis.'* The
2,6-dichlorobenzyl ether (DCB) is sufficiently stable to DDQ that an MPM group
can readily be cleaved in its presence. The DCB group is cleaved with TMSI
generated in situ,' but dissolving metal reductions or hydrogenolysis should also
cleave this group. The 2.4-dichlorobenzyl group has been cleaved with BCl;
(CH,Cl,, —78°C to rt; aq. NaHCOs, 59% yield).'(’ The 2,4-dichlorobenzyl group
has been used for the protection of a ribofuranosyl derivative. Selective cleavage
at the 2-position was achieved with SnCl, as illustrated.”

HO RO RO

o 2,4-CL,C¢H4CH-C1 fo) SnCly, CH>Cl,, 3°C fo)
T—? \
NaH, DMF, 40°C T
OCH OCH;  >79% OCH;

HO  HO 3 RO RO RO HO
R = 2,4-Cl,C¢H;CH,

2,6-Difluorobenzyl Ether: C.H;F,CH,OR

This group was developed to prevent participation of the BnO bond during cationic
reactions. It is formed from the bromide [CsH;F,CH,Br, Ba(OH),-8H,0, DMF, 25 h,
94% yield]"® and cleaved by dissolving metal reduction (Ca, NH;, 79% yield).! Hy-

dr

ogenolysis, the process commonly used to cleave benzyl groups, is expected to be

sluggish in comparison to the unsubstituted benzyl group.

P N
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. J. D. White, P. R. Blakemore, N. J. Green, E. B. Hauser, M. A. Holoboski, L. E. Keown,
C. S.N. Kolz, and B. W. Phillips, J. Org. Chem., 67, 7750 (2002).

. S. Koto, S. Inada, N. Morishima, and S. Zen, Carbohydr. Res., 87, 294 (1980).

. N.L. Pohl and L. L. Kiessling, Tetrahedron Lett., 38, 6985 (1997).
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Boldi, Tetrahedron Lett., 38, 8671 (1997).

. K. Fujiwara, A. Goto, D. Sato, Y. Ohtaniuchi, H. Tanaka, A. Murai, H. Kawai, and
T. Suzuki, Tetrahedron Lett., 45, 7011 (2004).
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K. Fujiwara, Y. Koyama, K. Kawai, H. Tanaka, and A. Murai, Synlett, 1835 (2002).
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16. A. M. Kawasaki, M. D. Casper, T. P. Prakash, S. Manalili, H. Sasmor, M. Manoharan,
and P. D. Cook, Tetrahedron Lett., 40, 661 (1999).

17. P. Martia, Helv. Chim. Acta, 78, 486 (1995).
18. R. Biirli and A. Vasella, Helv. Chim. Acta, 79, 1159 (1996).
19. H.J. Borschberg, Chimia, 45, 329 (1991).

p-Cyanobenzyl Ether: p-CN-C¢H,CH,OR

The p-cyanobenzyl ether, prepared from an alcohol and the benzyl bromide in the
presence of sodium hydride (74% yield), can be cleaved by electrolytic reduction
(—21V,71% yield)l or with Et;GeNa, dioxane, HMPA, 50°C.? It is stable to electro-

1. C. van der Stouwe and H. J. Schiifer, Tetrahedron Lett., 20, 2643 (1979); idem, Chem. Ber-.,
114, 946 (1981); J. P. Coleman, Naser-ud-din, H. G. Gilde, J. H. P. Utley, B. C. L. Weedon,
and L. Eberson, J.Chem. Soc., Perkin Trans. II, 1903 (1973).

2. Y. Yokoyama, S. Takizawa, M. Nanjo, and K. Mochida, Chem. Lett., 33, 1032 (2004).

Fluorous Benzyl Ether (BnfOR): (C¢F;:CH,CH;):SiC¢HsCH,OR

The fluorous benzyl ether was prepared to take advantage of the fluorous synthesis
technique. The Bnf ether is prepared using the conventional method: NaH, DMF,
benzotrifluoride, TBAL It is cleaved by hydrogenolysis: Pd(OH),, Ha, FC72.!

4-Fluorousalkoxybenzyl Ether: CF;(CF,),CH,CH,CH,OCH,CH,OR,

This group was used to prepare a family of murisolin isomers that could be separated
by fluorous chromatography.” As with the MPM, this group is cleaved using DDQ.

1. D. P. Curran, R. Ferritto, and Y. Hua, Tetrahedron Lett., 39, 4937 (1998).
2. C.S. Wilcox, V. Gudipati, H. Lu, S. Turkyilmaz, and D. P. Curran, Angew. Chem. Int. Ed.,
44, 6938 (2005).

Trimethylsilylxylyl (TIX) Ether: TMSCH,C¢H,CH,OR

The TIX group is not stable to TBAF or CsF because these reagents remove the
silyl group, leaving a 4-methylbenzylether, but it is stable to HF-pyridine, BF;-Et,0,
ZnCl, MgBr,-DMS, LiBE, (CH;CN, reflux), CeCl;-7H,0 and Nal, CH;CN, reflux.’

Formation

78-95% yield.
2. TMSCH,C¢H,CH,Br, NaH, THF, rt, 2-5 h, 78-87% yield.
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Cleavage

1. TFA, CH,Cl,, 0°C, 0.25 h, 52% yield. It is stable to 5% TFA/CH,Cl,.

2. CAN, THF, H,0, rt, 0.5 h, 62% .

3. DDQ, CHCl,, H,O, rt, 15-60 min, 71-93% yield. At —10°C the TIX group
1s selectively cleaved over the PMB group in 74% yield and the PMB group is
selectively cleaved over the TIX group with ZrCl, in 95% yield.

1. C.R. Reddy, A. G. Chittiboyina, R. Kache, J.-C. Jung, E. B. Watkins, and M. A. Avery,
Tetrahedron, 61, 1289 (2005).

p-Phenylbenzyl Ether: p-CsHs-CsH,CH,OR

The section on the formation of benzyl ethers should be consulted. Such biphenyl-
methyl ethers have also been prepared using a Suzuki coupling with a 4-bromobenzyl
ether.! p-Phenylbenzyl ethers are more stable to acid than the PMB ethers (60°C in
ag. AcOH or TFA, CH,Cl,, rt, several hours) 2

Formation

1. PhBnBr, NaH, THF, 0°C, 24 h, 63% yield.?

Cleavage

1. FeCl;, CH,Cl,, 2-3 min, 68% yield.3 Benzyl ethers are cleaved in 15-20 min
under these conditions. Methyl glycosides, acetates, and benzoates were not
affected by this reagent.

2. CrCl,, Lil, EtOAc, H,0, 92% yield.*

. DDQ, Mn(OAc);, CH,Cl,, 63—-86% yield.?

. Pd/C, H,, EtOAc, >52% yield.> The p-phenylbenzyl ether is more easily cleaved
by hydrogenolysis than normal benzyl ethers. This was used to great advantage
in the deprotection of the vineomycinone intermediate shown below. The use
of the p-methoxybenzyl ether proved unsuccessful in this application because
it could not be removed by either hydrogenolysis or oxidatively with DDQ.

O OH

oW

CO,H Pd/C, H,, EtOAC, >52%
OCH,C¢H;Ph

B

PhC4H,CH,0.,

PhC¢H,CH,O

This benzyl ether is not cleaved
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. See the section on halobenzyl ethers.

. G. V.M. Sharma and Rakesh, Tetrahedron Lett., 42, 5571 (2001).

. M. H. Park, R. Takeda, and K. Nakanishi, Tetrahedron Lett., 28, 3823 (1987).

. J. R. Falck, D. K. Barma, R. Baati, and C. Mioskowski, Angew. Chem. Int. Ed., 40, 1281
(2001).

. V. Bollitt, C. Mioskowski, R. O. Kollah, S. Manna, D. Rajapaksa, and J. R. Falck, J. Am.
Chem. Soc., 113, 6320 (1991).

oW =

W

2-Phenyl-2-propyl Ether (Pp--OR, Cumyl-OR): C¢HsC(CH;),OR

Formation

1. PhCMe,OH, BiBr;, CCly, 90-95% yield.l
2. PhCMe,OH, dodecylbenzenesulfonic acid, H,O, 83% yield.2

Cleavage

H,, Pd/C, cat. CHCl,, AcOEt, 94-97% yield.?

. Ammonium formate, Pd—C, EtOH, 50°C, 2 h.

. Na, NH,, THF, 83% yield.*

. 10% HCI, dioxane (1:1), rt 12 h, 87% yield.4

. 50% TFA, CH;Cl,, rt. Benzyl ethers are stable to these conditions.

[T TR

1. B. Boyer, E.-M. Keramane, J.-P. Roque, and A. A. Pavia, Tetrahedron Lett., 41, 2891
(2000).

2. S.Kobayashi, S. limura, and K. Manabe, Chem. Lett., 31, 10 (2002).
3. R. Muto and K. Ogasawara, Tetrahedron Lett., 42, 4143 (2001).
4. H. Nakashima, M Sato, T. Taniguchi, and K. Ogasawara, Synlett, 1754 (1999).

The pivaloylamidobenzyl group was stable to acetic acid-water—90°C, MeOH—
NaOMe, and iridium-induced allyl isomerization, as well as to many of the Lewis
acids used in glycosylation.'

Formation

1. p-PvNH-CH,CH,Cl, Ba(OH),, BaO, DMF, 32 h, 58-99% yield."

2. p-PYWNH-C¢H,CH,OC(==NH)CCls, TfOH, CH,Cl,, 1.5 h, 82% yield.!

3. p-Acetamidobenzyl ether from a p-nitrobenzyl ether: Zn(Cu), acetylacetone;
Ac,0, 93% yield.

4. p-Acetamidobenzyl ether from a p-nitrobenzyl ether: Pd black, H,, HCO,NH,,
or cyclohexadiene: Ac,O, pyridine.®
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Cleavage

1. DDQ oxidation."? Cleavage occurs selectively in the presence of a benzyl and
p-nitrobenzyl group.
2. Hydrogenolysis.'

1. K. Fukase, T. Yoshimura, M. Hashida, and S. Kusumoto, Tetrahedron Lett., 32, 4019
(1991).

2. K. Fukase, S. Hase, T. Ikenaka, and S. Kusumoto, Bull. Chem. Soc. Jpn., 65, 436 (1992).

3. K.Fukase, H. Tanaka, S. Torii, and S. Kusumoto, Tetrahedron Lett., 31, 389 (1990).

p-Azidobenzyl Ether (Azb—OR): 4-N;C,H,CH,OR

This benzyl ether is partially stable to BF5-Et,O as used in glycosylation reactions
and NaOMe, but it is not stable to TFA at rt for 30 min.

Formation

p-N3—CH,CH,Br, NaH, DMF, 92-98% yield.' The benzyl chloride may also be
used.”

Cleavage'

1. H,, Pd-C, 2. PPhs, 3. DDQ, ~5°C.
2. DDQ, rt, 90% yield. The reaction is slow.
3. PPh; then DDQ, 92% yield.

4-Azido-3-chlorobenzyl Ether (ClAzb--OR): 4-N;-3-Cl-C¢H;CH,OR

The 3-chloro derivative was developed to impart greater acid stability to the azido-
benzyl ether. It is formed using the benzyl bromide (NaH, DMF) and is much more
stable to BF5-Et,0O, but it is cleaved in neat TFA. Conditions used to cleave the azi-
dobenzyl ether also cleave the 4-azido-3-chlorobenzyl ether (Ph;P, THF; DDQ, H,O,
AcOH, rt, 1 h, 75% yield).>* The C1Azb ether is inert to DDQ oxidation.*

1. K. Fukase, M. Hashida, and S. Kusumoto, Tetrahedron Lett., 32, 3557 (1991).
2. J. Sun, X. Han, and B. Yu, Synlett 437 (2005).

3. K. Egusa, K. Fukase, and S. Kusumoto, Synlett, 675 (1997).

4. K. Egusa, K. Fukase, Y. Nakai, and S. Kusumoto, Synlett, 27 (2000).

2- and 4-Trifluoromethylbenzyl Ethers: (2-, 4-CF;-PhCH,—OR),
2-, 4-CF;-C¢H,CH,0OR

The TfBn ethers are prepared by the standard method (NaH, DMF, CF;BnX,
94-100% ). They are oxidatively quite stable to NBS-promoted conversion of a
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4,6-benzylidinepyranoside to the 6-bromo-4-benzoate. It can be quantitatively
cleaved by simple hydrogenolysis with Pd—C and H,.""? It is completely stable to
conditions used to deprotect a benzyl ether with DDQ.>*

1. L. J. Liotta, K. L. Dombi, S. A. Kelley, S. Targontsidis, and A. M. Morin, Tetrahedron
Lett., 38, 7833 (1997).

2. V.S.Kumar, D. L. Aubele, and P. E. Floreancig, Org. Lett., 4, 2489 (2002).

3. Y. Sakai, M. Oikawa, H. Yoshizaki, T. Ogawa, Y. Suda, K. Fukase, and S. Kusumoto,
Tetrahedron Lett., 41, 6843 (2000).

4. H. Yoshizaki, N. Fukuda, K. Sato, M. Oikawa, K. Fukase, Y. Suda, and S. Kusumoto,
Angew. Chem. Int. Ed., 40, 1475 (2001).

p-(Methylsulfinyl)benzyl Ether (Msib—OR): p-(MeS(0))C¢H,CH,OR

Formation

CH,;S(0)C4H,CH,Br, NaH.!

Cleavage

The cleavage of this group proceeds by initial reduction of the sulfoxide, which then
makes the resulting methylthiobenzyl ether labile to trifluoroacetic acid. Thus, any
method used to reduce a sulfoxide could be used to activate this group for deprotection.

1. SiCly, thioanisole, anisole, TFA, CH,Cl,, 25°C, 24 h, 82% yield.2
2. DMF-S0;, ethanedithiol, rt, 36 h; 90% aq. TFA, 2-methy1ind01e.3

1. S. Futaki, T. Yagami, T. Taike, T. Akita, and K. Kitagawa, J. Chem. Soc., Perkin Trans. 1,
653 (1990); Y. Kiso, S. Tanaka, T. Kimura, H. Itoh, and K. Akaji, Chem. Pharm. Bull., 39,
3097 (1991); S. Futaki, T. Taike, T. Akita, and K. Kitagawa, J. Chem. Soc., Chem. Com-
mun., 523 (1990).

2. Y. Kiso, T. Fukui, S. Tanaka, T. Kimura, and K. Akaji, Tetrahedron Lett., 35, 3571
(1994).
3. S.Futaki, T. Taike, T. Akita, and K. Kitagawa, Tetrahedron, 48, 8899 (1992).

p-Siletanylbenzyl (PSB) Ether

OR
Me.. .
Si

v

The PSB ether can be prepared from the alcohol using the Mitsunobu reaction, from
the bromide with base (K,COs, TBAI, Cs,CO; or NaH, DMF) or from the bromide
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with Ag,O (CH,Cl,) in 38-96% yield. It is cleaved by oxidative removal of the silane
(K,CO;, KF-H,0, 30% aq. H,O,, THF, MeOH, TBAF, ~-BuOOH, DMF, 70°C) to
form a 4-hydroxybenzyl ether, which is cleaved with base (85-99% yield). Alter-
natively, hydrogenolysis with Pd—C is also effective (88% yield). The PSB group is
orthogonal to the MPM group in that it is stable to DDQ.'

1. H.Lam, S. E. House, and G. B. Dudley, Tetrahedron Lett., 46, 3283 (2005).

4-Acetoxybenzyl Ethers (PAB—OR): 4-AcOC¢H,CH,OR
4-(2-Trimethylsilyl) ethoxymethoxybenzyl Ether: 4-SEMOC:H,CH,OR

These benzyl ethers were prepared to facilitate oligosaccharide synthesis. The PAB
ether is introduced using either the trichloroacetamidate (TfOH, CH,Cl,, 67%) tech-
nology or from the bromide (AgOTt, CH,Cl,/hexane, 78%). Cleavage is effected by
first hydrolyzing the acetate and then oxidatively cleaving the PHB group with either
DDQ (CH,Cl,, 30 min, >95%), FeCl; (Et,O, 5 min, 0°C, >95%), iodobenzene
diacetate (CH,Cl,, 2 h, 20°C, 90%), or Ag,COs/celite (CH,Cl,, 18 h, 20°C, 80%).
The PHB group is also cleaved through a quinone methide with NaOMe/MeOH at
60°C (>>95%). A PMB group can be cleaved in the presence of a PAB group with
DDQ because the acetate is more electron-withdrawing than the methyl ether.!

The SEMOBn group is introduced with the bromide (NaH, DMF, 75%), and it is
cleaved with fluoride (TBAF, DMF, 80°C, 48 h, 90%).l Other methods used to cleave
SEM ethers should show similar effectiveness. Oxidative methods used to cleave the
PMB group should also be applicable to this group.

1. L.Jobron and O. Hindsgaul, J. Am. Chem. Soc., 121, 5835 (1999).

2-Napthylmethyl Ether (Nap—OR): C,;H;-2-CH,OR

The 2-napthylmethyl group like the PMB group can be cleaved oxidatively or by hy-
drogenolysis, but it has the advantage that it is more acid stable than the PMB ether’
and thus can resist conditions used to remove the isopropylidene group.?

Formation

The section on the formation of the benzyl group should be consulted since many of
those methods should be applicable to the Nap group.

1. NapBr, NaH, DMF, 0°C to rt, 78% yield.2 KH in THF has also been used.’

o) TMSOTf, TESH
N N 2-NAPCHO
Ph O/E/O Ph/TE) 9 0
TMSO 'ﬁ CH»Cl,, =78°C NAPO
TMSO OMe 81% HO OMe  Ref 4
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3. Bu»SnO, benzene
reflux; TBAI, NapBr

OH
HO
xo°c 48 h, 86% O
NapO . OSE
OH

Ref. 5
4. OH Bu,SnO, benzene ONap
reflux; TBABr, NapBr
(0] [ ——
HO
HO ~X—SPh  go°C, 48 h, 69% HO 9 SPh
HO
NPhth NPhth )
Ref. 6
Cleavage

1. DDQ, CH,Cl,, H,O, rt 24 h, 58-80% yield.3’(’ Allylic ethers such as those in
Ciguatoxin CTX3C, which are sometimes oxidized with DDQ, survived. In
the presence of an adjacent hydroxyl the acetal can form as a by-product. This
is the only product when using pure acetonitrile as the solvent.”

OH OMe

Np JCH;
0 OM 0o 7 H N :
e - z
)\AENI N o -~ 1880 oo K/z
N, N
= i —
: : MeOH, CH,Cl, + OLR
TBSO OH O - o
0 OMe
0,CR AN g N,CHs
5N -
TBSO Cﬂ o)
N
P 0,CR

2. CAN, CH,CN, H,0, 1t, 48 h, 65% yield.?

3. TFA, CH,Cl,, >1 h.?

4. Pd-C, EtOH, 96% yield. Hydrogenolysis of some common benyl groups oc-
curs in the following order: NapOR > BnOR >> PMPOR. The 2-methylnaptha-
lene released during hydrogenolysis of the Nap group inhibits hydrogenolysis
of the Bn group.® This may prove useful as a catalyst moderator.

5. Transfer hydrogenation: Pd—C, 1-methyl-1,4-cyclohexadiene, CaCQj;, EtOH,
98% yield. A disubstituted olefin survives these conditions.’

1. M. Inoue, H. Uehara, M. Maruyama, and M. Hirama, Org. Lett., 4, 4551 (2002).

2. M. Csavas, A. Borbds, L. Szilagyi, and A. Liptdk, Synlert, 887 (2002); Z. B. Szabd,
A. Borbas, 1. Bajza, and A. Liptak, Tetrahedron: Asymmetry, 16, 83 (2005).

3. H. Fuwa, S. Fujikawa, K. Tachibana, H. Takakura, and M. Sasaki, Tetrahedron Lett., 45,
4795, (2004).

4. C.-C. Wang, J.-C. Lee, S.-Y. Luo, H.-F. Fan, C-L. Pai, W.-C. Yang, L.-D. Lu, and S.-C.
Hung, Angew. Chem. Int. Ed., 41, 2360 (2002).
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5. J. Xia, J. L. Alderfer, R. D. Locke, C. F. Piskorz, and K. L. Matta, J. Org. Chem., 68, 2752
(2003).

6. J. Xia, C. F. Piskorz, J. L. Alderfer, R. D. Locke, and K. L. Matta, Tetrahedron Lett., 41,
2773 (2000). J. Xia, J. L. Alderfer, C. F. Piskorz, and K. L. Matta, Chem. Eur. J., 6, 3442
(2000).

7. R. K. Boeckman, Jr., T.J. Clark, and B. C. Shook, Helv. Chim. Acta, 85, 4532 (2002).

8. M.J. Gaunt, J. Yu, and J. B. Spencer, J. Org. Chem., 63, 4172 (1998).

9. A. B. Smith III, V. A. Doughty, C. Stouggatakis, C. S. Bennett, J. Koyanagi, and
M. Takeuchi, Org. Lett., 4, 783 (2002).

2- and 4-Picolyl Ether: CsH,NCH,OR

CH,OR
v =
N~ “CH0R N

Picolyl ethers are prepared from their chlorides by a Williamson ether synthesis
(68—83% yield). Some selectivity for primary vs. secondary alcohols can be achieved

70% yield). Since picolyl chlorides are unstable as the free base, they must be gener-
ated from the hydrochloride prior to use.' These derivatives are relatively stable to
acid (CF;CO,H, HF/anisole). Additionally, cleavage can be affected by hydroge-
nolysis in acetic acid.2 The 2-picolyl ether was also found to be a participating group
for the selective formation of 1,2-frans glycosides by participation of the nitrogen at
the anomeric carbon.?

1. S. Wieditz and H. J. Schaefer, Acta Chem. Scand. Ser. B., B37, 475 (1983); A. Gosden,
R. Macrae, and G. T. Young, J. Chem. Res., Synop., 22 (1977).

2. J. Rizo, F. Albericio, G. Romero, C. G. Esheverria, J. Claret, C. Muller, E. Giralt, and E.
Pedroso, J. Org. Chem., 53, 5386 (1988).

3. I. T. Smoot, P. Pornsuriyasak, and A. V. Demchenko, Angew. Chem. Int. Ed., 44, 7123
(2005).

3-Methyl-2-picolyl N-Oxido Ether

=
o

N “CH,0R
&
The authors prepared a number of substituted 2-diazomethylene derivatives of pi-

colyl oxide to use for monoprotection of the cis-glycol system in nucleosides. The
3-methyl derivative proved most satisfactory.'
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Formation/Cleavage'
C
"y
N*" TCHN,
]
o
SnCly, 63-91% = |
ROH N
N+~ “CH,OR
AcOH, H20, 70°C, 3 h 0"

quant.

Ac,0 and BzCl/NaOH have been used to cleave this ether.”

1. Y. Mizuno, T. Endo, and K. Ikeda, J. Org. Chem., 40, 1385 (1975); Y. Mizuno, T. Endo and
T. Nakamura, J. Org. Chem., 40, 1391 (1975).
2. Y. Mizuno, K. Ikeda, T. Endo, and K. Tsuchida, Heterocycles, 7, 1189 (1977).

2-Quinolinylmethyl Ether (Qn—OR)

Formation'?
QnCl, KH, THF N\ OR
ROH
0°C to rt, 70-99% o
Cleavage

1. CuCl,-2H,0, DMF, H,0, air, 65°C, 56—-80% yield.'

2. hv, 61-85% yield.? In this case, cleavage results in simultaneous oxidation of
the initially protected alcohol to give a ketone. The related 6-phenanthridinyl-
methyl ethers similarly give ketones upon photochemical deprotection.’

1. L. Usypchuk and Y. Leblanc, J. Org. Chem., 55, 5344 (1990).
2. V. Rukachaisirikul, U. Koert, and R. W. Hoffmann, Tetrahedron, 48, 4533 (1992).
3. V. Rukachaisirikul and R. W. Hoffmann, Tetrahedron, 48, 10563 (1992).

6-Methoxy-2-(4-methylphenyl)-4-quinolinemethyl Ether

CH,OR

MeO X
P
e
M

()
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The ethers are formed by a Williamson ether synthesis (ROH, NaOH, DMF, 3 h,
70-93% yield) and are cleaved by photolysis at 350 nm in the presence of the radical
scavengers sorbitol or dodecane thiol (IPA, 30—1440 min, 25-93% yield.'

1. G. A.Epling and A. A. Provatas, Chem. Commun., 1036 (2002).

1-Pyrenylmethyl Ether

This is a fluorescent benzyl ether used for 2’-protection in nucleotide synthesis. It
1s introduced using 1-pyrenylmethyl chloride (KOH, benzene, dioxane, reflux, 2 h,
>65% yield).! Most methods used for benzyl ether cleavage should be applicable to
this ether.

1. K. Yamana, Y. Ohashi, K. Nunota, M. Kitamura, H. Nakano, O. Sangen, and T. Shimdzu,
Tetrahedron Lett., 32, 6347 (1991).

Formation

1. (Ph,CHO);PO, cat. CF;COOH, CH,Cl,, reflux, 4-9 h, 65-92% yield." This
methodology has been applied to the protection of amino acid alcohols.?

2. Ph,CHOH, concd. H,SQ4, 12 h, 70% yield.3 Acid-washed 4A molecular
sieves (52—-86% yield),* Nafion H (35-92% yield),> Yb(OTf),, FeCls (60-92%
yield),*” have been used as catalysts.

3. Ph,CN,, CH;CN or benzene, 79-85% yield.8

4. Ph,CHOC(=NH)CCl;. TMSOTf, CH,Cl,, 1t. 65-92% yield.” The 9-fluorenyl
group is prepared similarly in 56-91% yield.

5. THP and silyl ethers can be converted directly to DPM ethers: Ph,CHO,CH,
TMSOTH, silica gel, CH;CN, 1 h, 74-94% yield.'?

Cleavage
1. Pd—C, AICl;, cyclohexene, reflux, 24 h, 91% yield."! Simple hydrogenation
also cleaves this ether (71-100% yield)."
2. Electrolytic reduction: —3.0V, DMF, R,NX.3
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3. 10% CFsCOOH, anisole, CH,Cl,? Anisole is present to scavenge the diphe-
nylmethyl cation liberated during the cleavage reaction.

4. TiCl,, low temperature, 77% yield.'?
5. Aqueous HCI, THF, rt, 91% yield."?

DPMO H

><O OH 24-HCL THE 1t HOD/\OH
@ ClI-
NH %
o 91% HO .

4-Methoxydiphenylmethyl Ether (MDPM-OR): (4-CH;0C¢H,)CsHsCH-OR
4-Phenyldiphenylmethyl Ether (PPDPM—OR): (4-C;H,CcH,)CsHsCH-OR

1H=:)
Me)
[l

T~Z

Formation

(4-CH3OC(,H4)C(,H5CHOH or (4-C(,H4C(,H4)C(,H5CHOR, Yb(OTf)3, CH2C12,
59-84% yield."

Cleavage

1. DDQ, CH,CL,, rt, 72-84% yield. Both the MDPM ether and the PPDPM ether
are cleaved by this method.

2. TFA, CH,Cl,, rt. This method only works for the MDPM ether with the PP-
DPM ether being stable to mild acid.

1. L. Lapatsanis, Tetrahedron Lett., 19, 3943 (1978).

2. C. Froussios and M. Kolovos, Synthesis, 1106 (1987); M. Kolovos and C. Froussios, Tet-
rahedron Lett., 25, 3909 (1984).

3. V. G. Mairanovsky, Angew. Chem., Int. Ed. Engl., 15, 281 (1976); R. Paredes and R. L.
Perez, Tetrahedron Lett., 39, 2037 (1998).

4. M. Adinolfi, G. Barone, A. Iadonisi, and M. Schiattarella, Tetrahedron Lett., 44, 3733
(2003).

. M. A. Stanescu and R. S. Varma, Tetrahedron Lett., 43, 7307 (2002).

. G. V.M. Sharma, T. R. Prasad, and A. K. Mahalingam, Tetrahedron Lett., 42, 759 (2001).

V. V. Namboodiri and R. S. Varma, Tetrahedron Lett., 43, 4593 (2002).

. G. Jackson, H. F. Jones, S. Petursson, and J. M. Webber, Carbohydr. Res., 102, 147
(1982).

9. I. A.L Ali, E. S. H. El Ashry, and R. R. Schmidt, Eur. J. Org. Chem., 4121 (2003).

10. T. Suzuki, K. Kobayashi, K. Noda, and T. Oriyama, Syn. Comm., 31, 2761 (2001).

11. G. A. Olah, G. K. S. Prakash, and S. C. Narang, Synthesis, 825 (1978).

12. M. B. Andrus, J. Liu, Z. Ye, and J. F. Cannon, Org. Lett., 7, 3861 (2005).

13. R. Martin, C. Murruzzu, M. A. Pericas, and A. Riera, J. Org. Chem., 70, 2325 (2005).
14. G. V.M. Sharma, T. R. Prasad, Rakesh, and B. Srinivas, Synth. Commum., 34, 941 (2004).
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Formation/Cleavage'

(p-NO»-CH,)2CNo, BF3-EtO

ROH RO-DNB

1. PtO+/Hs, Fex(CO),» or NaBH,~Ni(OAc)»
2. pH < 5, preferred is 34, §1-90%

The cleavage proceeds by initial reduction of the nitro groups, followed by acid-
catalyzed cleavage. The DNB group can be cleaved in the presence of allyl,
benzyl, tetrahydropyranyl, methoxyethoxymethyl, methoxymethyl, silyl, trityl,
and ketal protective groups.

1. G.Just,Z.Y. Wang, and L. Chan, J. Org. Chem., 53, 1030 (1988).

5-Dibenzosuberyl Ether

L
~ /
OR
The dibenzosuberyl ether is prepared from an alcohol and the suberyl chloride in
the presence of triethylamine (CH,Cl,, 20°, 3 h, 75% yield). It is cleaved by acidic
hydrolysis (1 N HCl/dioxane, 20°C, 6 h, 80% yield). This group has also been used

to protect amines, thiols, and carboxylic acids. The alcohol derivative can be cleaved
in the presence of a dibenzosuberylamine.

1. J. Pless, Helv. Chim. Acta, 59, 499 (1976).

Triphenylmethyl Ether (Tr—OR): Ph;C-OR (Chart 1)

Formation
L OH PhiCCl, DMAP OH
88%
o OH OTr
MeO' O HO O

A secondary alcohol reacts more slowly (40-45°C, 18-24 h, 68-70% yield).
In general, excellent selectivity can be achieved for primary alcohols in the
presence of secondary alcohols.'
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2. CsHsNTCPhyBF,~, CH;CN, Pyr, 60-70°C, 75-90% yield.? Triphenylmethyl
ethers can be prepared more readily with triphenylmethylpyridinium fluorobo-
rate than with triphenylmethyl chloride/pyridine.

3. P-p-C¢H,Ph,CCl, Pyr, 25°C, 5 days, 90% ° where P = styrene-divinylben-
zene polymer. Triarylmethyl ethers of primary hydroxyl groups in glucopyran-
osides have been prepared using a polymeric form of triphenylmethyl chloride.
Although the yields are not improved, the workup is simplified.

4. PhyCCl, 2.4,6-collidine, CH,Cl,, Bu,NCIO,, 15 min, 97% yield.* This is
an improved procedure for installing the trityl group on polymer-supported
nucleosides. DBU is also a very effective base, and in this case secondary
hydroxyls can be protected in good yield.>

5. Me,NCsHsNCPh;"Cl", CH,Cl,, 25°C, 16 h, 95% yield.(’ In this case a primary
alcohol is cleanly protected over a secondary alcohol. The reagent is a stable,
isolable salt.” If the solvent is changed from CH,Cl, to DMF, the amine of
serine can be selectively protected.

6. Ph;COSiMe,, Me;SiOTf, CH,Cl,, 0°C, 0.5 h, 73-97% yield.8 These conditions
also introduce the trityl group on a carboxyl group. The primary hydroxyl of
persilylated ribose was selectively derivatized.

7. TrOTf, 2,6-lutidine, CH,Cl,, 0°C, >74% yield.’

/OTr
CHO £
TBDMSQ o § IBDMSQ -~ o7

= TrOTf, CH»Cl,

B ————
0= 2,6-lutidine, 0°C [
H >74% yield H
OTBDPS OTBDPS

8. PhCH,OCPh;, DDQ, MS4A, CH,Cl,, 46-99% yield. This method is effective
for primary alcohols, but the yields for protection of secondary alcohols are

only modest.'°
9. The trityl group can migrate from one secondary center to another under acid
catalysis.!!
_ ,COMe CO,Me
HO"'g . TrO”'<j
. acid .
1 1
(J)Tr OH
™ J\
Cleavage

1. Formic acid, ether, 45 min, 88% yield."”
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\ o OBz O/,, OBz
A oo OH
" O e
O o OTr 10 o
OR OR
R=Ac 92%

R=TBDMS 88%
R = THP 60%/40% cleavage

. CuSO, (anhydrous), benzene, heat, 89—-100% yield."® In highly acylated car-

bohydrates, trityl removal proceeds without acyl migration.

. Amberlyst 15-H, MeOH, rt, 5-10 min, 69-90% ."*

4. AcOH, 56°C, 7.5 h, 96% >

. 90% CF,COOH, -BuOH, 20°C, 2-30 min, then Bio-Rad 1x2(OH") resin.'®

These conditions were used to cleave the trityl group from the 5°-hydroxyl of
a nucleoside. Bio-Rad resin neutralizes the hydrolysis and minimizes cleav-
age of glycosyl bonds. TFA supported on silica gel will cleave trityl ethers
(83-100% yield)."”

. CF;COOH, TFAA, CH,Cl,. These conditions afford the trifluoroacetate, thus

preventing retritylation that is sometimes a problem when a trityl group is
cleaved with acid. A further advantage of these conditions was that a SEM
group was completely stable. When TFAA was not used, traces of moisture
resulted in partial SEM cleavage. The TFA group is easily cleaved with meth-
anol and TEA '8

7. H,/Pd, EtOH, 20°C, 14 h, 80% yield."

11.
12.

13.
14.

15.

16.

. HCl(g), CHCl;, 0°C, 1 h, 91% yield.20 Tritylthio ethers are stable during the

deprotection of a primary trityl ether.!

. TsOH, MeOH, 25°C, 5 h.??
10.

NaHSO,-Si0,, CH,Cl,, MeOH, 2-2.5hr, rt, 91-100% yield.23 Trityl groups
on amines are also cleaved.
Electrolytic reduction: —2.9 V, R,;NX, DMFE.2*

PhiCBE,, CHCl,

CH2CH(OCPh3)(CH,);CH,OCPh, CH;CO(CH,)CH,0H

20°C, 15 min, 91%

Since a secondary alcohol is oxidized in preference to a primary alcohol
by PhiCBF,, this reaction could result in selective protection of a primary
alcohol.?

SnClL, Ac,0O, CH5CN.?® In this case a sulfoxide is also reduced.

Et,AIC1, CH,Cl,, 3 min, 70-85% yield.?” This method was used to remove
the trityl group from various protected deoxyribonucleotides. The TBDPS
group is stable to these conditions.

BiCl;, CH5CN, rt, 3—10 min, 89-95% yield.28 BOC groups along with esters
and THP and TBDMS ethers are unaffected.

CeCl;-7H,0, Nal, CH;CN, 78-90% yield. DMTr ethers are also cleaved.”
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17.

18.
19.

20.
21

22.

23.

24,
25.

26.

27.
28.

Ce(OTf),, wet CH;CN, 78-93% yield. DMTr ethers are cleaved similarly,30
Yb(OTf); can be used similarly.*

FeCl;-6H,0, CH,Cl, rt, 1 h.2
BF;-Et,0, HSCH,CH,SH, 80% yield.>

@

HSCH,CH2SH S
e

MeO O OTr BF; - Et:O OH

80% HO

BF;-Et,0, CH,Cly, MeOH, 2 h, 1t, 80% yield.*

ZnBr,, MeOH, 100% yield.>*® TIP and TBDPS ethers are stable to these
conditions.

BCls, CH,Cl,, —10° 20 min, then cold NaHCQ;, 75-98% yield 3"3® TBDMS
ethers were stable to these conditions.

TESOT{, TESH, CH,Cl,, 88-99% yield.39 In this case the trityl cation is re-
duced. Esters and Bn, MPM, TBDMS, and MOM ethers are stable.

Na, NH;.*? Additionally, benzyl groups are removed under these conditions.
Li, naphthalene, THF, 0°C, 80-92% yield. These conditions cleave a trityl
ether in the presence of a tritylamine.

CHs Li, napht. THF (|:H3

]
N — _N
Tr \HS/\OTY —78°C, 250, 92% Tt ‘HS/\OH

SiO,, benzene, 25°C, 16 h, 81% yield.41 This cleavage reaction is carried out
on a column.

K-10 clay, MeOH, H,0, 75°C, 95% yield.**

Ceric ammonium nitrate supported on silica gel, CH;CN, 25°C, 90-98%
yield. This reagent effectively removes the Tr, MMTr, and DMTr ethers from
a variety of nucleosides and nucleotides and is more effective than CAN
alone. Tt also cleaves the TBDMS group.*® The reagent does not cause acyl
migration during the removal of a trityl group.**

TrO

HO

BzO HO HO HO
TFA, CH5CN > CAN
HO BzO HO BzO 3 BzO
94-98%
HO HO HO HO

29.

30.

Ratio=1.5:1: 2.5

I,, MeOH. This reagent produces small amounts of HI by oxidizing the alco-
hol and it is the HI that cleaves the trityl group.*’

CBry, MeOH, reflux, 88-93% yield.‘“’ Photolysis can also be used to activate
reagent.’
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31. Direct conversion to ester is possible by treating the trityl ether with an acid
chloride in CH,Cl, (12-100% yield).*®

Tris(4-t-butylphenyl) methyl ¢Tr—OR) Ether: (4-+-BuCgH,);COR

The supertrityl group was originally prepared for use in the synthesis of rotaxanes
by Stoddart.* Its bulkiness made it useful for the partial protection of cyclodextrins.
It is introduced from the chloride, as is the typical trityl group, and can be cleaved
with acid. It is somewhat less stable to acid than the trityl groups because of the
additional stabilization of the carbenium ion imparted by the three #-Bu groups.>

o-Naphthyldiphenylmethyl Ether: RO—C(Ph),-c-CjoH; (Chart 1)

The «-naphthyldiphenylmethyl ether was prepared to protect, selectively, the 5-
OH group in nucleosides. It is prepared from ¢-naphthyldiphenylmethyl chloride in
pyridine (65% yield) and cleaved selectively in the presence of a p-methoxyphenyl-
diphenylmethyl ether with sodium anthracenide, a (THF, 97% , yield). The p-me-
thoxyphenyldiphenylmethyl ether can be cleaved with acid in the presence of this

group.’
e

a

Nat*

p-Methoxyphenyldiphenylmethyl Ether (MMTr—OR): p-MeOC¢H,(Ph),C—OR
(Chart 1)

Di( p-methoxyphenyl) phenylmethyl Ether (DMTr—OR):

Tri(p-methoxyphenyl)methyl Ether (TMTr—OR): (p-MeOC¢H,);C—OR

These were originally prepared by Khorana from the appropriate chlorotriarylmeth-
ane in pyridine®® or DMF> but can also be prepared from the corresponding triaryl
tetrafluoroborate salts (80—98% yield for primary alcohols)>* or by other less general
methods.> They were developed to provide a selective protective group for the 5-OH
of nucleosides and nucleotides that is more acid-labile than the trityl group, because
depurination is often a problem in the acid-catalyzed removal of the trityl group.>®
Introduction of p-methoxy groups increases the rate of hydrolysis by about one order
of magnitude for each p-methoxy substituent. The monomethoxy derivative has been
used for the selective protection of a primary allylic alcohol over a secondary allylic
alcohol (MMTt, Pyr, —10°C).%” The trimethoxy derivative is too labile for most ap-
plications, but the mono- and di-derivatives have been used extensively in the prepa-
ration of oligonucleotides and oligonucleosides. A series of triarylcarbinols has been
prepared with similar acid stability, which upon acid treatment result in different
colors. The use of these in oligonucleotide synthesis was demonstrated.
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Cleavage

1. For 5’-protected uridine derivatives in 80% AcOH, 20°C, the time for hydro-
lysis was as follows>%:

(p-MeOClH,), (Ph),,COR
n=0m=3,48h
n=1m=2,2h
n=2,m=1,15min
n=3,m=0,1min

2. MMTr-OR: 1,1,1,2,2,2-Hexafluoro-2-propanol (pK, == 9.3), 75-90% yield.59

3. The following is an example of the use of the MMTr group in a nonnucleoside
60

setting where the usual trityl group was too stable.

0.1 M HCI1
10% aq. CH;CN
B

0°C, 71%

O OMe

4. MMTt: CLCCO,H, Et;SiH."

5. MMTr: Sodium naphthalenide in HMPA (90% yield).”” The MMTr group is
not cleaved by sodium anthracenide, used to cleave o-naphthyldiphenylmethyl
ethers.”!

6. 3% CCL3CO,H in 95:5 CH;NO,»/MeOH is recommended for removal of the
DMTr group from the 5-OH of deoxyribonucleotides because of reduced lev-
els of depurination compared to C1;CO,H/CH,Cl,, PhSO;H/MeOH/CH,Cl,,
and ZnBr,/CH;NO,.%

7. MMTt: MeOH, CCL, ultrasound, 25-40°C, 1.5-12 h, 69-100% yield.**

8. MMTr: O-(Benzotriazol-1-yl)-N,N,N,N-tetramethyluronium tetrafluorobo-
rate, CH;CN, H,0, 85-95% yield. The mechanism for cleavage is most likely
the result of released acid from hydrolysis of the reagent. These conditions also
cleave THP and TBDMS groups.®

4-(4'-Bromophenacyloxy) phenyldiphenylmethyl Ether:
P-(p-BrCH,C(OYCH,0)CoHa(Ph),C~OR

This group was developed for protection of the 5-OH group in nucleosides.
The derivative is prepared from the corresponding triarylmethyl chloride and
is cleaved by reductive cleavage (Zn/AcOH) of the phenacyl ether to the p-
hydroxyphenyldiphenylmethyl ether, followed by acidic hydrolysis with formic
acid.®
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o)
1 /(
NCgH4COR
cl
o) 3

The CPTr group was developed for the protection of the 5-OH of ribonucleosides.
It is introduced with CPTrBr/AgNOs;/DMF (15 min) in 80-96% yield and can be
removed by ammonia, followed by 0.01 M HCI or 80% AcOH.?’ It can also be re-
moved with hydrazine and acetic acid.®®®’

4,4',4"-Tris (levulinoyloxyphenyl)methyl Ether (TLTr-OR)

O
O
O COR
3

The TLTr group was developed for the protection of the 5-OH of thymidine. It is
introduced in 81% yield with TLTrBr/Pyr and is cleaved with hydrazine (3 min);
Pyr—AcOH, 50°C, 3 min, 81% . The 1, in 80% AcOH is 24 h.”’

3

The TBTr group was prepared for 5-OH protection in oligonucleotide synthesis. The
group is introduced in >>80% yield with TBTrBr/pyridine at 65°. It is five times more

TBTr group is removed with 2 M NaOH. The di(4-methoxyphenyl)phenylmethyl
(DMTr) group can be cleaved without affecting the TBTr derivative (80% AcOH,
95% yield).”'

4,4'-Dimethoxy-3""-[N-(imidazolylmethyl)ltrityl Ether (IDTr—OR)

The IDTr group was developed to protect the 5-OH of deoxyribonucleotides and
to increase the rate of internucleotide bond formation through participation of the
pendant imidazole group. Rate enhancements of =350 were observed except when
(i-Pr),EtN was added to the reaction mixture, in which case reactions were complete
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OMe OMe
MeO Q OR MeO Q OR
o Qs
N7 \ﬂ/ N._~ N /%
EN

IDT-OR IET-OR  ©

in 30 s, as opposed to the usual 5-6 h without the pendant imidazole group. The
group is efficiently introduced with the bistetrafluoroborate salt, IDTr—BBF, in DMF
(70% yield). It is removed with 0.2 M C1I,CHCO,H or 1% CF,COOH in CH,Cl,.”?

The IETr group was developed for the same purpose, but found to be superior in
its catalytic activity.”

This bulky group was developed as a fluorescent, acid-labile protective group for oli-
gonucleotide synthesis. It has properties very similar to the DMTr group except that
it can be detected down to 107 A on TLC plates with 360-nm ultraviolet light.”

4-(17-Tetrabenzola,c,g,ilfluorenylmethyl)-4',4""-dimethoxytrityl Ether
(Tbf-DMTr—OR)
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This group was developed for terminal protection of an oligonucleotide sequence for
purposes of monitoring the purification by HPLC after a synthesis. It shows charac-
teristic UV maxima at 365 and 380 nm. It is prepared from the chloride in pyridine
and can be bound directly to the support-bound oligonucleotide.”

9-Anthryl Ether: 9-Anthryl-OR

This group is prepared by the reaction of the anion of 9-hydroxyanthracene and the
tosylate of an alcohol. Since the formation of this group requires an Sy2 displace-
ment on the alcohol to be protected, it is best suited for primary alcohols. It is cleaved
by a novel singlet oxygen reaction followed by reduction of the endoperoxide with
hydrogen and Raney nickel.”®

OR

05, -30°C Raney Ni, Hy
RO-9-Anthryl e ROH
hry (PhO);P @

Ph OR

The pixyl ether is prepared from the xanthenyl chloride in 68—87% yield. This group
has been used extensively in the protection of the 5-OH of nucleosides; it is readily
cleaved by acidic hydrolysis (80% AcOH, 20°C, 8—15 min, 100% yield, or 3% trichlo-
roacetic acid).77 It can be cleaved under neutral conditions with ZnBr,, thus reducing
the extent of the often troublesome depurination of N-6-benzyloxyadenine residues
during deprotection.”® Photolysis in CH;CN/H,O also cleaves the pixyl group.”” Acidic
conditions that remove the pixyl group also partially cleave the THP group (%, for THP
at 2-OH of ribonucleoside = 560 s in 3% CLCHCO,H/CH,Cl,) 28! The pixyl group
has advantages over the trityl group in that it produces derivatives with a greater ten-
dency to be crystalline and that the UV extinction coefficients are ~100 times greater
than for the trityl group. A series of pixyl derivatives has been prepared and the half-
lives of TFA-induced cleavage determined.*? Reaction conditions were TFA, CH,CL,
EtOH, 22°C. Under these conditions the trityl group has an estimated ¢/, of ~320 min.

R* R* R ,

0 R! R? R?>  Abbr. * (min)

O Q HNJT OMe H H _ 0.3
Me H H Tx 0.55
4 0 O)\N H H H Px 1.37
FOﬁ H CF, H - 8.7

O H H Br - 244
OH H CF; Br — 1560

R3
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The addition of pyrrole as a cation scavenging agent has been recommended for use
in deprotection during solid-phase DNA and RNA synthesis. The Px or Tx groups
have been recommended as a better alternative to DMTr group in DNA and RNA
synthesis because of their faster cleavage rates.®

Deprotection using photolysis at 254 or 300 nm in aqueous CH;CN can also be
used to cleave the pixyl group (83-97% yield).?*

9-Phenylthioxanthyl (S-Px—OR, S-Pixyl—OR) Ether
Ph OR
~u

=
S

The 9-Phenylthioxanthyl ether was developed as a photocleavable protective group
for nucleosides and other alcohols. It is introduced from the chloride in dry pyridine
(79-92% yield) and is cleaved by irradiation at 300 nm in aqueous CH;CN or aqueous
trifluoroethanol (75-97% yield).85 The sulfoxide form is not ionized in 50% H,SO,
and thus serves as a protected form which upon reduction can readily be cleaved.®®

9-(9-Phenyl-10-oxo)anthryl Ether (Tritylone Ether) (Chart 1)
O

2

Ph OR
The tritylone ether is used to protect primary hydroxyl groups in the presence of sec-
ondary hydroxyl groups. It is prepared by the reaction of an alcohol with 9-phenyl-9-
hydroxyanthrone under acid catalysis (cat. TSOH, benzene, reflux, 55-95% yield) %8
It can be cleaved under the harsh conditions of the Wolff-Kishner reduction
(H,NNH,, NaOH, 200°C, 88% yield)5 "and by electrolytic reduction (—1.4V, LiBr,
MeOH, 80-85% yield).” It is stable to 10% HCI, 55 h.5!
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1,3-Benzodithiolan-2-yl Ether (Bdt--OR)
S

GV
S

1. BDTO-i-Am, H", dioxane, rt, 81% .

Formation

S
2. @ >+—H BE,” Pyr, CH,Cl,, 95% . The introduction of the Bdt group
N

proceeds under these rather neutral conditions; this proved advantageous for
acid-sensitive substrates such as polyenes.” The Bdt group can also be reduced
with Raney nickel to a methyl group or with Bu;SnH followed by CH:lI to a
[2-(methylthio)phenylthio]methyl ether (MTPM ether)>* that can be cleaved
with AgNO; (DMF:H,0).5

Cleavage

1. 80% AcOH, 100°C, 30 min.'
2. 2% CF,COOH, CHCl;, 0°C, 20 min, 97% yield.'

Half-Lives for Cleavage of 5'-Protected Thymidine in 80% AcOH at 15°C

DMT:T mTHPT Bdt5T MMTIT THPT Bdt-3'T

ty, 3 min 23 min 38 min 48 min 3.5h 25h
Leomplete 15 min 2.5h 3h 3h 15h 8h

DMTLT = 5-0-di-p-methoxytritylthymidine

mTHPT = 5"-0-(4-methoxytetrahydropyran-4-yl)thymidine
Bdt-5'T = 5-0-(1,3-benzodithiolan-2-yl)thymidine
MMTT = 5-O-mono-p-methoxytritylthymidine

THPT = 5'-tetrahydropyranylthymidine

Bdt-3'T = 3"-0-(1,3-benzodithiolan-2-yl)thymidine

3. Dowex W50-1X, MeOH, 1.5 h, rt.2
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4,5-Bis(ethoxycarbonyl)-[1,3]-dioxolan-2-yl Ether

0 _pCORE
e
O™ co,Et

This ether is introduced by an acid catalyzed orthoester exchange process with an al-
cohol. It was developed for protection of the 2’-hydroxyl in ribonucleotide synthesis.
It is sufficiently stable to dichloroacetic acid, which is used for the cleavage of the
dimethoxytrityl group.!

1. B. Karwowski, K. Seio, and M. Sekine, Nucleosides & Nucleotides, and Nucleic Acids,
24, 1111 (2005).

Benzisothiazolyl S,S-Dioxido Ether

Formation/Cleavage'
0, (S)Z
s, \
Y N Y N
HO
U a 0
O U
Pyr, MS, —18°C, 10 h, 70% o
o 0O
Concd. NHj, Pyr, 20°C, 15 h o_ 0

2,4-(MeO),CeHs
2,.4-(MeO),CeH,

1. H. Sommer and F. Cramer, Chem. Ber., 107, 24 (1974).

Silyl Ethers

Silyl ethers are among the most frequently used protective groups for the alcohol
function.! This stems largely from the fact that their reactivity (both formation and
cleavage) can be modulated by a suitable choice of substituents on the silicon atom.
Both steric and electronic effects are the basic controlling elements that regulate
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the ease of cleavage in multiply functionalized substrates. In planning the selective
deprotection, the steric environment around the silicon atom, as well as the environ-
ment of the protected molecular framework, must be considered. For example, it is
normally quite easy to cleave a DEIPS group in the presence of a TBDMS group, but
examples are known where the reverse is true. In these cases, the backbone structure
provides additional steric encumbrance to reverse the selectivity. Differences in elec-
tronic factors are also used to achieve selectivity. For two alcohols of similar steric
environments that have differing electron densities, the acid-catalyzed deprotection
rates will vary substantially and can be used to advantage. This 1s especially true for
phenolic vs. alkyl silyl ethers: The alkyl silyl ethers are more easily cleaved by acid,
and the phenolic silyl ethers are more easily cleaved by base. The reduced basicity of
the silyl oxygen can be used to change the course of Lewis acid-promoted reactions
and help to provide selective deprotection.” Electron-withdrawing substituents on the
silicon atom increase susceptibility toward basic hydrolysis, but decrease sensitivity
toward acid. For some of the more common silyl ethers the stability toward acid
increases in the following order: TMS (1) <<TES (64) <<TBDMS (20,000) < TIPS
(700,000) < TBDPS (5,000,000), and the stability toward base increases in the
following order: TMS (1)<TES (10-100) <<TBDMS ~TBDPS (20,000) <<TIPS
(100,000). Quantitative relationships have been developed® to examine the steric
factors associated with nucleophilic attack on silicon and the solvolysis of silyl chlo-
rides. Silyl ethers are also considered to be poor donor ligands for chelation-con-
trolled reactions, and thus their use in reactions where stereoinduction is anticipated
must be carefully considered.* One of the properties that has made silyl groups so
popular is the fact that they are easily cleaved by fluoride ion, which is attributed to
the high affinity that fluoride ion has for silicon. The Si—F bond strength is 30 kcal/
mol greater than the Si—O bond strength.

Two excellent reviews that discuss the selective cleavage of numerous silyl deriva-
tives are available.’

1. For a review on silylating agents, see Silylating Agents, G. van Look, G. Simchen, and
J. Heberle, Fluka Chemie AG, 1995.

2. M. Oikawa, T. Ueno, H. Oikawa, and A. Ichihara, J. Org. Chem., 60, 5048 (1995).

3. N. Shimizu, N. Takesue, S. Yasuhara, and T. Inazu, Chem. Lett., 22, 1807 (1993); N.
Shimizu, N. Takesue, A. Yamamoto, T. Tsutsumi, S. Yasuhara, and Y. Tsuno, ihid., 21,
1263 (1992).

4. L. Banfi, G. Guanti, and M. T. Zannetti, Tetrahedron Lett., 37, 521 (1996).

5. T. D. Nelson and R. D. Crouch, Synthesis, 1031 (1996); R. D. Crouch, Tetrahedron, 60,
5833 (2004).

Migration of Silyl Groups

Silyl groups have found broad appeal as protective groups because their reactivity
and stability can be tailored by varying the nature of the substituents on the silicon.
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Their ability to migrate from one hydroxyl to another is a property that can be used
to advantage,' but more often than not, it is a nuisance.? The migratory aptitude in
nucleosides was found to be solvent-dependent, with migration proceeding fastest
in protic solvents.> Migration usually occurs under basic conditions and proceeds
intramolecularly through a pentacoordinate silicon,* but migrations do occur under
acidic conditions.” The TBDMS group has been observed to migrate frequently,”®
-1l while migration of the more stable TBDPS'>!® and TIPS groups occurs less
frequently. The facile migration of the TBDMS residue is a severe problem in the
synthesis of oligoribonucleotides.>'> Conditions favoring silyl migration are the
presence of a strong base in protic solvents, but migrations in aprotic solvents are
also observed.>'® Both 1,2-* 1,3-,'7 and I,S—migmtions22 have been observed, but if
the topological features of a molecule are properly oriented, migrations that span
many atoms have been observed. Such was the case during the attempted PMB ether
formation in a cytovaricin synthesis where the C-32 DEIPS group migrated to the
C-17 hydroxyl. In consonance with the fact that the larger, more stable silyl groups
are not as prone to migration, the corresponding TIPS analog gave only the desired
C-17 PMB ether."®

H,C

OTBDMS R’O NaH, PMBBr a. R = DEIPS, R’ = PMB
———
b. R =PMB, R’ = DEIPS
Ratioof azb=1:2

OCH,OCH,CCl;

R =DEIPS, R"=OH

Nati, PMBBr

R=TIPS, R"=H c.R"=PMB

On the other hand, the TIPS group can readily migrate as was the case during the
conversion of the iodide to the thioglycoside.!” Migration may be driven by the pref-
erence of large silyl groups to assume axial orientations in sterically demanding en-
vironments. When the C-4 hydroxyl was protected as an acetate, the transformation
proceeded as expected without TIPS migration.

OTIPS OTIPS
OH{ EfSH, LHMDS TIPSO
-0 DME, -40°C to -15°C \ [0}
I SEt
TIPSO 59% HO ~
NHBs BsHN

Silyl migration can be used advantageously as in a disorazole C, synthesis by Meyers.
Treatment of the hydroxyl with NaH results in TBS migration with concomitant
liberation of an aldehyde which then reacts with the Horner-Emmons reagent to
form the unsaturated ester.”’
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OH OTBS
OTBS (EtO),P(0)CHaCOLEE OTBS
- CO,Et

= ~o = X

NaH
S OEt

In Overman’s synthesis of Alcyonin, silyl migration from the tertiary to the second-
ary alcohol facilitated the deprotection of a hindered 3° TBS ether.”!

hindered
TBS ether
k, TBAF, THF
TBSO
t, 88%

In essence, history has shown that placing negatively charged oxygen in proximity
to a TBDMS ether will almost always result in some level of silyl migration, thus the
planning of any synthesis should take this into account, especially since the degree
of migration is largely unpredictable and is a function of spatial,” electronic, and
steric effects. Moreover, as may be expected, the more acidic the hydroxyl, the less
likely it is to bear the silyl group, as is illustrated below.?

1.1eq. +-BuOK
THF:DMF (1:4)
TBSO OH _78°C, 4 h OH OTBS
B ————
FiC - FiC \

isii = 10:90 from i .

i n
isii = 8:92 from ii

In consonance with this heuristic, a phenolic TBS derivative has been shown to mi-
grate to a primary alcohol.?* A pyranoside anomeric hydroxyl is more acidic than the
2-OH, and thus treatment of the disaccharide with NaH and BnBr results in migra-
tion of the silyl group and protection of the anomeric center with a benzyl group.?

Ph
%0 Ph
0 OH
o
-\._.o HO _TDS  NaH, BnBr o)
HO -0 4 o e %,0 B0 \[%T:is
DME, 74%
HO .
OH BnO //A/o\%\o OBn
BnO

OBn

It appears that the counterion on the alkoxide has some remediating effects. For ex-
ample, the NaBH, reduction of the lactol affords only the product of silyl migration
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whereas if CeCls is included, no silyl migration was observed.?® This case is also
unusual because complete migration has occurred.

o OH o, o_ By OH
Y . aBH,
>( QIBS NaBH4>{ OH CeCh >( OH
O T3] S O [ER} O e
(0) n-Bu gioy (0) OTBS EtOH f0) n-Bu
OH 95% 94%

OTBS

On the other hand, with a TBDPS group, CeCl; did not prevent migration; in this
case, alcohol acidity seems to be an overriding factor, even at the expense of what is
usually considered a sterically demanding situation.'?

) TBDPSO  OQAc OH  QAc
0 ?A“ NaBH,, CeCly : : OAc N - - OAc
OAc /\\\/7A/ /\7\/
/\QSN “OH OTBDPS
OTBDPS

Product upon

Initial product A
prolonged reaction

Note that replacing the olefin with an epoxide, which is expected to reduce the acid-
ity, drives the silyl group to the least hindered position.

OH OA
¢ N Ol TBDPSO

OTBS \/>/_\/OTBS
OH

In the following case, migration is complete because one alcohol is trapped by a
Michael reaction preventing equilibrium.?’

OEt PhCHO, +-BuOK
TBSOW\H/ T, TBSO N
: g com

OH O

i§
Oxn

OTBDPS

In the well-known Brook rearrangement,?® silyl groups migrate from oxygen to car-
bon, but the following example is less obvious and not necessarily predictable.”’
This problem can be prevented by premixing ZnCl, with the iodide before #-BulLi
addition.’® Other cases of O-to-C migration have been observed.>* This type
of migration has been used to advantage for the preparation of 2-silylated benzyl
alcohols.3

B ' H 2. +-BuLi : K
OH OTBS OTBS

Although silyl migrations are usually acid- or base-catalyzed, they have been ob-
served to occur thermally.>*
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A large number of silylating agents exist for the introduction of the trimethylsilyl
group onto a variety of alcohols. In general, the sterically least hindered alcohols are
the most readily silylated, but these are also the most labile to hydrolysis with either
acid or base. Trimethylsilylation is used extensively for derivatization of most func-
tional groups to increase volatility for gas chromatography and mass spectrometry.

Formation

1. Me;SiCl, Et;N, THF, 25°C, 8 h, 90% yield.l
2. MesSiCl, Li,S, CH;CN, 25°C, 12 h, 75-95% yield.2 Silylation occurs under

neutral conditions with this combination of reagents.

3. Me;SiCl, Mg, DMF, rt, 70-99% yield. Tertiary alcohols are readily silylated.

The TES and PhMe;Si ether have also been prepared by this method.

4. (Me;Si),NH, Me;SiCl, Pyr, 20°C, 5 min, 100% yield.4 ROH is a carbohy-

drate.

Hexamethyldisilazane (HMDS) is one of the most common silylating agents
and readily silylates alcohols, acids, amines, thiols, phenols, hydroxamic ac-
ids, amides, thioamides, sulfonamides, phosphoric amides, phosphites, hydra-
zines, and enolizable ketones. It works best in the presence of a catalyst such

ing.® Saccharin is an excellent catalyst. Yttrium-based Lewis acids,’ iodine,’
zirconium sulfophenyl phosphonate,8 LiCl04,° CuSO4+5H,0,'" and tungsto-
phosphoric acid'! also serve as catalysts. Cu(OTf), and I, have been used as
catalysts for the silylation of a-hydroxyphosphonates.'?

0.5 eq. HMDS, THF
1 drop TMSC1

B Y - OTMS
HO Reflux, 92% HO
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PhNHTMS, catalytic TBAF, DMF, 81-99% yield. This method efficiently
silylates tertiary alcohols. The corresponding TES and TBS derivatives may
be prepared with equal efficiency by the same method. These authors also
report the following relative reactivity for various silylating agents.'*

Reactivity for silylation of 1-octanol without TBAF catalysis

M N N
(TMS),NH TMSHN~ ~NHTMS /LLI:ITMS [ ] Axrus F3CJLITITMS M
0 N

e

T™S

0 NHTMS T™S
4

OTMS (6]

Me M

Reactivity for silylation of terpinen-4-ol with TBAF catalysis

0 o T™S T™S NHTMS
i
OTMS

l
J, iy N N
(TMS)yNH TMSHN™ "NHTMS F;C”~ “NTMS
2 3 ) /&NTMS [N’> A NTMS
0

6.

7.

10.

M
¢ Me

(Me3Si),0, PyH'TsO~, PhH, mol. sieves, reflux, 4 days, 80-90% yield."”
These mildly acidic conditions are suitable for acid-sensitive alcohols.
Me;SiNEt,.'® Trimethylsilyldiethylamine selectively silylates equatorial hy-
droxyl groups in quantitative yield (4—10 h, 25°C). The report indicated no
reaction at axial hydroxyl groups. In the prostaglandin series the order of re-
activity of trimethylsilyldiethylamine is C,; > C;s 2> Cy (no reaction). These
trimethylsilyl ethers are readily hydrolyzed in aqueous methanol containing
a trace of acetic acid."” The reagent is also useful for the silylation of amino
acids.!®

HO

R \
\:/\/\COZMG

1 15 CsHy,

HO :

. CH;C(0SiMe;)=NSiMe;, DMF, 78°C." ROH is a C4-hydroxy steroid. The

sterically hindered silyl ether is stable to a Grignard reaction, but is hydro-
lyzed with 0.1 N HC1/10% aq. THF, 25°C.!° The reagent also silylates amides,
amino acids, phenols, carboxylic acids, enols, ureas, and imides.?’ Most ac-
tive hydrogen compounds can be silylated with this reagent.

. Me;SiCH,CO,Et, cat. BuyNF, 25°C, 1-3 h, 90% yield. This reagent combi-

nation allows isolation of pure products under nonaqueous conditions. The
reagent also converts aldehydes and ketones to trimethylsilyl enol ethers.”
The analogous methyl trimethylsilylacetate has also been used.??
Me;SiNHSO,08iMes;, CH,Cl,, 30°C, 0.5 h, 92-98% yield. Higher yields of
trimethylsilyl derivatives are realized by reaction of aliphatic, aromatic, and
carboxylic hydroxyl groups with N,0-bis(trimethylsilyl)sulfamate than by
reaction with N,0-bis(trimethylsilyl)acetamide.?®
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11. Me;SiNHCO,SiMe;, THE, rapid, 80-95% yield. This reagent also silylates

12.

13.

14.

15.

16.

phenols and carboxyl groups.?*

yield.?> In addition, this reagent silylates phenols, thiols, amides, and car-
boxyl groups.

Me;SiCH,CH=CH,, TsOH, CH;CN, 70-80°C, 1-2 h, 90-95% yield.?® This
silylating reagent is stable to moisture. Allylsilanes can be used to protect
alcohols, phenols, and carboxylic acids; there is no reaction with thiophenol
except when CF;SO;H? is used as a catalyst. The method is also applicable to
the formation of -butyldimethylsilyl derivatives; the silyl ether of cyclohexa-
nol was prepared in 95% yield from allyl-#-butyldimethylsilane. Iodine, bro-
mine, trimethylsilyl bromide, and trimethylsilyl iodide have also been used
as catalysts.”® Nafion-H has been shown to be an effective catalyst.® The
reaction of allyl trimethylsilane with TFA produces TMSOTT in sifu; this can
be trapped with pyridine to form a crystalline pyridinium salt, which serves
as a powerful silylating reagent.>

(Me;Si0),50,.3! This is a powerful silylating reagent, but has seen little ap-
plication in organic chemistry.

N,O-Bis(trimethylsilyl)trifluoroacetamide.® This reagent is suitable for the
silylation of carboxylic acids, alcohols, phenols, amides, and ureas. It has
the advantage over bis(trimethylsilyl)acetamide in that the by-products are
more volatile. It has been used for the selective protection of 10-desacetyl-
baccatin III using LHMDS as a catalyst. The TES and TBDMS ethers were
prepared similarly.33 Conventional conditions using the silyl chloride results
in silylation of the C-7 hydroxyl:

HO < B
-0 Ac0-0

Entry R Reaction Conditions % Yield

1 ™S BTMSTFA, 08C,5h 91

2 TES BTESTFA, 1t, 24 h 85

3 TES BTESTFA, THF, LHMDS (cat), 08C, 95
10 min

4 TBS BTBSTFA, THF, LHMDS (cat), 08C, 5 h 70

N,N’-Bistrimethylsilylurea, CH,Cl,.>* This reagent readily silylates carbox-
ylic acids and alcohols. The by-product urea is easily removed by filtration.
The use of this reagent has been reviewed.”
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18.

19.

20.
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22.

23.

24,

25.

26.
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28.
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Me;SiSEt.>® Alcohols, thiols, amines, and carboxylic acids are silylated.
Nafion-TMS, Et;N, CH,Cl,, 100% yield.>’

Isopropenyloxytrimethylsilane.*® In the presence of an acid catalyst, this re-
agent silylates alcohols and phenols. It also silylates carboxylic acids without
added catalyst.

Methyl 3-trimethylsiloxy-2-butenoate.® This reagent silylates primary, sec-
ondary, and tertiary alcohols at room temperature without added catalyst.

N-Methyl-N-trimethylsilylacetamide.*’ This reagent has been used prepara-
tively to silylate amino acids.*!

Trimethylsilyl cyanide.*? This reagent readily silylates alcohols, phenols,
and carboxylic acids, but more slowly silylates thiols and amines. Amides
and related compounds do not react with this reagent. The reagent has the
advantage that a volatile gas (HCN is highly toxic) is the only by-product.
In the following case the use of added base resulted in retro aldol conden-
sation.*

NC X"

HO—R\— s Me

—

TMSCN

OTIPS

TMSN;, TBAB, 30°C. Primary, secondary and tertiary alcohols are all si-
lylated in excellent yield **

Me;SiOC(0)NMe,.* This reagent produces only volatile byproducts and au-
tocatalytically silylates alcohols, phenols, and carboxylic acids.

Trimethylsilylimidazole, CCl, or THF, rt.*® This is a powerful silylating
agent for hydroxyl groups. Basic amines are not silylated with this reagent,
but as the acidity increases, silylation can occur. TBAF has been used to
catalyze trimethylsilylation with this reagent and other silylating agents of
the general form R;SiNR’,.47 A secondary aldol was readily silylated in the
presence of a 3° hydroxyl.

Trimethylsilyl trichloroacetate, K,CQO;, 18-crown-6, 100-150°C, 1-2 h,
80-90% yield*® This reagent silylates phenols, thiols, carboxylic acids,
acetylenes, urethanes, and f-keto esters, producing CO, and chloroform as
byproducts.

3-Trimethylsilyloxazolidinone.”’ This reagent can be used to silylate most ac-
tive hydrogen compounds.

Trimethylsilyl trifluoromethanesulfonate. This is an extremely powerful si-
lylating agent, but probably is more useful for its many other applications in
synthetic chemistry.® The following illustrates a recent case where conven-
tional conditions failed.>!
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& o3

o}

coccl
T 9 coccl,
2 'NH/ TMSOT, CH3CN R

., pyr, high yield
r OH " OTMS
OH :

OTMS

Cleavage

Trimethylsilyl ethers are quite susceptible to acid hydrolysis, but acid stability is
quite dependent on the local steric environment. For example, the 170-TMS ether of
a steroid is quite difficult to hydrolyze. TMS ethers are readily cleaved with the nu-
merous HF-based reagents. A polymer-bound ammonium fluoride is advantageous
for isolation of small polar molecules.>

1. BuNF, THE, aprotic conditions.'

O 00 NN

. Rexyn 101 (polystyrenesulfonic acid), 80-91% yield.

. H,SiF,. >
. K5COs, anhydrous MeOH, 0°C, 45 min, 100% yield.>*

OTMS KaCOs, MeOH OTMS

TMSO,, ~OTMS 0°C, 45 min TMSO,, ~OTMS
o OTMS 100 OH
MeO'" TO MeO'" O

. Citric acid, MeOH, 20°C, 10 min, 100% yield.55 For simple TMS ethers, al-

most any protic acid in an alcoholic solvent will remove the TMS group. It
1s only in highly functionalized and otherwise sensitive substrates that more

specialized and unique methods are required.

36 This method does not

cleave the -butyldimethylsilyl ether.

. FeCls, CH;CN, rt, 1 min.”’
. BF;-Et,0.%®

. DDQ, wet EtOAc.¥

. RedAL%

10.

Direct oxidative cleavage of the TMS ether to an aldehyde or ketone is pos-
sible and has been amply demonstrated only on relatively simple substrates.
A large number of reagents are available to effect this conversion. The follow-
ing are a sampling: (Ph;Si0),CrO,, ~BuOOH, CH,Cl,, rt, 42-98% yield,(’l
Fe(NOj)s/montmorillonite clay, 70-95% yield,(’2 NaBrOs/NH,Cl/aq. CH;CN,
55-90% yield,” (n-BuPPh;),S,05/CH;CN, 93-99% yield,** KMnO,/AICLy/
acetone/CH;CN, 60-90% yield,(’5 PdCl,(PhCN),—CrOs/clay-bis(trimeth
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0 -1 o

10.
11

12.

13.

14.
15.

16.

17.

18.

19.

20.
21.

ylsilylychromate, 83—99% yield,® silica gel supported Dess—Martin peri-
odane/CH,Cl,, 82-98% yield," benzyltriphenylphosphonim chlorate/Al1CI,/
CH;CN, 20-100% yield,(’8 tetrabutylammonium periodate/AlCl;, 0-95%
yield,” montmorillonoite-supported bis(trimethylsilyl)chromate/CH,Cl,,
82-93% yield™" benzyltriphenylphosphonium chlorochromate/AICls/
CH;CN, 78-99% yield,”” Zeofen/microwaves, 78-98% yield,”” and wet
alumina-supported CrQs, 72-90% yield.™*
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Triethylsilyl Ether (TES—OR): Et;SiOR

Formation

1. Et3SiCl, Pyr. Triethylsilyl chloride is by far the most common reagent for the
introduction of the TES group.' Silylation also occurs with imidazole and
DMF,? and with dimethylaminopyridine as a catalyst.> Phenols,* carboxylic
acids,” and amines® have also been silylated with TESCL.
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HO
TESO
. (CH)sCOH ~(CH,)sCO,H

TESCI, Pyr

CsHy; \ =

OTBDMS TESO OTBDMS

60°C, 0.5 h, 95%

TESO
AcOH, THF, H,0
(8:8:1)
B

20°C, 4 h, 76%

.~ (CHy)sCOH

=

N GsHy,

HO OTBDMS Ref. 3
More acidic conditions [AcOH, THF, H,O (6:1:3), 45°C, 3 h] cleave all the
protective groups, 76% yield.

2. TESCI, 2,6-lutidine, CH,Cl,, —78°C, 97% yield. Lutidine was crucial to get-
ting selectivity for the primary hydroxyl at C-38 over C-24 and the carboxyl
group. The use of imidazole as base resulted in over silylation.’”

TESCI, CHoCl,
> R =TES
2,6-lutidine, ~78°C

97%

OR
\, desired site
of silylation
OMe
R=H

3. Triethylsilyl triflate.® This has become a popular reagent for the preparation
of TES ethers. Commonly used bases are pyridine and 2,6-lutidine.® The most
frequently used solvent is CH,Cl,, but others such as CH;CN have also been
used.

4. Triethylsilane, catalytic B(C4Hs)s, hexane, or CH,Cl,, 86—95% yield. Primary
alcohols can be reduced with this reagent. Alcohols and phenols are read-
ily silylated, but under suitable conditions some alcohols and ethers are re-
duced.'™!!

5. Triethylsilane, ~BuOCu, DTBM-Xantphos, toluene, 84-95% yield. This
method will also introduce other silyl groups such as PhMe,Si, Ph;Si,
#-BuPh,Si, and ~-BuMeSi groups. Primary alcohols can be protected selec-
tively in the presence of secondary alcohols.'”
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12.
13.
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17.

. Triethylsilane, CsF, imidazole.
. Triethylsilane, CH,Cl,, 1% Rh,(pfb), (thodium perfluorobutyrate), 2 h, 88%

PROTECTION FOR THE HYDROXYL GROUP, INCLUDING 1,2- AND 1,3-DIOLS

. Triethylsilane, [RuCly(p-cym)],, CH,Cl,, 50°C, 6 h, >95% yield.13

reduced with this reagent. The method can be used to prepare a variety of

other silyl ethers. Rh,(pfb), can also be used as a Catalyst.15
16

yield."”
N-Methyl-N-triethylsilyltriftuoroacetamide.'®
Allyltriethylsilane."”
N-Triethylsilylacetamide.2
Triethylsilyldiethylamine.?!

1-Methoxy-1-triethylsiloxypropene.??
1-Methoxy-2-methyl-1-triethylsiloxypropene.?’

Triethylsilyl perchlorate.?* This reagent represents an explosion hazard.

Triethylsilyl cyanide.?

Cleavage

The triethylsilyl ether is approximately 10—100 times more stable’ than the TMS
ether and thus shows a greater stability to many reagents. Although TMS ethers can
be cleaved in the presence of TES ethers, steric factors will play an important role in
determining selectivity. The TES ether can be cleaved in the presence of a -butyldi-
methylsilyl ether using 2% HF in acetonitrile.?® In general, methods used to cleave
the TBDMS ether are effective for cleavage of the TES ether.?’

TESO OTBDMS
H H 2% HF, or

- 7 OP
/\lA_;/\OPV —,.HF/pyr /\I/EV\ v

Pv = Pivaloyl

OH OTBDMS

. H,SiFg, IPA, —40°C, 88% yield. A primary TES group was removed in the

presence of TBS and TIPS ether.?®

. DDQ, CH;CN or THF, H,0, 86-100% yield.29 TBDMS ethers are not usually

cleaved.

. AcOH, TFA, H,0, 80% yield. This procedure was developed to remove the 7-

TES group from 7-TES Paclitaxel while retaining the C10 acetate.>

. MeOH, 1-chloroethylchloroformate, 86-99% yield. This method produces

HCl in situ. These conditions will cleave the TES group in the presence of
TBDMS, THP, Tr, MOM, MEM, and Ts groups. They may also be be used to
cleave a TBDMS group in the presence larger silyl ethers and the MOM and
MEM ethers.3!

. Ph;P-HBr, MeOH, CH,Cl,, 0°C, 80% yield.3
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0°C, 80%

6. Iodoxybenzoic acid, DMSO, 20°C, 30 min, 62-93% yield. Primary TES
groups are cleaved in the presence of TBDMS ethers. The drawback to this
reagent is that some oxidation of the alcohol to an aldehyde occurs.>

7. Mesoporous silica (MCM-41), MeOH, 1t, 2 h, 80-97% yield. TES groups are
cleaved in preference to TBDMS groups.>*

8. ZnBr,, CH,Cl,, H,0, >80% yield. This reagent is not selective; TES, TB-
DMS, and TIPS ethers are also cleaved, but phenolic TBDMS ethers are
stable.3

9. BiOClO4-xH,O, CH,Cl,, 32-92% , TES, TBDMS, TIPS and TBDPS ethers
are all cleaved.*®

10. DMSO, (COCl),, CH,Cl,, TEA, ~70°C, 64-86% yield. These conditions
selectively convert a primary TES group to an aldehyde without effecting
secondary TES ethers.>” TMS ethers react similarly.

11. NaOH, DMPU, H,0, 60% yield.*

BPS HO
O NaOH
Me ~OTES OTBS DapU
H .

12. Pd/C, MeOH, H,.*#° There have been many instances where a silyl ether has
been lost during a hydrogenation, which has led to speculation that silyl ethers
can be cleaved by hydrogenolysis. It has been determined that the real mecha-
nism for silyl ether loss is really a simple acid-catalyzed process that results
from residual acid in the catalyst or acid that is formed from PdCl, used
to prepare some forms of Pd—C. The only case where a true hydrogenolysis
seems to cleave a silyl ether is the TES group. The reaction has a strong steric
dependence.* Phenolic TES ethers are cleaved at a much slower rate than the
alkyl counterpart.
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Triisopropylsilyl Ether (TIPS—OR)': (i-P1);SiOR (Chart 1)

The greater bulkiness of the TIPS group makes it more stable than the butyldi-
methylsilyl (TBDMS) group, but not as stable as the #-butyldiphenylsilyl (TBDPS)
group to acidic hydrolysis. The TIPS group is more stable to basic hydrolysis than
the TBDMS group and the TBDPS group.? TIPS group introduction onto primary
hydroxyls proceeds selectively over secondary hydroxyls.? The TIPS group has been
used to prevent chelation with Grignard reagents during additions to carbonyls.* As
a note of caution, some lots of the reagent are contaminated with varying quantities
of diisopropyl(n-propyl)silyl chloride and as such it would be prudent to check the
quality of the reagent prior to use.’

Formation

1. TIPSCL, imidazole, DMF, 82% yield.?

2. TIPSCL, imidazole, DMAP® or TEA’, CH,Cl,.

3. TIPSCI, pyridine, AgNO or Pb(NO;),, >90% yield.® These conditions cleanly
introduce the hindered TIPS group onto the 3’-position of thymidine.

4. TIPSCL, AgNO;, 78% yield. This method was used when the typical condi-
tions failed.’

5. TIPSH. CsF, imidazole."’

6. TIPSOTf, NaH, THF, rt, 2 h, 24-85% yield. This method was used to persi-
lylate a variety of glucose derivatives.!! When the reaction was attempted with
TIPSCI, no product was isolated. The TBS group can be introduced simi-
larly.

7. TIPSOSO,CF;, 2,6-lutidine,'> TEA or DIPEA,'> CH,Cl,.

8. N-Triisopropylsilylpyridinium triflate, CH,Cl,, 84% yield."

9. The sluggishness of the reaction of TIPSOTY with tertiary alcohols can be ex-
ploited to advantage as was the case in Magnus’ strychnine synthesis.”” The equi-
librium favors the tertiary hemiketal, but silylation favors the primary alcohol.
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a N CH,OR
Ay
SO,C4H,~4-OMe SO,C4H,~4-OMe
R=H
TIPSOTY, DBU
R=TIFS Ref, 27

10. Unusual and unexpected things do happen with TIPSOTT as in the case be-
low, but the problem was simply solved by using a more sterically demanding
pivalate rather than an acetate to prevent orthoester formation.

: TIPSOTE s s
: TIPSOt H \]N ’JHA/
Pv +

O\kl/\// *—ROJ\'/vR Ac O o) 0
OTIPS TIPSO 7 OTIPS

92% 52% 30%
Cleavage

1. HF, CH;CN."” In certain sensitive substrates it may be advisable to run this
reaction in a polypropylene vessel as was the case in Schreiber’s synthesis of
FK-506 where the yield increased from 35% to 73% when switching from the
standard glass vessel.!® This is presumably because of the fluorosilicic acid
formed when HF reacts with glass.

2. 40% aqueous HF in THFE."”

3. Pyr-HF, THE."®

4. Et;:N-HF, 25°C, 9 d, 79% yield. A 2° TIPS group was removed in the presence
of a more hindered 2° TBS group.!” The TBS group was later removed with
Pyr-HF indicating that this is a more reactive reagent.

5. NH,F, MeOH, rt, 9h, 35-61% yield .2

O
k/\/ o 3
N I ?\k NH
[ Bn

OH 1, 9h
O OTIPS

NH,F, MeOH

6. Bu,;NF, THE.2? TBAF buffered with acetic acid is used to remove a TIPS and
prevent acyl migration which is often prevalent with more basic reagents.”>*

7. SiF,, CHyCL, CH:CN, 0°C, >72% yield.”
8. TAS-F, DMA, 100°C, 85% yield.*® The following example cleaves a very hin-
dered neopentyl derivative.
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OTIPS OH

TAS F, DMA
NI o
N—< N—{

N 1oo°c 85% N
o]

PMBO PMBO

9. 0.01 N HCL, EtOH, 90°C, 15 min, 100% yield.2 HCl in a variety of other con-

centrations has also been used to cleave the TIPS ether.’

10. HCI, EtOAc, ~30°C to 0°C.*®

11. 80% AcOH, H,0.*

12. TFA, THF, H,0.%°

13. The following examples illustrate how the local steric electronic environment
can reverse the expected selectivity for the deprotection of TIPS ether verses
a TBS ether. The allylic TBS ether is also less nucleophilic relative to the

TIPS ether because of electron withdrawing character of the olefin.3'~
OMe

OMe

PTSA (0.5 eq.)

e

TBSO MeOH, rt
R 30 min, 90%
TIPSO’ SN OMe

HF - TEA (excess)

——

THE, 1t, 9 d
79%
retained
OMe oM \‘
OBn OTBS i OBn
0. 0 ~_ .0 TBAF OTBS
Y "
s / “OPMB ger | o,
o OMe o o

BnO

14. 40% KOH, MeOH, reflux, 18 h."*
15. NO,BF,.»

16. FeCl;, CH;CN, 70% yield. In this case deprotection occurs during an oxida-
tive coupling in which HCI maybe released.*®
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OMe O

0o
oTIPS FeCly, CHACN Meo
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Formation

1. (i-PtMe,Si),NH, i-PrMe,SiCl, 25°C, 48 h, 98% yield.!
2. i-PtMe,SiCl, imidazole, DMF, 26°C, 2 h, 65% yield.?

Cleavage

1. AcOH/H,0, (3:1), 35°C, 10 min, 100% yield.l An IPDMS ether is more easily
cleaved than a THP ether. It is not stable to Grignard or Wittig reactions or to
Jones oxidation.

2. Many of the fluoride based reagents such as TBAF will cleave this ether.

1. E.J. Corey and R. K. Varma, J. Am. Chem. Soc., 93, 7319 (1971).
2. K. Toshima, K. Tatsuta, and M. Kinoshita, Tetrahedron Lett., 27, 4741 (1986).

Diethylisopropylsilyl Ether (DEIPS—OR): ROSiEt,—i-Pr

This group is more labile to hydrolysis than the TBDMS group and has been used
to protect an alcohol where the TBDMS group was too resistant to cleavage. The
DEIPS group is=90 times more stable than the TMS group to acid hydrolysis and
600 times more stable than the TMS group to base-catalyzed solvolysis.
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Formation

1. Diethylisopropylsilyl chloride, imidazole, CH,Cl,, 25°C, 1 h.!
2. Et,(i-Pr)SiOTf, CH,Cl,, 2,6-lutidine, rt.2

Cleavage

1. 3:1:3 AcOH, H,O, THE! Any of the methods used to cleave the TBDMS ether
also cleave the DEIPS ether.

DMIPSO OH
DMIPSO,, A HO,, -~
o) o)
AcOH, H,0, THF
DEIPSO O O —
H 3:1:3
- Et
Et

DMIPS = Me,i-PrSi

2. AcOH, KF-HF, THF, H,O0, 30°C, 46 h, 94% yield.3 These conditions did not
affect a secondary OTBDMS group.

3. H,, PA(OH),.* When the cleavage is performed in dioxane, the DEIPS group
1s stable and benzyl ethers are selectively removed, whereas if MeOH is used
as solvent, both the DEIPS and the benzyl ether are cleaved.

4. RMgX.5

5. HF-Pyr, Pyr, THF, 74% yield.®
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6417 (1989).

4. K. Toshima, K. Yanagawa, S. Mukaiyama, and K. Tatsuta, Tetrahedron Lett., 31, 6697
(1990).

5. Y. Watanabe, T. Fujimoto, and S. Ozaki, J. Chem. Soc., Chem. Commun., 681 (1992).

6. D. A.Evans, S. W. Kaldor, T. K. Jones, J. Clardy, and T. J. Stout, J. Am. Chem. Soc., 112,
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Dimethylthexylsilyl Ether (TDS~OR): (CH;),CHC(CH3),Si(CH;),OR

Both TDSC1 and TDSOSO,CF; are used to introduce the TDS group. In general,
conditions similar to those used to introduce the TBDMS group are effective. This
group is slightly more hindered than the TBDMS group, and the chloride has the ad-
vantage of being a liquid, which is useful when handling large quantities of material.
Cleavage of this group can be accomplished by the same methods used to cleave
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the TBDMS group, but it is two to three times slower because of its increased steric
bulk.' A disadvantage is that the NMR spectrum is not as simple as in the case when
the similar TBDMS group is used.

1. H. Wetter and K. Oertle, Tetrahedron Lett., 26, 5515 (1985).

2-Norbornyldimethylsilyl (NDMS—OR):

b SiMe,OR

This silyl ether was developed as an economical alternative to the TBDMS ether. It
can be introduced using either the silyl chloride or the triflate under conventional
conditions. Its stability is intermediate to that of isopropyldimethylsilyl (IPDMS)
group and the TBDMS group. It is stable to KF in MeOH at 25°C, but is cleaved in
7 h at 65°C conditions where the TBDMS ether is stable. It is cleaved with TBAF in
<1 min.! The corresponding silyl ester has also been prepared. Unfortunately, this
group carries the liability of a chiral center.

1. D. K. Heldmann, J. Stohrer, and R. Zauner, Synlett, 1919 (2002).

The TBDMS ether has become one of the most popular silyl protective groups used
in chemical synthesis. It is easily introduced with a variety of reagents, has the virtue
of being quite stable to a variety of organic reactions, and is readily removed under
conditions that do not attack other functional groups. It was also shown to withstand
230°C.! 1t is approximately 10* times more stable to basic hydrolysis than the trimeth-
ylsilyl (TMS) group. It has excellent stability toward base but is relatively sensitive to
acid. The ease of introduction and removal of the TBDMS ether are influenced by ste-
ric factors that often allow for its selective introduction in polyfunctional, sterically
differentiated molecules. It is relatively easy to introduce a primary TBDMS group in
the presence of a secondary alcohol. One problem that has been encountered with the
TBDMS group is that it can be metalated on the silyl methyl with -Buli.* Surpris-
ingly, it was shown to be stable to a Tamao oxidation, which uses fluoride ion.?

Formation

1. TBDMSCI, imidazole, DMF, 25°C, 10 h, high yields.4 This is the most com-
mon method for the introduction of the TBDMS group on alcohols with low
steric demand. The method works best when the reactions are run in very
concentrated solutions. This combination of reagents also silylates phenols,’
hydroperoxides,” and hydroxylamines,” but under suitable conditions it is
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possible to silylate a primary alcohol in preference to a phenol.® Thiols, amines,
and carboxylic acids are not effectively silylated under these conditions.” Ter-
tiary alcohols can be silylated with the phosphoramidate catalyst i.!0

AN P /
N~ \wN
()

N/
i

Although, silylation using these conditions normally proceeds uneventfully,
the following scheme shows that reactions are not always straightforward.!"

OH OTBDMS OTBDMS

TBDMSC1
7, > Cl
0 z

", DMEO0Ctort :
OH
45% 25%

Tonic liquids have been used to replace DMF as a solvent.'”

. TBDMSC], Li,S, CH;CN, 25°C, 5-8 h, 75-95% yield.13 This reaction occurs

under nearly neutral conditions.

. TBDMSCI, DMAP, Et;:N, DMF, 25°C, 12 h.* These conditions were used

to silylate selectively a primary over a secondary alcohol.!® In the silylation
of carbohydrates, it was shown that these conditions inhibit silyl migration
whereas the use of imidazole as base causes migration.'® Besides DMAP, other
catalysts such as 1,1,3,3-tetramethylguanidine,17 1,8-diazabicyclo[5.4.0]undec-
7-ene (83-99%).” 1,5-diazabicyclo[4.3.0]non-5-ene,”® and ethyldiisopropyl-
amine have also been used.'® A chiral guanidine has been used to give modest
kinetic resolution of chiral secondary alcohols with TBDMSCI and TIPSC1.2°

. TBDMSCI, KH, 18-crown-6, THF, 0°C to rt, 78% yield.21 This combination of

reagents is very effective in silylating extremely hindered alcohols.

. Since the Si-N bond is much weaker than the Si—O bond, even if silylation

occurs on nitrogen it will generally transfer to the oxygen.

OH TBDMSO
COOH TBDMSCI, DBU COOH
R R
NH, CH;CN, 0°C, 24 h, 1t NH,

These conditions were chosen specifically to facilitate the silylation of hydrox-
ylated amino acids.??

. (a) BusSnO, MeOH. (b) TBDMSCI1, CH,Cl,. These conditions selectively pro-

tect the equatorial alcohol of a cis-diol on a pyranoside ring.2® In the case of
B-lactosides, the primary TBDMS ether is formed in 96% yield.** Butane-
1,2.4-triol shows unusual selectivity in that the stannylene methods give the
4-TBDMS derivative, whereas benzylation, acetylation, and tosylation give the
I-substituted derivatives.?>
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7. Heating an alcohol and TBDMSCI in DMF to 120°C without added base will
form the silyl ether, but HC1 is also formed, which must be considered in the
context of the rest of the molecule.?®

8. TBDMSOCIQO;, CH;CN, Pyr, 20 min, 100% yield.27 This reagent works well,
but it has the disadvantage of being explosive and has been supplanted by
TBDMSOSO,CF;.

9. TBDMSOSO,CF;, CH,Cl,, 2.6-lutidine, 0-25°C.?® This is one of the
most powerful methods for introducing the TBDMS group. Other bases
such as triethylamine,” ethyldiisopropylamine,®® and pyridine® have also
been used successfully. In the presence of an ester or ketone, it is possible
simultaneously to form a silyl enol ether while silylating a hydroxyl group.?’
Not all protections proceed as expected, as illustrated with the following
glutarimide.*?

O O

PvO
PvO O repmsort

R — -

OH NH

0 OTBDMS

10. A secondary alcohol was selectively protected in the presence of a secondary
allylic alcohol with TBDMSOTY, 2,6-Iutidine at —78°C.3

OH
WH
TBDMSOTF, ~78°C
R— e
2,6-lutidine, CH,Cl,
: OH 91%
OTMS

t-Butyl or -amyl ethers are converted to TBDMS ethers with this reagent. If
the Iutidine is not present, cleavage to the alcohol occurs.>* Silyl migration
has been observed during protection of an alcohol with a proximal silyl ether
using TBDMSOT-2,6-lutidine.*® See section on silyl migration.

TESO  OH TESO  OTBDMS  TBDMSO  OTES
H TBDMSOTt H H
B
: O 2 6utidine : + :
E 3 -

1:1 ratio

The following case shows a very interesting solvent effect that was not ex-
plained by the authors,* but it has been shown by others that the 3-hydroxyl is
typically the kinetic product and the 2-hydroxyl is the thermodynamic prod-
uct, thus implicating possible silyl migration.
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O SePh

O. _,SePh O .Seph ‘
TBDMSOTH TBDMSOTT
T " . ) ~—* PMBO' ‘OTBDMS
PMBO OH ", 6-1utidine PMBO" o 2.0utidine

11.
12.
13.

14.

15.

16.

17.

18.
19.

20.
21

22.

23.

24,

25.
26.
27.
28.

29.

CHoCl,, ~78°C OH

OTBDMS THE, -78°C
; OH 91%

91%

From a THP ether: TBDMSOT(, Me,S, CH,Cl,, —50°C, 24-97% yield. Al-
lylic THP ethers are converted inefficiently.>’

Methallyl-TBDMS and Sc(OTf);, CH;CH,CN, rt, 85-98% yield. Tertiary
alcohols and phenols can be silylated using this method. The TES and TBDPS
ether are also prepared by this method.*
4-+-Butyldimethylsiloxy-3-penten-2-one, DMF, TsOH, rt, 83-92% yield.*’
1-(+-Butyldimethylsilyl)imidazole.***
N-t-Butyldimethylsilyl-V-methyltrifluoroacetamide, CH;CN, 5 min, 97-100%
yield.* This reagent also silylates thiols, amines, amides, carboxylic acids,
and enolizable carbonyl groups.

1-(+-Butyldimethylsiloxy)-1-methoxyethene, CH;CN, 91-100% yield.** This
reagent also silylates thiols and carboxylic acids.

TBDMSCN, 80°C, 5 min, 95% yield.*

From a THP ether: TBDMSH, CH,Cl,, Sn(OTf),, rt, 1 h, 78% yield. TIPS
ethers are prepared analogously.*®

TBDMSONO, ¥

N,N-Bis-TBDMSdimethylhydantoin, cat. TBAF.*® Primary alcohols are se-
lectively protected.

99% yield. ¥

PhC(OTBDMS)==NPh, (Si-BEZA) catalytic pyridinium triflate, THF or ben-
zotrifluoride, 25-50°C, 5-2400 min, 23-99% yield. This is a general method
and can be used to prepare TMS, TES, TBDPS, and TIPS ethers even from
3° alcohols and phenols.>

TBDMSH, 10% Pd—C.*' This method has been used to study the disilylation
of a variety of monosacharrides. The major isomer is the 3,6-bis-TBDMS
derivative, with the remainder being primarily the 2,6-derivative.>?

TBDMSH, [RuCL(p-cym)]>, CH,Cl,, 50°C, 6 h, >95% yield.”
TBDMSH, Cl,(PCys),Ru=CHPh, 45°C, 6 h, 95% yield.>*
TBDMSOH, PhsP, DEAD, THF, —78°C, 68-85% yield.®

Ph,P-TBDMS, DEAD, CH,Cl,, rt, 5 min, 68§-95% yield. The method works
for 1°, 2° and 3° alcohols and phenols. It can also be used to introduce the
TES and the TIPS groups.*®

TBDMSH, THF, TBAF, rt, 1 h, 97% yield. Other silanes react similarly,57
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30. The following schemes represent some interesting examples where the TBDMS
group is introduced selectively on compounds with more than one alcohol.

OH TBDMSC], Pyr (_)TBDMS
: P(O)(OED, DME, 20°C : P(OYOEL),

: 66-83% :
Meo/ij'/\;I MeO OH Ref. 58
(E)H NHBOC OH NHBOC

o v OBn TBDMSC], Im X OBn

z R (@) =
%’ 0 OH DME 1t, 24 h %/ 0  OTBDMS
95% Ref. 59

OH OH OTBDMS
TBDMSCI +
\HV/\COZI-Bu i — \/'\/\COZr—Bu ﬁ)\/ﬁcoz,_gu
OH DMARCH:C GrppMs OH
56% 11% Ret. 60
HO HO
= SO,Ph B SO,Ph
Or TBDMSCI, Im @/
——
bl DMEF, >79% \
HO TBDMSO Ref. 61

From these examples, it appears that with the reagent TBDMSCl-Im-DMF,
the acidity of the alcohol plays an important role in determining the regio-
chemical preference of hydroxyl protection. In the case of 1,2-diols with simi-
lar steric requirements, it appears that when using imidazole as a base, the
least acidic hydroxyl is silylated. This may not be the kinetic result, since
imidazole has been shown to cause silyl migration.'® The use of less basic
amines tends to give the kinetic result because these are not as prone to pro-
mote silyl migration. The section on the migration of silyl groups should be
consulted. Given this, the following result is counterintuitive, but it may be
conformationally driven.%?

TBDPSO

—20°C, 45 min, 70%
- R =H, R =TBDMS

‘OTBDMS  15pMsOT, 2.0 eq.

2,6-lutidine, 5.0 eq.

R=TBDMS,R’=H

-78°C, 77%
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1. NaOH, THF
2. TBDMSCI
HO(CHy),OH ~—————s  HO(CHy),OTBDMS )
54— 90% Ref. 63, 64
RO RO
o U TBDMSCL THF W/O U
AgNOs, DABCO |

B — e —

94%

HO OH TBDMSO OH
R = DMTt or TBDMS Ret. 65
HO TBDMSO
oy TBDMSC], Pyr 0
AgNO3, 90%
HO OH HO OTBDMS  Ref 65

TBDMSC], Pyr

AgNOy TBDMSO,
—— A
HO O

o) 2 RO +3,5"-isomer
HO 7 N—o-

e OH

O e 94% 3%
TBDMSCI, AgNO4
5% 90% Ref. 66

The following alcohol could not be silylated using conventional conditions. The use
AgNO; made silylation possible.’’

:OH SOTBS oH oH

N\ TBSCl, AgNO, TBSCl, AgNO,
S S . S S
DABCO, THF Pyr, THF, 1t
BS 1t

OTBS OT] OH 56% at 62% conv. OTBS

40% 49%
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Cleavage

The following tables give a comparison of the stability of various silyl ethers to acid,
base, and TBAF. The reported half-lives vary as a function of environment and acid

or

base concentration, but they serve to help define the relative stabilities of these

silyl groups.



ETHERS

Half-Lives of Hydrolysis of Primary Silyl Ethers'
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Half-Lives Half-Lives
Silyl Ether 5% NaOH-95% MeOH 1% HCI-MeOH, 25°C
n-CsH;OTMS =1 min =1 min
n-CsH;0Si-i-BuMe, 2.5 min =1 min
n-CsH;:OTBDMS Stable for 24 h =1 min
n-CsH;OMDPS =1 min 14 min
n-CsH;OTIPS Stable for 24 h 55 min
n-CsH;OTBDPS Stable for 24 h 225 min

Half-Lives of Hydrolysis of Primary Silyl Ethers’: Comparison of Trialkylsilyl vs.

Alkoxysilyl Ethers

Half-Lives Half-Lives
Ether with BuyNF with 0.1 M HCIO,
n-C,H,;OTBDMS 140 h 14h
n-C,H,;0TBDPS 375 h =200 h
n-C,H,50SiPh,(O-i-Pr) <0.03h 07h
n-C>H,50S8iPh,(O-#-Bu) 58h 17.5h
n-C>H,s0Ph(-Bu)(OMe) 22h 200 h

1. BwuNF, THF, 25°C, 1 h, >90% yield.3 Fluoride ion is very basic, especially

TBDMSO

under anhydrous conditions, and thus may cause side reactions with base-sen-
sitive substrates.* The strong basicity can be moderated by the addition of
acetic acid to the reaction, as was the case in the following reaction, where all
others methods failed to remove the TBDMS group.’

TBDMSO OH

TBAF, AcOH

——

“n 7 days, 37%

HO

TBDMSO""
HO

Commercial TBAF is known to contain water, but the water content seems to
vary from lot to lot. This variation in water concentration was determined to
be the cause for the often ineffective cleavage of TBDMS groups of ribosyl py-
rimidine nucleosides. Interestingly, the cleavage of ribosyl purine nucleoside
is not affected by the water content. In order to ensure consistency in depro-
tection in this case, the reaction should be run with molecular sieve-treated
TBAF, which results in a water content of 2.3%.% It is also known that the
addition of 4-A ms increases the rate of TBAF-induced deprotection’ and



198

2.

3.

4.

PROTECTION FOR THE HYDROXYL GROUP, INCLUDING 1,2- AND 1,3-DIOLS

occasionally prevents decomposition.® No attempt should be made to dehy-
drate TBAF, because it results in decomposition to tributylamine and HF, ",
but anhydrous TBAF can be prepared by the addition of BuyNCN to hexafluo-
robenzene in THF, CH;CN, or DMSO at or below rt.> ArOTBDMS ethers can
be cleaved in the presence of alkylOTBDMS ethers a process that is covered
in two excellent reviews.'® Similarly, allyl TBDMS ethers have been cleaved in
the presence of alkyl TBDMS ethers.!! The insolubility of Bu,NCIO, in water
has been used to advantage in the workup of reactions that use large quanti-
ties of TBAF.'? Long-range stereoelectronic effects are seen in the rate of silyl
ether cleavage, as shown by the TBAF-induced cleavage rates for the following
three ethers'>:

. \&bOTBDMS 150

15.4 % 107 min™’ 4.3 x 107 min™’ 1.3 x 107 min™!

OTBDMS  TsO OTBDMS

4-Methoxysalicylaldehyde-BF;, CH,Cl,, 25°C. This method generates HF in
situ."* The following table gives the relative rates of silyl cleavage for three

Relative Rates of Silyl Ether Cleavage

BF;-Et,O TBAF BF;-Et,O
Protective Group CH,Cl,, rt THEF, rt Aldehyde, CH,Cl,
TBDMS 45 min 20 min 10 min
TIPS 45 min 15 min 10 min
TIBS 1h 15 min 15 min
ThxDMS 1.5h 25 min 15 min
TPS 15h 2.5h 20 min
TBDPS NR 50 min 20 min

TBAF, NH,F, THF, rt, 30 min, 63% yield. Ammonium fluoride was used to
buffer the basicity of TBAF.!S

(Me;N):S* F,SiMe;~ (TAS-F)'(’, DMEF, 73-98% yield. This is a very promis-
ing method that was demonstrated on a variety of complex and base-sensitive
substrates.!” This reagent also does not have the liability associated with re-
moving the n-Bu,N" from reaction mixtures. Teoc groups are also cleaved.
The addition of water is used to moderate the basicity of the reagent.'®

TAS-F, DMF o

0
)L S AMK/O 23°C Me o
Ar o - )X\S
- . 68% Ar 0.
\—A/ NHTeoc m NH,

OTBS OH
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Note enone

Sformation
OH OH O OBz
TBAF, THF :
— H “ : N
23°C, 50% Me Me Me OMe

TAS-F, DMF

H,0, 23°C Me,,

HO

5. KF, 18-crown-6."°
6. KF-ALOs, CH:CN, 0°C, 2 h, 60% yield.?
OMe

cl

0

KF - Al,O5
OTBS — « R=H
fo} - o CH4CN, ({3°C, 2h
N 60%
N -~ N ~NMeCbz
o H o H
o]
NH,

OTBS

7. BuNCl, KF-H,0, CH;CN, 25°C, 4 h, 95% yield.?! This method generates
TBAF in situ and is reported to be suitable for reactions that normally require
anhydrous conditions.

8. Ag. HF, CH;CN (5:95), 20°C, 1-3 h, 90-100% yield.22 This reagent will cleave
ROTBDMS ethers in the presence of ArOTBDMS ethers.'® This reagent can
be used to remove TBDMS groups from prostaglandins.

9. Pyridine-HF, THF, 0-25°C, 70% yield.?* Cyclic acetals and THP derivatives
were found to be stable to these conditions.?* A primary TBDMS can be cleaved
in the presence of a secondary TBDMS.? In the following reaction, if excess
pyridine was not included as a buffer, some acyl transfer was observed.?®

AcO OAc AcO OAc

HF - Pyr HO

O R
Pyr = g

HO CO,t-Bu HO CO,t-Bu
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10. 57% HF in urea.”’

11. Et;N-HF, cyclohexane, rt, 30 min.”® The use of Et;N-3HF was recommended
for the desilylation of nucleosides and nucleotides.”

12. NH4F-HFE, DMF, NMP, 20°C, 90-98% yield. These conditions were devel-
oped to remove the TBDMS group from the sensitive carbapenems.*’

13. NH,F, MeOH, H,0, 60-65°C, 65% yield.>"%2 Selectivity for primary TBDMS
ethers has been observed with this reagent.*®

14. Selectivity in the cleavage of a primary allylic TBDMS group was achieved
with HF/CH;CN in the presence of a more hindered secondary TBDMS
34
group.

TBDMSO.,,

HF, CHACN
— s R=H
—20°C, >85%

R = TBDMS

Pv = pivaloyl

15. Selective cleavage of a secondary TBDMS ether in the presence of a some-
what more hindered one was achieved with Bu,NF in THE*

CO;Me  BU:NETHF

H [¢)
0O N; )<O OTBDMS rt, 90%

S0
© X

R =TBDMS

16. SiF,;, CH;CN, 23°C, 20 min, 94% yield. This reaction is faster in CH;CN;
tertiary and phenolic TBDMS groups react much more slowly,***” but can
be cleaved with this reagent.® In another example a 3° TBDMS ether was
cleaved.®

17. H,SiFs, TEA, CH3CN, >70% yield. TIPS groups are fairly stable to these
conditions.*°

18. (BF;-Et,0)—BuyNFE. This reagent is selective for TBDMS ethers in the pres-
ence of TIPS and TBDPS ethers.*!

19. CsF, CH:CN, H,0, reflux.*

20. Zn(BF.)2, H2O, rt, 2-24 h, 80-96% yield. Phenolic ethers required heating
for cleavage to occur and the TBDPS ether was completely stable.*3
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21

22.

23.

24,
25.

26.

27.
28.

TBDMSO,

AcOH, H,O, THF (3:1:1), 25-80°C, 15 min to 5 h.? Selective cleavage of a
primary TBDMS group was achieved with acetic acid in the presence of a
secondary TBDMS group.*

BOCNH OTBDMS BOCNH OTBDMS
RS AcOH, H,0 S

OTBDMS j\/OH
O& THE, 15 h, 30°C OJ\O

(6]

Dowex 50W-X8, MeOH, 20°C.* Dowex 50W-X8 is a carboxylic acid resin,
H™ form.

Low-loading alkylated polystyrene-supported sulfonic acid, water, 40°C, 12—
24 h, 76-94% yield. A tertiary TBDMS ether was not cleaved. A TBDMS can
be cleaved in the presence of a TBDPS ether. TIPS, TBDPS, OTr, OMOM
ethers, and an acetate can all be cleaved, but the authors do not indicate rela-
tive rates.*

TsOH (0.1 eq.). THE. H,O (20:1), 65% yield.*’

Pyridinium p-toluensulfonate, EtOH, 22-55°C, 1.2-2h, 80-92% yield.48 These
conditions were used to remove cleanly a TBDMS group in the presence of a
TBDPS group or a primary TBDMS group in the presence of secondary.®
HCO,H, THF, H;O, 82% yield. In this case all fluoride-based methods
failed.>® This may be do to the potential for this system to undergo a retro
Claisen condensation with the often basic fluoride reagents.

HCO,H :
THF, H,0

82%

In the case of oligonucleotides, the phosphate has been shown to increase
the rate of formic acid induced TBDMS hydrolysis by internal phosphate
participation.>!

1% concd. HCI in EtOH.*"**

1 N aq. periodic acid in THF was found effective when numerous other meth-
ods failed.”
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29.
30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

PROTECTION FOR THE HYDROXYL GROUP, INCLUDING 1,2- AND 1,3-DIOLS

H,S0,.>* A silica based sulfonic acid has also been developed.55

Oxone, 50% aqueous MeOH, 75-92% yield. This method is selective for pri-
mary TBDMS ethers.>

NalO,, THF, H,O, rt, 1-2 h, 90-94% yield. This method also removes the
TMS, TES, TIPS, and TPS groups effectively, but does not cleave a TBDPS
group cleanly.”’

Trifluoroacetic acid, H,O (9:1), CH,Cl,, rt, 96 h.3® In the following riboside
the selectivity is more likely the result of the reduced basicity of the OTBDMS
group adjacent to the carbonyl oxygen rather than steric differences associated
with the two ethers. Similarly, a glycosidic TBDMS group was retained,
whereas a primary TBDMS group was cleaved with TFA. In that case also, the
glycosidic oxygen is less basic and would be less susceptible to acid-catalyzed
cleavage.® The use of TFA:H,O:THF in a ratio of 1:1:4 was recommended for
primary TBDMS removal in multisilylated nucleosides (85-99% yield).”"

NH, NH,
N¥ i N\ N¥ | N\>
s N> TFA, H40, 0° N N
N’ N
TBDMSO—, " O 037% HO o)
0o OTBDMS 0 OTBDMS

Trichloroacetic acid similarly deprotects the primary 5“TBDMS in the pres-
ence of the secondary TBDMS ethers.*”?

0.5% Phosphomolybdic acid supported on silica gel, THF, rt, 92-99% yield.
Phenolic TBS ethers are cleaved much more slowly.®

Nafion-H, Nal, MeOH, 73-99% yield.(‘4

AcCl, MeOH, 0-5°C, rt, 3—-15 min, 80-98% yield.(’5 TBDPS ethers are also
cleaved but much more slowly (2—4 h) This combination of reagents is well
known to produce HCIL.

NiCl,, HSCH,CH,SH, MeOH, CH,Cl,, rt, 65-99% yield.*

TMSCI, wet CH;CN, 2-21 h, rt, 78-94% yield. Phenolic TBDMS ethers are
unaffected.”’

SbCls, wet CH;CN, rt, 85-95% yield. Phenolic TBDMS ethers are cleaved
along with TBDMS esters and amines.*

Decaborane, THE, MeOH, 1-12 h, rt, 90-98% yield. A triphenylsilyl (TPS)
ether is cleaved, but TBDPS, TIPS, and Tr ethers were stable.%

BiBr;, wet CH;CN, rt, 72-94% yield. Phenolic TBDMS ethers were stable to
these conditions.™

(n-Bu)},NBr; (0.1 eq.), MeOH, rt to reflux, 92-99% yield. Phenolic ethers
required heating to reflux to get cleavage. The relative order of stability for
various ethers is as follows: phenolic TBDMS > 1° TBDMS > 2° TBDPS > 2°
OTHP > 1° OTHP > 1° TBDMS > 1° ODMT."
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42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

NBS, DMSO, H,0, rt, 17 h.* A trisubstituted steroidal alkene was not af-
fected by these conditions. These conditions have been used to cleave a pri-
mary TBDMS ether in the presence of a secondary TBDMS ether.”
Bromine, MeOH, 20-360 min, reflux, 64-99% yield. TBDPS ethers are also
cleaved but can be retained if the reaction is conducted at rt.7*

IBr, MeOH, 1-12 min, 80-95% yield. The TBDPS was stable.”

CBry, MeOH, reflux, 83-95% yield. TIPS and TBDMS ethers are also
cleaved.”® Using photolysis77 at rt or using sonication,” primary TBDMS
ethers were efficiently cleaved in the presence of secondary TBDMS ethers.
This method also removes O-trityl groups.

Methanol, CCl,, ultrasonication, 40-50°, 90-96% yield.79 Phenolic TBDMS
and TBDPS ethers are stable.

Acetonyltriphenylphosphonium bromide, MeOH, 7 minto 6 h, 70-95% yield. Phe-
nolic TBDMS ethers are preserved during cleavage of alkyl TBDMS ethers.%
I,, MeOH, 65°C, 12 h, 90% yield.81 PMB ethers are also cleaved, but benzyl
ethers are stable. Phenolic TBDMS ethers are stable.’?

Catalytic NIS, MeOH, rt, 69-100% yield. Phenolic TBDMS ethers are inert.%
Sc(OTf);, CH;CN, H,O, rt, 1 h, 91-98% yield. Phenolic TBDMS ethers were
stable to these conditions.®* TBDPS and TIPS ethers could be cleaved if the
reaction time was extended to 24 h.

Ce(OTf¥),, THF, H,0, 38-95% yield. Phenolic derivatives are slowly cleaved,
but phenolic TBDPS ether is stable.®

CeCl;3+7H,0, Nal, CH;CN, rt or reflux, 87-99% yield. Secondary derivatives
are cleaved at reflux, whereas primary derivatives are cleaved at rt. The TB-
DPS and TIPS ethers are cleaved more slowly.*

BiCl;, Nal, CH;CN, rt, 30-120 min, rt, 70-86% yield.87 The phenolic TB-
DMS ether is stable.

Bi(OTf);, MeOH, 90-95% yield. The use of BiCl; or Bi(TFA); does not
cleave the TBDMS group, but they do cleave the TMS group.®®

InCl;, wet CH;CN, reflux, 75-93% yield. Phenolic TBDMS, TBDPS, and
alkyl TBDPS ethers are stable.®

CuCl,-H,0, acetone, H,O, reflux, 80-99% yield. A TBDPS ether was also
cleaved.”

BF;-Et,0, CHCl,, 0-25°C, 15 min to 3 h, 70-90% yield.”' CH,CN is also an
effective solvent.”” This method has been used when TBAF and HF/CH;CN
failed do to ester hydrolysis.”?

BuySn, O(NCS),, MeOH, reflux, 16 h, 70% yield.94 This reagent also cleaves
ketals and acetals, 77-97% yield.

i-Bu, AlH, CH,Cly, 25°C, 1-2 h, 84-95% yield.*>

Z1Cly, dry CHiCN, rt, 20—-45 min, 76-95% yield.% In the presence of Ac,O
acetates are formed and THP ethers are also converted.”” The TBDMS group
is cleaved selectively in the presence of the TBDPS group.*®
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61. BH;-DMS, TMSOTf, CH,Cl,, —78°C, 70% yield.gg Esters and acetals also
react with this combination of reagents.

62. SnCl,, FeCls, Cu(NO3), or Ce(NO3); CH:CN, 1t, 5 min, 95% yield.'"”” TBDPS
ethers can also be cleaved with prolonged reaction times (3 h, 85-93% yield), but
can be retained during the cleavage of a primary TBS ether. With SnCl,-2H0,
primary TBS ethers are cleaved in the presence of secondary derivatives and
phenolic TBS ethers are retained during the cleavage of a primary TBS ether.'

63. Me,BBr.'”

64. BCl;, THF, 65-83% yield. The primary TBDMS ether was selectively cleaved
from a series of persilylated carbohydrate derivatives.'"

65. LiBF,, CH:CN, CH,Cl,, 40-86% yield.'** In this case, Bu,;NF or acid failed
to remove a primary TBDMS group from a steroid.

66. LiBr, 18-crown-6.' Selectivity for primary derivatives was achieved.

67. TMSOTf, CH,Cl,, 0°C, 5 min, then neutral alumina, 92% yield.'”*!” TBDPS
groups are stable to these conditions.

68. LiCl, H,O, DMF, 90°C, 81-98% yield.'"®

69. DMSO, P(MeNCH,CH,):N, 80°C, 19-36 h, 68-94% yield. Phenolic deriva-
tives are also cleaved.'®

70. KO,, DMSQ, DME., 18-crown-6, 50-85% yield.!'’

71. LiOH, dioxane, EtOH, H,0, 90°C, 83% yield.""!

OTIPS OTIPS
LiOH, dioxane
P ———
| EtOH, H,0 .
ENO) OTBS  ov°c, 83% Y OH
OMe OMe

72. The loss of the TBDMS group during L1AlH, reductions has been observed
in cases where there is an adjacent amine or hydroxyl.!'2

73. In this case, cleavage of the primary TBDMS group is attributed to the pres-
ence of the 2-hydroxyl, since in its absence the cleavage reaction does not

proceed.!®
O O
O;\ O;\
RO \\ o N KoCOy, MeO ~ HO o N
R ]
OH 2 days, 1t oH
OTBDMS OTBDMS

R = TBDMS or TBDPS

74. The oxidative deprotection of silyl ethers such as the TBDMS ether has been
reviewed for years prior to 1997.!4
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75.

76.

N-Hydroxyphthalimide, O,, Co(O,C(CH;)sCH;, CH;CN, 86-95% yield.
This method converts either a TBDMS or a TMS ether directly to an alde-
hyde or ketone.''>

DDQ, CH;CN, H,0."® These conditions normally cleave the PMB group se-
lectively in the presence of a TBDMS group,!"” but in the case of an allylic
derivative below the alcohol was oxidized directly to an aldehyde.!'® This
reaction has some generality in that other electron-rich substrates as well as a
TES ether are similarly oxidized. It is also selective in that PMB ethers sur-
vive.!'? It should be noted that in the presence of protic solvents, DDQ forms
acidic adducts which are probably responsible for the hydrolysis.'?’

PMP

\s,/ DDQ, CH»Cl»,

i -
70 orps ———————= R=CHO
- pH 7 buffer, 0°C,

MeO 10 min, 92%
R = CH,OTBDMS
by
o 0 DDQ, CHyCls,
/\)\ 2.~ R R=CHO
PMBO™ l/w pH. 7 buffer, 0°C,
10 min, 92%
R = CH,OTBDMS
77. Quinolinium fluorochromate, DMF, rt, 15 h, 64-92% yield.!”!

78.
79.

80.

3 eq. -BuOOH, 1.2 eq. MoO,(acac),, CH,Cl,, 50-87% yield.'*

0.01 eq. PACL(CH;CN),, acetone, rt, 99% yield.'*>'?* Additionally, acetals
are cleaved with this reagent, but the TBDPS, MEM, and THP groups are
completely stable.

Ceric ammonium nitrate, MeOH, 0°C, 15 min, 82-95% yield.125 Dioxolanes
and some THP ethers are not affected, but in general, with extended reaction
times, THP ethers are cleaved. Silica gel-supported CAN was found to be ad-
vantageous for the deprotection of nucleosides and nucleotides with primary
TBS groups cleaved in preference to secondary derivatives. The TIPS group
can also be cleaved by this method.*® This method was found effective where
more traditional methods failed.'?’

OTBS OTBS

H
0. can,1pA
B
— 86%

OTBS
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1.
82.

83.
84.

85.

86.

&7.
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Ph;CBF,, CH;CN, CH,Cl,, rt, 60 h.!%®

During an attempt to metalate a glycal with -Bul.i, it was discovered by deu-
terium labeling that a TBDMS ether can be deprotonated.!?*!3

Lewatit 500, MeOH, 96% yield."*!

DMSO, H,0, 90°C, 79-87% yield. These conditions are only effective for pri-
mary allylic and homoallylic, primary benzylic, and aryl TBDMS ethers.'?
AlLOs, H,O, hexanes, 81-98% yield. These conditions are selective for the
primary derivative. TBDPS and TMS ethers are also cleaved.'® The use of
alumina in a microwave oven is also effective (68-93% yield).134

PdO, cyclohexene, methanol, 30 min for a primary ROH, 90-95% yield. Sec-
ondary alcohols require longer times. The primary TBDPS and TIPS groups
are cleaved much more slowly (18-21 h). Benzylic TBDMS ethers are cleaved
without hydrogenolysis.!*

Pd-C, MeOH, H,, 71-99% yield. In solvents other than MeOH, TBDMS
ethers are quite stable, but the addition of H,O does increase the rate of cleav-
age. TES and TPS ethers are also cleaved, but TIPS and TBDPS ethers are
stable. A phenolic TBDMS ether is also stable even with MeOH as the sol-
vent.!*® With Pd—C(ethylenediamine) as a catalyst, TBDMS ether cleavage is
completely suppressed.'®” This has led to a study of a variety of Pd—C cata-
lysts which has shown that the likely mechanism for cleavage of silyl ethers is
a result of residual acid in the catalyst. Stirring a variety of Pd—C catalysts in
H,O results in a pH range of 2.88—6.28. This would also account for the vari-
ability observed in the literature for the hydrogenolysis of various silyl ethers.
Only with the TES ether is there any indication that the cleavage occurs by
hydrogenolysis, with others being the result of acid catalyzed hydrolysis.'

Conversion of the TBDMS Group to Other Derivatives

1.

AcBr, CH,Cl,, rt, 20 min, 90% yield. These conditions convert the TBDMS
ether into the acetate. Benzyl and TBDPS ethers are stable, except when SnBr,
is included in the reaction mixture, in which case these groups are also con-
verted to acetates in excellent yield.'”

. AcyO, Cu(OTf),, CH,Cly, 2-24 h, 1t, 60-93% yield. THP and TBDMS groups

are converted to acetates. MEM groups react but do not give clean products.'’

The ionic liquid, [bmim]Cl and FeCl; in the presence of Ac,O, has been used
to convert a TBDMS ether into an acetate.'*!

. BzBr, Zn(OTf),, CICH,CH,Cl, 10-30 min, 9-98% yield. The benzoate is

formed from TBDMS, Bn, and anomeric 4-methoxyphenyl ethers.!*?

. Treatment of a primary TBDMS group with Ph;P and Br, converts it to a pri-

mary bromide.'**

. Silica chloride, Nal, CH;CN, rt, 76-92% yield. This method converts TMS,

THP, and TBDMS ethers directly to the iodide.'**

. POCl;, DMF, 3-14 h, 0°C, 60-98% yield.'*> TES ethers are also converted.
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t-Butyldiphenylsilyl Ether (TBDPS—OR): #BuPh,SiOR (Chart 1)

The TBDPS group is considerably more stable (=100 times) than the TBDMS group
toward acidic hydrolysis. The TBDPS group is less stable to base than the TBDMS
group. The TBDPS group shows greater stability than the TBDMS group to many
reagents with which the TBDMS group is incompatible. The TBDMS group is less
prone to undergo migration under basic conditions.! TBDPS ethers are stable to K,COs/
CH;0H, to 9 M NH,OH, 60°C, 2 h, and to NaOCHj (cat.)/CH;0H, 25°C, 24 h. The
ether is stable to 80% AcOH, used to cleave TBDMS, triphenylmethyl, and tetrahydro-
pyranyl ethers. It is also stable to HBi/AcOH, 12°C, 2 min, to 25-75% HCO-H, 25°C,
2-6 h, and to 50% aq. CF;CO,H, 25°C, 15 min (conditions used to cleave acetals).2 It
was the only protective group stable to B-I-9-BBN in an iodoboration of an acetylene.

Formation

1. TBDPSCY, imidazole, DMF, rt. This is the original procedure used to intro-
duce this group and is also the most widely employed method.

2. TBDPSCl, DMAP, Pyr* Selective silylation of a primary hydroxyl was
achieved under these conditions.

3. TBDPSCL, N(CH,CH,NMe);P, DMF or CH:CN, TEA, 37-99% yield. This
system was effective at silylating hindered alcohols.>

4. TBDPSCI, DMAP, triethylamine, CHZCIZ.(’ This combination of reagents was
shown to be very selective for the silylation of a primary hydroxyl in the pres-
ence of a secondary hydroxyl.

5. TBDPSCI, poly(vinylpyridine), HMPT, CH,Cl,.

6. TBDPSCI1, CH,Cl,, DIPEA, rt, 2 h, 95% yield.8 The selective monosilylation
can also be achieved in DMF as the solvent; in this the DIPEA is only partially

soluble and slowly delivers the base to the reaction mixture.’
TBDPSCI, CHyCl,

A -OH ~_~_~OTBDPS
HO HO

DIPEA, rt,2h
95%
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7. TBDPSC1, NH,NO, DMF, 72-96% yield.10 This reagent can be used to avoid
benzoyl group migration that can occur under more basic conditions.'

8. TBDPSOTY, 2.6-lutidine, CH,Cl,.!2

EdaN
“~0 o
fo) N
TBDPSOT{
[ —— OP O
OPv OH NH 2,6-lutidine Y
CHyCl, TBDPSO g ©

o

9. TBDPSCI, AgNO;, Pyr, THF, rt, 3 h, 70% yield.'>* The addition of AgNO;
increases the rate of silylation. It appears that the more acidic alcohol is the
most reactive by this method.

axial ( equatorial
( OH OTBDPS
HO TBDPSCL, AgNO;  HO
Pyr, THF, rt, 3 h .
0" ""OCH; 0% 0™ "“OCH,

OH - TBDPSCI, AgNO3 TBDPSO  :

A~ OPMB — /\/\/
+-Bu0O,C : THE, Pyridine, 0°C +~Bu0,C OPMB
OH 85% OH

10. It is possible for the TBDPS group to participate in cationic reactions by a
phenyl transfer as illustrated.'>

BOC
i
N BnOH MS4A
QMOH
Kl() Clay
/Ph CH>Cl, rt, 1h
O‘S|i~Ph 0*51 Ph 0“51 OBn
+-Bu I—Bu I Bu

26% 36%

Cleavage

1. BwNF, THF, 25°C, 1-5 h, >90% yield.

2. BuNF, AcOH, H,O, DMF, 89% yield. These conditions cleave a TBDMS
ether in the presence of a TBS ether.'®

3. NH,E"

4. Pyr-HF, THF."® When the reaction is conducted under high pressure (1.0 GPa),
it proved to be very effective for cleaving hindered TBDPS ethers.!”

5. HF, CH;CN.?
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6. [(Me;N);S][Me;SiF;], CH:CN, reflux, quant. or (BuyN)(Ph;SiF,), CH;CN,
reflux, 84% yield. Use of HF-pyridine resulted in formyl acetal formation by
participation of an adjacent MOM ether.?!

OMOM OMOM

TBDPSO,,,

-0 [(MeoN)3S| [ Me3SiFs)
quant.

7. Amberlite 26 Fform.

8. 3% methanolic HCI, 25°C, 3 h, 71% yield.' In benzoyl-protected carbohy-
drates this method gives clean deprotection without acyl migration.?

9. Br;, MeOH, reflux, 64-99% yield. TBS ether are cleaved at rt in preference
to TBDMS ethers.”

10. BF;-Et,0, 4-methoxysalicylaldehyde.’* The relative rate of cleavage of the
TBDPS ethers of the following alcohols is PhnCH,CH,O-, propargylO-, BnO-,
menthol, PhO- (20 min, 45 min, 1.5 h, 5h, 8 h).

11. 5 N NaOH, EtOH, 25°C, 7 h, 93% yield.! TBDMS ethers are stable’>*® and
in some cases a sterically congested TES group will also survive NaOH
(DMPU, H,0, 60% yield).”’

OTBS
OTBS

: : HO = _OPMB
TBDPSO.__ A~z *__~OPMB NaOH, MeOH T

—_— 0.0

(:) (:) reflux, 72% 7(

OTBDPS

NaOH, DMPU, H,0
B

60%

In the following case, there was no indication of any Payne rearrangement of
the epoxy alcohol.?®
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—_

(98]

hd

© ® =

10.
11
12.

13.

14.
15.
16.

17.
18.

H oo H o

g NaOH, EtOH, 50°C

<7 NOTBDPS. 7™ oH
BusSn O H >80% BusSn O, H

TIPS TIPS

12. 10% KOH, CH;OH.”
13. KO,, DMSO, 18-crown-6.!

14. LiAlH, has resulted in the cleavage of a TBDPS group, but generally,*3!
TBDPS ethers are not affected by LiAIH,.

OTBDPS OH

H LiAlH4 = NH,
(\CONH2 — (\/
CO,Me CH,OH

15. NaH, HMPA, 0°C, 5 min; H,O, 83-84% yield.32 These conditions selectively
cleave a TBDPS ether in the presence of a -butyldimethylsilyl ether.

16. Alumina.>
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Tribenzylsilyl Ether: ROSi(CH,C¢Hs); (Chart 1)
Tri-p-xylylsilyl Ether: ROSi(CH,C¢H,—p-CHs3),

To control the stereochemistry of epoxidation at the 10,11-double bond in intermedi-
ates in prostaglandin synthesis, a bulky protective group was used for the C;s—OH
group. Epoxidation of the tribenzylsilyl ether yielded 88% «i-oxide; epoxidation of
the tri-p-xylylsilyl ether was less selective.!

Formation
CISi(CH,C¢Hy-p-Y); (Y = H or CH;), DMF, 2,6-lutidine, —20°C, 24-36 h, 90—
100% yield.!

Cleavage

1. AcOH, THF, H,0, (3:1:1), 26°C, 6h — 45°C, 3h, 85% yield.!
2. Many of the fluoride-based reagents found in the TBDMS section will cleave
this ether.

1. E.J. Corey and H. E. Ensley, J. Org. Chem., 38, 3187 (1973).

Triphenylsilyl Ether (TPS—OR): ROSiPh;

The stability of the TPS group to basic hydrolysis is similar to that of the TMS group,
but its stability to acid hydrolysis is about 400 times greater than the TMS group.'
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Formation

L. Ph;SiCl, Pyr.2

2. Ph;SiBr, Pyr, —40°C, 15 min.?

3. PhsSiH, cat.* KOH, 18-crown-6 has been used as a catalyst (57-100% yield).5
B(C¢Hs), is a very effective catalyst for this transformation.® It has also been
applied to the formation of other silyl ethers.

Cleavage
1. AcOH:H,0:THF (3:1:1), 70°C, 3 h, 70% yield.?
2. BuyNF’
3. NaOH, EtOH.”
4. HC13
5. HF-Pyr, THF, 1t, 99% yield.’
6. NaBF, or NaPFy, 0.5-16 h, 92-96% yield."”
7. Li, naphthalene, THF, 0°C. This system also works for other phenyl substi-

tuted silyl ethers."!
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Diphenylmethylsilyl Ether (DPMS—OR): Ph,MeSiOR

The DPMS group has stability intermediate between the TMS and TES (triethylsilyl)
groups. It is incompatible with base, acid, BuLi, LiAlH,, pyridinium chlorochromate,
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pyridinium dichromate, and CrOs/pyridine. It is stable to Grignard reagents, Wittig
reagents, m-chloroperoxybenzoic acid, and silica gel chromatography.'

Formation

1. Ph,MeSiCl, DMF, imidazole, 83-92% yield."
3. Ph,MeSiH, [RuCly(p-cym)]s, CHoCly, 25°C, 6 h, 95% yield.?

Cleavage

1. It can be cleaved with mild acid, fluoride ion or base.'

2. NaN;, DMF, 40°C, 80-93% yield.*

3. Photolysis at 254 nm, CH;OH, CH,Cl,, phenanthrene, 51-84% yield. These
conditions are selective for allylic and benzylic alcohols. In the absence of the
phenanthrene, TBDMS ethers are also cleaved.’

1. S. E. Denmark, R. P. Hammer, E. J. Weber, and K. L. Habermas, J. Org. Chem., 52, 165
(1987).

2. S. V. Maifeld, R. L. Miller, and D. Lee, Tetrahedron Lett., 43, 6363 (2002).

3. R.L. Miller, S. V. Maifeld, and D. Lee, Org. Lett., 6, 2773 (2004).

4. S. J. Monger, D. M. Parry, and S. M. Roberts, J. Chem. Soc., Chem. Commun., 381
(1989).
5. O. Piva, A. Amougay, and J.-P. Pete, Synth. Commun., 25, 219 (1995).

Di-#-butylmethylsilyl Ether (DTBMS--OR): (+-Bu);MeSiOR

Formation

1. DTBMSCIO,, MeCN, Pyr, 100% yield.!
2. DTBMSOTY, 2,6-lutidine, DMAP, 70°C, 87% yield.>

Cleavage

1. BF;-Et;,0, CH,Cl,; NaHCO;, H,0, 0°C, 30 min, 94% yield. CsF in DMSO
fails to cleave this group.!
2. 49% Aqueous HE, MeNQ,, 0°C, 24 h, 30% yield.2

1. T.J. Barton and C. R. Tully, J. Org. Chem., 43, 3649 (1978).
2. K. C. Nicolaou, E. W. Yue, S. La Greca, A. Nadin, Z. Yang, J. E. Leresche, T. Tsari, Y.
Naniwa, and F. De Riccardis, Chem. Eur. J., 1, 467 (1995).

3. R.S.Bhide, B. S.Levison, R. B. Sharma, S. Ghosh, and R. G. Salomon, Tetrahedron Lett.,
27, 671 (1986).
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Bis(¢-butyl)-1-pyrenylmethoxysilyl Ether

o. . t-Bu
Si~or

' l t-Bu

This group was developed as a fluorescent silyl protective group for oligonucle-
otide synthesis. It has excitation and emission wavelengths of 346 nm and 390 nm,
respectively, which are outside the range of the DNA-damaging wavelength of 254—
260 nm. It is prepared from the in situ prepared silyl chloride. It is stable to 0.01 M
HCl and 30% ammonia. It is cleaved with 0.1 M TBAF in 3 min at rt."

1. S. Tripathi, K. Misra, and Y. S. Sanghvi, Nucleosides & Nucleotides, and Nucleic Acids,
24, 1345 (2005).

Sisyl Ether [Tris(trimethylsilyl)silyl Ether]: [(CH;);Si]sSiOR

The sisyl ether is stable to Grignard and Wittig reagents, oxidation with Jones’ re-
agent, KF/18-crown-6. CsF, and strongly acidic conditions (TsOH, HCI) that cleave
most other silyl groups. It is not stable to alkyllithiums or LiAlH,.

Formation

[(CH;)3Si]5SiCL CH,Cl,, DMAP, 70-97% yield.!

Cleavage

1. TBAF, THF.?
2. Photolysis, MeOH, CH.Cl,, 62-95% yield.l
3. Relative rates for acidic hydrolysis of silyl ethers (aqueous THF and AcOH)

SiR, PhCH,CH,0SiR;  PhCH,OSIR, CsH,0SiR;
Si(SiMe;); 6.2 5.5 37
SiMe,t-Bu 1 1 1

1. M. A. Brook, C. Gottardo, S. Balduzzi, and M. Mchamed, Tetrahedron Lett., 38, 6997
(1997).
2. K. J. Kulicke and B. Giese, Synlett, 91 (1990).

3. M. A. Brook, S. Baladuzzi, M. Mochamed, and C. Gottardo, Tetrahedron, 55, 10027
(1999).
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(2-Hydroxystyryl)diisopropylsilyl Ether (HSDIS—OR)

Formation

The reagent is readily prepared by the addition of Me,NLi to the silyl chloride.'

R’
I .NMe, i _OR
2 SEL ROH, THF, tt, or 2SI,
m R reflux @ R
————
OH 72-95% yield OH
R’ =Me ori-Pr

Cleavage'

Photolysis at 254 nm, rt, 30 min, CH;CN, 75-92% yield. Cleavage occurs by
trans to cis isomerization followed by hydroxyl exchange to release the alcohol.
Cleavage of the naphthyl analog occurs at 350 nm.”

J/ fv, 350 nm, MeOH
S-St e = +ROH
86-94% _Si—[-Pr
OH (O]

I-Pr

1. M. C. Pirrung and Y. R. Lee, J. Org. Chem., 58, 6961 (1993).
2. M. C. Pirrung, L. Fallon, J. Zhu, and Y. R. Lee, J. Am. Chem. Soc., 123, 3638 (2001).

t-Butylmethoxyphenylsilyl Ether (TBMPS--OR): ~Bu(CH;0)PhSiOR

The TBMPS group has a greater sensitivity to fluoride ion than the TBDMS and
TBDPS groups, which allows for the selective cleavage of the TBMPS group in the
presence of the latter two. The TBMPS group is also 140 times more stable to 0.01
N HCIO, than the TBDMS group, thus allowing selective hydrolysis of the TBDMS
group. The group can be introduced onto primary, secondary, and tertiary hydroxyls
in excellent yield when DMEF is used as the solvent, and it can be selectively intro-
duced onto primary hydroxyls when CH,Cl, is used as solvent. The main problem
with this group is that when it is introduced onto chiral molecules, diastereomers
result that may complicate NMR interpretation.'

Formation/Cleavage'

+-BuPhMeOSiBr, B3N, CH,Cl, or DMF, 71-100%

ROH ROTBDMS

BuyNF, THF or acid
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In the following case, the TBMPS group was used to advantage to get reasonable
acid stability during the cleavage of 2° TBS group earlier in the synthesis and yet
allow removal under mild treatment with TBAF.2

OPv OH OPv
N7
TBAF | | I
——HO ~":707: 0
CICH,CH-C1 : H OMe
95% AN
OTBDPS

1. Y. Guindon, R. Fortin, C. Yoakim, and J. W. Gillard, Tetrahedron Lett., 25, 4717 (1984);
J. W. Gillard, R. Fortin, H. E. Morton, C. Yoakim, C. A. Quesnelle, S. Daignault, and Y.
Guindon, J. Org. Chem., 53, 2602 (1988).

2. D.R. Williams, M. P. Clark, U. Emde, and M. A. Berliner, Org. Lett., 2, 3023 (2000).

The DPTBOS group is considered a low-cost alternative to the TBDMS group with
comparable acid stability and retained sensitivity to fluoride ion.

Formation

DPTBOSCI, TEA, CH,ClL, rt, 98% yield.!

Cleavage

L. 0.01 M HCIO,.?

2. TBAF?

3. Na,S-9H,0, EtOH, rt, 12 h, 70% yield.?

4. TAS—F, H,0, DMF, 85% yield. In this case the TBS ether could not be cleaved
at a reasonable rate.*

1. L. F. Tietze, C. Schnieder, and A Grote, Chem. Eur. J., 2, 139 (1996).

2. J. W. Gillard, R. Fortin, H. E. Morton, C. Yoakim, C. A. Quesnelle, S. Daignault, and Y.
Guindon, J. Org. Chem., 53, 2602 (1988).

3. T. Schmittberger and D. Uguen, Tetrahedron Lett., 36, 7445 (1995).

4. D. A. Evans, H. A. Rajapakse, A. Chiu, and D. Stenkamp, Angew. Chem. Int. Ed., 41,4573
(2002).

1,1,3,3-Tetraisopropyl-3-[ 2- (triphenylmethoxy)ethoxy] disiloxane-1-yl Ether
{—Pr {—Pr
RO=si=0=si=OCHyCH,0CPhs
i-Pr  i-Pr
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This group was developed for the protection of the 5-hydroxyl for solid-phase RNA
synthesis. It is introduced with the silyl chloride, and pyridine and can be cleaved with
TBAF in THF. The trityl group introduces a chromophore for analytical purposes.'

1. 1. Hirao, M. Koizumi, Y. Ishido, and A. Andrus, Tetrahedron Lett., 39, 2989 (1998).

Fluorous Silyl Ethers: (C(,F]3CH2CH2)3Si*OR, C(,F13CH2CH2(i-PI‘)zsi70R,
CgF,CH,CH,(Ph)(#-Bu)Si—OR, (CgF;CH,CH,),CHO)(Ph)(Me)Si—OR, (CsF;CH
2CH;),CHO)(Ph),Si—OR, (CgF;7CH>CH>),CHO)(Ph)(#-Bu)Si—OR

These ethers have been prepared to use the “fluorous synthesis” technique. They are
introduced using the standard methods and can be cleaved with TBAF in THE.!?

1. H. Nakamura, B. Linclau, and D. P. Curran, J. Am. Chem. Soc., 123, 10119 (2001).
2. L. Manzoni and R. Castelli, Org. Lett., 6, 4195 (2004).

3. S.Rover and P. Wipt, Tetrahedron Lett., 40, 5667 (1999).

4. Z.1Luo, Q. Zhang, Y. Oderaotoshi, and D. P. Curran, Science, 291, 1766 (2001).

5. S. Tripathi, K. Misra, and Y. S. Sanghvi, Org. Prep. & Proc. Int., 37, 257 (2005).

Conversion of Silyl Ethers to Other Functional Groups

The ability to convert a protective group to another functional group directly without
first performing a deprotection is a potentially valuable transformation. Silyl-pro-
tected alcohols have been converted directly to aldehydes,"2 ketones,’ bromides,”*
acetates® and ethers® without first liberating the alcohol in a prior deprotection step.
The smaller sterically less demanding silyl ethers can often be oxidized to aldehydes
and ketones with reagents such as pyridinium chlorochromate.

1. G. A. Tolstikov, M. S. Miftakhov, N. S. Vostrikov, N. G. Komissarova, M. E. Adler, and O.
Kuznetsov, Zh. Org. Khim., 24, 224 (1988); Chem. Abstr., 110, 7162¢ (1989).
. I. Mohammadpoor-Baltork and S. Pouranshirvani, Synthesis, 756 (1997).
3. F.P. Cossio, J. M. Aizpurua, and C. Palomo, Can. J. Chem., 64, 225 (1986).
4. H. Mattes and C. Benezra, Tetrahedron Lett., 28, 1697 (1987); S. Kim and J. H. Park, J.
Org. Chem., 53, 3111 (1988); J. M. Aizpurua, F. P. Cossio, and C. Palomo, J. Org. Chem.,
51, 4941 (1986).

5. S. J. Danishefsky and N. Maatlo, J. Am. Chem. Soc., 110, 8129 (1988); B. Ganem and V.
R. Small, Jr., J. Org. Chem., 39, 3728 (1974); S. Kim and W. J. Lee, Synth. Commun., 16,
659 (1986); E.- F. Fuchs and J. Lehmann, Chem. Ber., 107, 721 (1974).

6. D. G. Saunders, Synthesis, 377 (1988).

(3]
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ESTERS

See also Chapter 5, on the preparation of esters as protective groups for carboxylic
acids.

Formate Ester: ROCHO (Chart 2)

Formation

1. 85% HCOOH, 60°C, 1h, 93% yield.' This method can be used to selectively
protect only the primary alcohol of a pyranoside.?

2. 70% HCOOH, cat. HCIO,, 50-55°C, good yields.?

3. CH:COQCHO, Pyr, —20°C, 80-100% yield.*® The related (CH;):CCO,-
C(O)H has been used similarly and has the advantage that no pivalate was
formed as is sometimes the case with the acetyl derivative.’

5. DMF, Cs,CO;, TBAL 100°C, 20 h, cyclohexyl bromide, 86% yield.g
6. 2.4,6-trichloro-1,3,5-triazine, DMF, LiF, CH,Cl,, rt, 15 min to 4 h, 76-100%
yield. Primary alcohols are formylated in the presence of secondary alcohols.!?
7. HCO,H, BF;-2MeOH, 90% yield."!
8. Ethyl formate, Ce(SO,),—silica gel, reflux 0.5-24 h, 90-100% yield.12
9. Methyl formate, HBr, 88% yield."®
10. B-Oxopropyl formate, DBN, 50-70°C, 3h, THF, 70-82% yield.14
11. From a silyl ether (TES, TBDMS, TBDPS, TIPS): Vilsmeier—Haack reagents,
10-85% yield." TIPS ethers give low yields.

Cleavage

1. KHCO;, H,0, MeOH, 20°C, 3 days.?

2. Dil. NH;, pH 11.2, 22°C, 62% yield.'(’ A formate ester can be cleaved selec-
tively in the presence of an acetate (MeOH, reflux)’ or dil. NH; (formate is 100
times faster than an acetate)'® or benzoate ester (dil. NH;).'®

1. H.J. Ringold, B. Loken, G. Rosenkranz, and F. Sondheimer, J. Am. Chem. Soc., 78, 816
(1956).

. L. X. Gan and R. L. Whistler, Carbohydr. Res., 206, 65 (1990).

. I. W. Hughes, F. Smith, and M. Webb, J. Chem. Soc., 3437 (1949).

. F. Reber, A. Lardon, and T. Reichstein, Helv. Chim. Acta, 37, 45 (1954).

. I. Zemlicka, J. Berdnek, and J. Smrt, Collect. Czech. Chem. Commun., 27, 2784 (1962).

. For a review on acetic formic anhydride, see P. Strazzolini, A. G. Giumanini, and S.
Cauci, Tetrahedron, 46, 1081 (1990).

. E. Vedejs and S. M. Duncan, J. Org. Chem., 65, 6073 (2000).
. J. Barluenga, P. J. Campos, E. Gonzalez-Nunez, and G. Asensio, Synthesis, 426 (1985).
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9. F. Chu, E. E. Dueno, and K. W. Jung, Tetrahedron Lett., 40, 1847 (1999).

10. L. De Luca, G. Giacomelli, and A. Porcheddu, J. Org. Chem., 67, 5152 (2002).

11. M. Dymicky, Org. Prep. Proced. Int., 14, 177 (1982).

12. T. Nishiguchi and H. Taya, J. Chem. Soc., Perkin Trans. I, 172 (1990).

13. H. Hagiwara, K. Morohashi, H. Sakai, T. Suzuki, and M. Ando, Tetrahedron, 54, 5845
(1998).

14. A. Kabouche and Z. Kabouche, Tetrahedron Lett., 40, 2127 (1999).

15. J.-P. Lellouche and V. Kotlyar, Synlett, 564 (2004); S. Koeller and J.-P. Lellouche, Tetra-
hedron Lett., 40, 7043 (1999).

16. C. B. Reese and J. C. M. Stewart, Tetrahedron Lett., 9, 4273 (1968).

Benzoylformate Ester: ROCOCOPh

The benzoylformate ester can be prepared from the 3-hydroxy group in a
deoxyribonucleotide by reaction with benzoyl chloroformate (anhydrous pyridine,
20°C, 12 h, 86% yield); it is cleaved by aqueous pyridine (20°C, 12 h, 31% yield),
conditions that do not cleave an acetate ester.'

1. R. L. Letsinger and P. S. Miller, J. Am. Chem. Soc., 91, 3356 (1969).

Acetate Ester (ROAc): CH;CO,R (Chart 2)

Formation
Methods Based on Base Catalysis

1. AcyO, Pyr, 20°C, 12h, 100% yield.l This is one of the most common methods
for acetate introduction. By running the reaction at lower temperatures, good
selectivity can be achieved for primary alcohols over secondary alcohols.” Ter-
tiary alcohols are generally not acylated under these conditions.

2. Ac,O or AcCl, Pyr, DMAP, 24-80°C, 1-40 h, 72-95% yield.3 The use of
DMAP increases the rate of acylation by a factor of 10*. These conditions will
acylate most alcohols, including tertiary alcohols. Although DMAP is a great
catalyst, the modifications embodied in catalysts 2 and 3 make them superior.*
The relative rates for the catalysts 1, 2, and 3 are 1:2.4:6.

LG s

TEA 3eq.

CDCl,, 20°C
1 (DMAP) 2 (4-PPY) 3 Cat.
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The use of DMAP (4-N,N-dimethylaminopyridine) as a catalyst to improve
the rate of esterification is quite general and works for other esters as well,
but it is not effective with hindered anhydrides such as pivalic anhydride.

. The phosphine i° (48-99% yield) and BusP® have been developed as active

acylation catalysts for acetates and benzoates.

/

SncioN
N

()

i

. Ac,0, pyridine—alumina, microwave heating, no solvent, 54—100% yield.

Phenols, thiols, and amines are also acylated.

. CH;COCl, CH,Cl,, collidine, 91% yield. A primary acetate was formed se-

lectively in the presence of a secondary. These conditions are suitable for a
Variety of other esters.®

lated by thl§ method.

. AcCl, Ag,0, cat. KI, CH,Cl,, 40°C, 60-99% yield. In some cases, this method

gives results that are complementary to the stannylene method. Selectivity, in
the esterification is dependent upon the configuration at the anomeric position
of a pyranoside.!’ Benzoates give similar results, but with tosylates the regiose-
lectivity is reversed in some cases.

Ph Ph

0
AcCl, K1, AgaO
(0]
HO

CH')C]') 92%

Ph Ph

&4 AcCIL K, AgaO OK
o]
CHaCla 96% IY‘/ OMe
c AcO /W

OH

o S
8. )L Nks NaH, 93% yield."" Primary alcohols are selectively acylated.
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Methods Based on Acid Catalysis

1.

CH,COCI neat or in CH,Cl,, ZrOCl,-8H,0,'? or BiOC1® 86-98% vyield.
Phenols, thiols, and amines are all readily acylated.

2. CH;COCI, 25°C, 16 h, 67-79% yield."*

10.

11.

12.

. The direct conversion of a THP-protected alcohol to an acetate is possible,

thus avoiding a deprotection step.'’

AcCl, AcOH
N o e N .
V' (cHyotHP % 91% V' (CHy):OAc

. Ac-imidazole, PtCL,(C,H,), 23°C, 0.5-144 h, 51-87% vyield."® Platinum(II)

acts as a template to catalyze the acetylation of the pyridinyl alcohol,
CsH4,N(CH;),CH,OH. Normally acylimidazoles are not very reactive acylat-
ing agents with alcohols.

. Ac,O, CH,Cl,, 15 kbar (1.5 GPa), 79-98% yield.17 This high-pressure tech-

nique also works to introduce benzoates and TBDMS ethers onto highly hin-
dered tertiary alcohols.

. The monoacetylation of alpha—omega diols can be accomplished in excellent
yield."
AcOH, H,S04, H,0
HOCH,(CH,),CH,OH AcOCH,(CH,),CH,OH
30 hto 1wk
60-90%

A monoacetate can be isolated by continuous extraction with organic solvents
such as cyclohexane/CCly. Monoacylation can also be achieved by ion ex-
change resin,'* HY-Zeolite,?® or acid-catalyzed® transesterification.

. AcOH, TMSCI, 81% yield.?
. AcOH, FeCl;, CH,Cl,, 81-99% yield. Acetonides, THP, TBDMS and TPS

ethers are converted directly to acetates.”®

. Sc(OTf);, AcOH, p-nitrobenzoic anhydlride24 or Sc(OTf);, Ac,O, 66% to

>95% yield. The lower yields are obtained with allylic alcohols, but propar-
gylic alcohols give high yields. Phenols are effectively acylated with this cat-
alyst, but at a much slower rate than simple aliphatic alcohols.?® The method
was shown to be superior to most other methods for macrolactonization with
minimum diolide formation.

Ac,O, cat. TMSOTY, CH,Cl,, 0°C, 0.5-60 min, 71-100% yield. This is a
more reactive combination of reagents than DMAP/Ac,O. Phenols are also
efficiently acylated by this method.?®

Ac,O, BF;-Et,0, THE, 0°C.> These conditions give good chemoselectivity
for the most nucleophilic hydroxyl group. Alcohols are acetylated in the pres-
ence of phenols.

Ac,O, HBF, absorbed on silica gel, neat, rt, 75-100% yield. Phenols, thiols,
and amines are also readily acylated.?®
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13.

14.

15.

16.
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A0, polystyrene-bound C4F,CH(Tf),, <<1h, >99% yield. Benzoyl esters
are formed when using Bz,0.%

A large number of metal salts have been used to activate Ac,O for the acyla-
tion of alcohols and phenols. At least with the triflates, a dual mechanism has
been demonstrated. In the first process, TfOH generated in sifu serves as a
very effective catalyst for very rapid acylation of the alcohol; the second, but
slower, process is catalyzed by the metal triflate.3° Although it is not clear how
far this can be extrapolated to the numerous other metal salts that have been
used to catalyze ester formation, it is likely that these too will participate in
an acid-induced catalytic cycle. The following is a compilation of many of the
metal salts that have been used for ester formation with Ac,O and Bz,O and
other anhydrides: Sc(NTf,); (CH;CN, 0°C, 1 h, 90-99% yield),>"*? Bi(OTf),
(CH:CN, 15 min to 3 h, 80-92% yield),**>7 Cu(OT¥), (0°C to rt, 66-99%
yield, a racemization free method“z),3g’39 LiOTf (neat, rt, 44-97% yield),40
In(OTf); (CHLCN, rt, 95-98% yield),* LiClO, (neat, rt, 4-48 h, 84-100%
yield),” Mg(ClOy), (neat, 1 min 7.5 h, 92-99% yield),* BiOCIO, (CH;CN,
10 min to 2 h, 79-100% yield),* AIPW ,0,, (neat, rt, 88—98% yield),* TaCls
(CH,Cl,, 1t, 40-80% yield),*® Sc(OTT); (neat, rt, 88—99% yield),*’ Ce(OTf);
(CH:CN, rt, 73-98% yield),*® RuCly (CH,CN, rt, 81-95% yield),* CoCl,
(69-100% yield). This method does not work for 3° alcohols).’*>! TMS ethers
can be converted directly to acetates using Sc(OTf); and Ac,0.

CeCls, Ac0O
B

THE, 94%

Ref. 53

Ac,0, Amberlyst 15, 77% yield. These conditions introduce an acetyl group
on oxygen in preference to the normally more reactive primary amine.>*
The amine is protonated, thereby reducing its reactivity. A number of other
solid acids have been used to catalyze acylations: yttria—zirconia (CH;CN,
reflux, 71-99% yield),> Montmorillonite clay (CH,Cl,, 28-98% yield),>®
Zeolite H-FER (neat, 75°C, 45-99% yield).57Amines and thiols are also
acylated. Zeolite HSZ-360 (neat, 60°C, 1-8 h, 84-100% yield),58 Nafion-
H (CH,Cl,, 2-24 h, 75-99% yield),59 4-A molecular sieves (neat, 1-24 h,
56-98% yield).*

AcO, YbCls, THF, 64-100% yield of the monoacetate from 1,2-diols.%

HOD Acs0, YBCl3, 92% ACOD

HO HO
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17.

18.
19.

VO(OTY),, Ac,0, CH,Cl,, 75-100% yield. Other esters can be formed by us-
ing other anhydrides. Thiols and amines and phenols are also acylated, but
tertiary alcohols are not reactive.”

AcO, I, 85-100% yield.(’3 Phenols and 3° alcohols are also efficiently acylated.
Ac,0, NBS, CH,Cl,, 84-98% yield.*

Methods Based on Transesterification

1.

AcOCFs, Et;N, DMF, 80°C, 12—60 h, 72-95% yield.(’5 This reagent reacts
with amines (25°C, no Et;N) selectively in the presence of alcohols to form
N-acetyl derivatives in 80-90% yield.

. Vinyl acetate or 2-propenyl acetate, toluene, Cp*Sm(THF),, rt, 3 h, 88-99%

yield. Other esters can also be prepared by this method.*® Iminophosphorane
bases also serve as excellent transesterification catalysts with vinyl acetate
(74-99% yield).””

. Vinyl acetate, PdCl,, CuCl,, toluene, rt, 58-96% yield. Phenols, amines, and

tertiary alcohols are not acylated with this method.®®

. Isopropenyl acetate, Ys(O—i-Pr);30, 72-99% yield. Esters are formed in the

presence of phenols and amines.®

. Ethyl acetate, Ce(SO,),-silica gel, reflux, 91-99% yield.”
. 1,3-Disubstituted tetraalkyldistannoxanes, Ac,O, EtOAc, or vinyl acetate,

17-99% yield. Primary alcohols are acylated selectively over secondary
alcohols.”

. AcOEt, Al,O;, 75-80°, 24 h, 45-69% yield.72 This method is selective for pri-

mary alcohols. Phenols do not react under these conditions. The use of SiO,-
NaHSO, as a solid support was also found to be effective.”

. PhsP, CBry, EtOAc, 51-100% yield.™
. AcOMe, N-hetereocyclic carbene catalyst, molecular sieves, 25°C, 56-92%

yield.”

Biotransformations

1.

The use of biocatalysts for the selective introduction and cleavage of esters
is vast and has been extensively reviewed.”® Therefore, only a few examples
of the types of transformations that are encountered in the area of protective
group chemistry will be illustrated to show some of the basic transformations
that have appeared in the literature. The selective protection or deprotection
of symmetrical intermediates to give enantio-enriched products has also been
used extensively.

. AcOCH,CF;, porcine pancreatic lipase, THF, 60 h, 77% yield.77 This enzy-

matic method was used to acetylate selectively the primary hydroxyl group of
a variety of carbohydrates. The selective enzymatic acylation of carbohydrates
has been partially reviewed.”®
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3. AcOCH,CCl,, pyridine, porcine pancreatic lipase, 85% yield.” These studies

examined the selective acylation of carbohydrates. Mannose is acylated at the
6-position in 85% yield in one example.

. Lipase Fp from Amano, vinyl acetate, 4 h, 90% yield.5*®' This method can

also be used for the selective introduction of other esters such as the methoxy-
acetyl, phenoxyacetyl, and phenylacetyl groups in excellent yield.

(a)

OH Lipase Fp OAc
~OH vinyl acetate WOH
| OCOCH,Ph 90% o OCOCH,Ph
(b)
0 Pseudomonas
Ph o O, fluorescens lipase Ph/Y é)%
HO . HO
HO vinyl acetate
OCH; Y() e AcO ey, ‘
Ref. 82
(c)
PH\-O lipase Ak PHX-O
O//X\"//KOA/ SEt T o O skt
vinyl acetate ~
HO™ ho 92% AT Ho Refs. 83, 84
(@

OH OH OAc
r\)\/ OH —,.ACZO’ - (\)\/ OAc r\)v OH
| | i
98:2

(e) Carbohydrates with their multiple hydroxyl groups can often be selectively
protected more easily using lipases than by conventional esterifications.

Ref. 85

OH . OH
Pancreatin
HO ~OH vinyl acetate HO +OH
OH  THETEA OAc
B0’ O 25-95% jilte) O Ref. 87

(f) Desymmetrization of alcohols is useful not only in that a diol is selectively
protected but resolution of the alcohol is also observed. 1-Ethoxyvinyl 2-
furoate was found to be superior to vinyl acetate in these reactions giving
monoprotected alcohols in 82-99% ee.®®

vinyl acetate

R" CH,0H lipase R” CH,0H
i S
R’ CH,OH 82-95% R” CH,OAc Ref. 89

55-98% ee
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(&
O
Ac,0, Et:0 <:>< 0 0 (0] @
o . Llpa%eAY et “OH HO"\‘ 7o)
Ac OH
&) 44% (100% ee) 54% (88% ee)
Ref. 90
(h) HO AcO
Lipase PS 30
| OTBDMS = et OTBDMS
propeny] acetate
50°C
HO HO Ref. 91
This lipase has been used to selectively acetylate the 3-hydroxyl of 2'-
deoxynucleosides and ribonucleosides in the presence of the free 5'-
hydroxyl.”?
Miscellaneous Methods

1. Bu,SnO, PhCHs, 110°C, 2 h; AcClL, CH,Cl,, 0°C, 30 min, 84% yield.”

1. Bu2SnO, PhCH:
2T 3 OH

OH 2h, 110°C
Ho\)\/osn Aco\)\/osn

2. AcCl, CH,Cl,
0°C, 30 min, 84%

F F N
BnO ot e R "
SoNgy 2 Acf;,hf’iiz@z OAC  Ref 04
2 /OH OH
S
HO O\ RE)L I\{ J\S P :

OCOR ‘
OH OH OH Ref. 95

3. An acyl thiazolidone is also effective for the selective acylation (Ac, Pv, Bz)

of primary alcohols.”®
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4. Me(OMe)s, TsOH, 1.5 h, then H,O for 30 min.®” When TMSCl is used as a cat-

alyst simple alcohols are acylated in preference to phenols (70-88% yield).*®

OH MeC(OMe), OH
it A N
e T COx-Bu TsOH, 1.5h Y CO,-Bu
OH then H-O OAc
OH OH
HO,, -~ OH  MeC(OMe);  AcO., A~ OH
EtS o 96% EtS o~

When the reaction was run in CH;CN migration of the EtS group to the 2-
position was observed. This is attributed to episulfonium salt formation with
resultant addition of acetate at the anomeric position.”

OH 0] AcOH, H-0 OH
- B
80% .
OH o] OAc  Ref. 100

Enantioselective Acetylation not Using Enzymes

One form of protecting group selectivity is selectivity for a single enantio-
mer of a racemic alcohol. A number of catalytic systems have been devel-
oped that give good to excellent results for the selective acylation of a single
enantiomer.'”!

Cleavage

1.

K>COs, MeOH, H,0, 20°C, 1 h, 100% yield.!”> When catalytic NaOMe is used
as the base in methanol, the method is referred to as the Zemplén de-O-acety-
lation. Acetyl groups are known to migrate under these conditions, but a recent

study indicated that acyl migration is reduced with decreasing solvent polarity
(6:1 chloroform/MeOH vs. MeOH).'®

. Phase transfer catalysis: TBAH, NaOH, THF, or CH,Cl,, rt, 51-96% yield.104
. KCN, 95% EtOH, 20°C to reflux, 12h, 93% yield.'oim(‘ Potassium cyanide

1s a mild transesterification catalyst, suitable for acid- or base-sensitive com-
pounds. When used with 1,2-diol acetates hydrolysis proceeds slowly until the
first acetate is removed.'"”

. Guanidine, EtOH, CH,Cl,, rt, 85-100% yield.'”® Acetamides, benzoates and

pivaloates are stable under these conditions. Phenolic acetates can be removed
in the presence of primary and secondary acetates with excellent selectivity.

. 50% NH;, MeOH, 20°C, 2.5 h, 85% yield.!” The 3"-acetate is removed from

cytosine in the presence of a 5-benzoate. If the reaction time is extended to 2
days the benzoate is removed as well as the benzoyl protection on nitrogen.



ESTERS 231

6.

10.

11.

12.

13.

Bu;SnOMe, CICH,CH,Cl, 1 h, 77% yield.110 These conditions selectively
cleave the anomeric acetate of a glucose derivative in the presence of other
acetates.

. BF;-Et,0, wet CH;CN, 96% yield.'!!

OAc OAc

BF3-Et,0
OAc ———
wet CHaCN
96%

OAc

OAc

. Sc(OTf);, MeOH, H,0, 88% yield. This method is good for systems that are

prone to racemization as in the following case.!'?

o o

~OAC ge(0Th), MeOH _OH
B ——
Ho0, 88%
H2CO H,CO

. Yb(OTY);, IPA, reflux, 878 h, 51-97% yield. Phenolic acetates are cleaved

somewhat faster, and some selectivity for primary over secondary acetates
was achieved.!®

1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU), benzene, 60°C, 45 h, 47-97%
yield.!'"* Benzoates are not cleaved under these conditions.
Tris(2,4,6-trimethoxyphenyl)phosphine, MeOH, 20°C, 7.5-48 h, 73-99%
yield.!'> Note that axial acetates are cleaved much more slowly.

Bu /] OAc tBu- /7 TOH 879

10 mol% TTMPP
OAc —= OH

MeOH, 80°C, 24 h
8%
-Bu +-Bu .

CH;0Na, La(OTf);, MeOH, 97-100% yield. This method was developed
specifically for the isomerization free cleavage of 6-exo-acetoxybicyclo-
[2.2.2]octan-2-ones.!!® Isomerization can occur through a retro aldol process
in the presence of base.

AcO HO
CH;ONa, La(OTf)3
O O
MeOH, 3 h, 100% [

Sm, I, MeOH, rt, 3—60 min, 95-100% yield. Tertiary alcohols were not af-
fected. As the reaction time and temperature are increased benzoates and
carbonates can also be cleaved.'"”
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15.

16.

17.

18.

19.
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. I, MeOH, 68-80°C, 5-40 h, 38-69% yield. The method was used to se-
lectively cleave the primary acetate from peracetylated nucleosides. Lower
yields were obtained for substrates having a thioether.'®

HBF,, MeOH, 23°C, 48 h, 83% yield. This system cleaves acetate groups
in the presence of benzoate groups.!'™'?” HCI in methanol can also be used,
and this method will cleave a primary acetate in the presence of secondary
benzoates.!?!123

LiEt;:BH, THF, —78°C, 2 h, 98% yield.124 An anomeric acetate can be selec-
tively cleaved in the presence of a secondary acetate.

Distannoxanes, MeOH or EtOH in CHCl;, CH,Cl,, PhH, or THFE. 1-w di-
acetates are selectively cleaved, but the selectivity goes down as the chain
length increases.'?>

[--Bu,SOH(Cl)],, MeOH, 47-96% yield. The primary acetate is selectively
removed in a multitude of carbohydrate polyacetates.'*®

Bu,SnO, toluene, 80-110°C, 1.5-27 h, 15-92% yield.!”’

20. Mg, MeOH or Mg(OMe), in MeOH. The acetate is cleaved in the presence

21
22.

23.

24,

of the benzoate and pivalate (76-96% yield).!”® The relative rates of cleavage
are: p-nitrobenzoate > acetate > benzoate = pivalate ~> acetamide. Tertiary
acetates are not cleaved.!”

Ti(O-i-Pr),, THF, 1t, 1018 h, 75-92% yield.!*

H,0,, NaHCO;, THF. The 10-acetate, which is an o.-keto acetate, is cleaved
in the presence of the taxol side chain that is prone to hydrolysis with other
reagents.'”!

H;NNH,, MeOH, 92% yield. An anomeric acetate was cleaved selectively in
the presence of an axial secondary acetate.'> Hydrazine will also selectively
remove the C2 acetate or benzoate in the presence of other acetates or benzo-
ates in a variety of pyranosides.'”

MeOH, 4-A molecular sieves, quantitative.'** This method was developed to
deacylate acetylated carbohydrates.

Enzymatic hydrolysis

25. Deprotection using enzymes can be quite useful. An added benefit is that a

racemic or meso substrate can often be resolved with excellent enantioselec-
tivity.!*> Numerous examples of this process are described in the literature.
Although acetates are the most common substrates in enzymatic reactions,
other aliphatic esters have been examined with good success.” Enzymatic

transformations in nucleoside chemistry have been reviewed.!*
OAc OAc
Porcine Pancreatic
e
Lipase, 70%

96% ee
OAc OH
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26. Candida Cylindracea, phosphate buffer pH 7, Bu,0.'¥ The 6-0-acetyl of o-
methyl peracetylglucose was selectively removed. Porcine pancreatic lipase
will also hydrolyze acetyl groups from other carbohydrates. These lipases are
not specific for acetate, since they hydrolyze other esters as well. In general,
selectivity is dependent upon the ester and the substrate.””!38

27. Rhodosporidium toruloides, 54—88% yield. A number of peracetylated glyco-
sides were hydrolyzed selectively at the 6-hydroxyl. These derivatives when

treated with acetic acid undergo acetyl migration to give the C4-deprotected
139

monosaccharide.
OAc HO OAc OAc
AcO ¢
AcOH, PhCH,

%ﬂ\ R. torulvides AcO e cOH, 3 Ho/l/— 0

ALO \ 88% AcO 80°C, 92% AcO

OMe OMe OMe
PPL
28. AcO(CH,),0Ac AcO(CH,),OH
pH 6.9 buffer
48-95%
Ref. 140

Larger n gives lower yield

O
Lipase MY
0.1M pH 7.2 buffer OH 7o)
28°C, 4 day% Cl I
(@)

In this case, chemical methods were unsuccessful.'*!

30 o Lipase PS fe)
A0\ OCH; ———— HOTX o\ OCH;
AcO="2 0 n-pentylOH AcO=>"A.0 Ref. 142

93%

o O Candida o
! N
N3\ o Alcalase N3\ o Lipase 3 o
82% 85-90%
OAc OH OAc  OAc OH OAc

OAcC Lipase Al ~
32. ACO/W HO/Y\/OAL

R Achromobacter sp R
pH7.2

Ref. 143

Selectivity depends upon R Ref. 144

33. Guanidine, guanidinium nitrate, MeOH, CH,Cl,, 91-99% yield. These
conditions were designed to be compatible with the N-Troc group. The
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tetrachlorophthalimido, N-Fmoc, and O-Troc groups were unstable in the
presence of this reagent. Benzoates are cleaved, but 20 X more slowly.'>
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Chloroacetate Ester: CICH,CO;R

Formation

1. (CICH,CO),0, Pyr, 0°C, 70-90% yield.l
2. CICH,COCI, Pyr, ether, 87% yield.2

3. PPh;, DEAD, CICH,CO,H, 73% yield.3 In this case the esterification proceeds
with inversion of configuration at the alcoholic center.
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4. Vinyl chloroacetate, Cp*ZSm(THF)z, toluene, rt, 99% yield. With Sml; as

catalyst the yield is 79% .*

5. Bu,Sn0O, MeOH, 65°C, 2 h, then CICH,COCI, 89% yield.>

Ph
—%l/ OH Bu»SnO, MeOH
o 0 T ClAcCL 89% Cl, 89% /&/
HO&/\A/O OMe T claco
HO P

Cleavage

Phwvo

OH

The chloroacetate group has been observed to migrate during silica gel chroma-
tography.® In general, cleavage of chloroacetates can be accomplished in the pres-
ence of other esters such as acetates and benzoates because of the large difference
in the hydrolysis rates for esters bearing electron-withdrawing groups. A study
comparing the half-lives for hydrolysis of a variety of esters of 5-O-acyluridines
gave the following results.’

Half-Lives for Hydrolysis of Various Esters

ty, min
Acyl Group Reagent I Reagent II
CH;CO -~ 191 59
MeOCH,CO - 10.4 2.5
PhOCH,CO - 39 <14
Formyl- 04 (0.22)"
CICH,CO~ 0.28 (0.17)"

Reagent I = 155mM NH3/H»O; reagent II = NHs/MeOH.
“Reaction is too fast to measure.
PTime for complete solvolysis of the substrate.

The relative rates of alkaline hydrolysis of acetate, chloro-, dichloro-, and trichloroace-
tates have been compared and give the following relative rates: 1:760: 1.6 X 10*:10°.3

Cleavage

. HSCH,CH,NH, or H,NCH,CH,NH, or o-phenylenediamine, Pyr, Et;N, Lh, rt.

. Thiourea, NaHCO;, EtOH, 70°C, 5 h, 70% yield.>

. H,0, Pyr, pH 6.7, 20 h, 100% yield.’

. MeOH, TEA, 96% yield.!’

. NH,NHC(S)SH, lutidine, AcOH, 2-20 min, rt, 88-99% yield.!""'> This method
is superior to the use of thiourea in that it proceeds at lower temperatures and
affords much higher yields. This reagent also serves to remove the related
bromoacetyl esters that under these conditions are 5-10 times more labile.
Cleavage occurs cleanly in the presence of an acetate.!”

R S S R N
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Me Me
O O-Phyllanthosin I—O O-Phyllanthosin
OH

H,NNHC(S)SH

R = CICH,CO-
6. Hydrazinedithiocarbonate, DMF.'® “Hydrazine acetate.””**
o O
O
Aoy o |
| HNNHyAcOH L

Cl

(@) DME, 70% HO
0.
O
o Sy T
al 0 o

7. DABCQ, ethanol, pyridine, 20-70°C, >94% yield. This method is faster than
the thiourea method by a factor of about 9. It does not cause benzoyl migra-
tion in the carbohydrates examined.!

Ref. 15

8. The lipase from Pseudomonas sp K10 has also been used to cleave the chlo-
roacetate, resulting in resolution of a racemic mixture since only one enantio-
mer was cleaved.'®

S

)

O O

Qr:

CO,Me Pseudomonas sp Kl()y H

O Lipase, 42% conv.
\n/\Cl 99% ee
[¢]
[¢]
Y\ al
[¢]

9. N,N-Pentamethylenethiourea, TEA, dioxane, 70°C, 3 h.!?
10. NH;, THF, —50°C to —40°C, 2.5 h. The use of hydrazine failed in this case.?’
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~N O

Dichloroacetate Ester: CL,CHCO;R

Formation

1. CLCHCOCL!

2. (CI,CHCO),0, Pyr, CH,Cl,.? This reagent is more reactive than Ac,O and
was used for the protection of a very hindered alcohol where silyl groups and
a simple acetate could not be introduced.’

(Cl,CHCO)-0, pyridine

R =Cl,CHCO
0°C, 5 min 90%

very hindered
R=H
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3. ClL,CHCOCCI;, DMF, 56% yield.* This reagent was used to acylate selectively
the 6-position of an ¢-methyl glucoside.

Cleavage

1. pH 9-9.5, 20°C, 30 min.!
2. NH;, MeOH.*3
3. KOH, -BuOH, H,0, THF.?
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Trichloroacetate Ester: RO,CCCl; (Chart 2)

Formation

1. Cl,CCOCI, Pyr, DMF, 20°C, 2 days, 60-90% yield.'

ClRCCOCY, Pyr
B

87% SPh

Ref. 2

2. From a TBDMS or TIPS ether: trichloroacetic anhydride, 3HF-TEA, 80°C,
2 h, 90-93% yield.?

Cleavage
1. NH;, EtOH, CHCl;, 20°C, 6 h, 81% yield.l Cleavage of the trichloroacetate
occurs selectively in the presence of an acetate.

2. KOH, MeOH, 72% yield.! A formate ester was not hydrolyzed under these
conditions.
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Trichloroacetamidate: Cl;CC(=NH)OR

Typically, the trichloacetamidate group 1s used as an activating group for the intro-
duction of ethers such as the benzyl and MPM ether, among others, and for activa-
tion of the anomeric position in glycoside synthesis. Thus the use of this group as
a protective group must be carefully considered, since it is expected to be unstable
to strong acids and Lewis acids. It is formed from the alcohol, trichloroacetonitrile,
and DBU as a strong base. It is cleaved by acid hydrolysis (TsOH, H,O, MeOH,
CH,Cl,), DBU (MeOH by exchange), and Zn (NH4Cl, EtOH, reflux, 5 min). Yields
range from 73-100% .

1. B. Yu, H. Yu, Y. Hui, and X. Han, Synlett, 753 (1999).

Trifluoroacetate Ester (RO-TFA): CF;CO,R

Formation

L. (CF;C0),0, Pyr.!
2. Even with this highly reactive reagent, excellent selectivity was achieved for
one of two very similar alcohols.”

i OH

TFAA, Py, THF, -5 °C
B

89%

3. 2-Pyridyl trifluoroacetate, ether, 20°C, 30 min, 99% yield.3

4. CF;CO;H, 20°C, 4 h, 83% yield. “ In this case, a hindered alcohol was con-
verted to the TFA derivative.

5. N-(Trifluoroacetyl)succinimide, THF or toluene, reflux, 86-99% yield. Phenols
and amines react to give the phenolic ester and TFA amides respectively.

Cleavage

A series of nucleoside trifluoroacetates were rapidly hydrolyzed in 100% yield at
20°C, pH 7.° In general, these are easily hydrolyzed under mildly basic conditions.
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Methoxyacetate Ester: MeOCH,CO,R

Formation

1. MeOCH,COCI, Pyr.'

2. (MeOCH,CO0),0, DIPEA, CH,Cl,.” In this case the methoxyacetate was used
because attempts to deprotect the primary acetate in the presence of a -ace-
toxy ketone lead to its elimination.

Cleavage

1. NHi/MeOH or NH3/H,0, 78% yield.l In nucleoside derivatives the methoxy-
acetate is cleaved 20 times faster than an acetate. It can be cleaved in the pres-
ence of a benzoate.

2. Yb(OTf);, MeOH, 0-25°C, 92-99% yield. Acetates, benzoates, THP, TBDMS,
TBDPS, and MEM ethers are not affected by this reagent.?

3. Ethanolamine, IPA, reflux, 21 h, >50% yield. These conditions did not affect
the C-10 acetate or the C-13 side chain of a taxol derivative.*

NHBz

AcO E AcQ o
Ph
o o OAc
NH>CH>CH>OH 7 Hd o

CHCl
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Triphenylmethoxyacetate Ester: ROCOCH,OCPh;

The triphenylmethoxyacetate was prepared in 53% yield from a nucleoside and the
sodium acetate (PhsCOCH,CO,Na, i-Pr:C¢H,SO,Cl, Pyr) as a derivative that could
be easily detected on TLC (i.e., it has a distinct orange-yellow color after it is sprayed
with ceric sulfate). It is readily cleaved by NH:/MeOH (100% yield).l

1. E.S. Werstiuk and T. Neilson, Can. J. Chem., 50, 1283 (1972).

Phenoxyacetate Ester: PhOCH,CO,R (Chart 2)

Formation

L. (PhOCH,CO),0, Pyr.'?
2. (PhOCH,CO),0, Pyr, DMAP, CH,Cl,, 0°C.3

(PhOCHAC0),0

CO,Me R = PhOCH,CO

0 (0]
MOMO XO OH XO OR
R=H

3. PhOCH,CO,Cl, pyridine, 81% yield.4

DMAP, Pyr, CH»Cl»

Cleavage

1. +~BuNH,, MeOH.? Methylamine is similarly effective.*

2. NH; in H,O or MeOH.! The phenoxyacetate is 50 times more labile to aqueous
ammonia than is an acetate.

3. Er(OTf);, MeOH, 1t, 68% yield.’

4. 0.001 M K,CO3, MeOH, CH,Cl,, 86% yield. A cinnamyl ester was retained.’
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T

p-Chlorophenoxyacetate Ester: ROCOCH,0C¢H,-p-Cl

The p-chlorophenoxyacetate, prepared to protect a nucleoside by reaction with the
acetyl chloride, is cleaved by 0.2 M NaOH, dioxane-H,O, 0°C, 30 s.' The presence
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of the electron-withdrawing group facilitates ester cleavage over the parent phenoxy-
acetate.

1. S.S. Jones and C. B. Reese, J. Am. Chem. Soc., 101, 7399 (1979).

Phenylacetate Ester: PhCH,CO,R

Formation
L. Lipase Fp, P\CH,CO,CH=CH,, 84-88% yield.
2. PhCH,CO,H, DCC, DMAP.?

Cleavage

Penicillin G Acylase."? This method was used to cleave a phenylacetate in the
presence of an acetate.’

p-P-Phenylacetate Ester: ROCOCH,C¢H,—p-P (P = polymer)

Monoprotection of a symmetrical diol can be affected by reaction with a polymer-
supported phenylacetyl chloride. The free hydroxyl group is then converted to an
ether and the phenylacetate cleaved by aqueous ammonia-dioxane, 48 h.*

HO(CH,),,OH + p-P~C¢H,CH,COCl HO(CH,),0COCH,C¢H,~p-P

1. E. W. Holla, J. Carbohydr. Chem., 9, 113 (1990).

2. H. Waldmann, A. Heuser, P. Braun, M. Schulz, and H. Kunz, in Microbial Reagents in
Organic Synthesis; S. Servi, Ed., Kluwer Academic, Dordrecht, 1992, pp. 113-122.

3. R.S. Coleman, T. E. Richardson, and A. J. Carpenter, J. Org. Chem., 63, 5738 (1998).
4. J. Y. Wong and C. C. Leznoff, Can. J. Chem., 51, 2452 (1973).

Diphenylacetate Ester (DPA-OR): Ph,CHCO,R

The DPA ester is formed from the acid chloride in pyridine (40-96% yield). It is
cleaved oxidatively by treatment with NBS followed by thiourea (40-88% yield)."

1. F. Santoyo-Gonzalez, F. Garcia-Calvo-Flores, J. Isac-Garcia, R. Robles-Diaz, and A. Var-
gas-Berenguel, Synthesis, 97 (1994).

3-Phenylpropionate Ester: ROCOCH,CH,Ph

The 3-phenylpropionate ester has been used in nucleoside synthesis.' It is cleaved by
a-chymotrypsin (37°C, 8—16 h, 70-90% yield),Z and it can be cleaved in the pres-
ence of an acetate.
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OAc OAc
Chymotrypsin

pH 7.8 .

PhCH,CH,CO,™" HO"

oo
Ters

1. H. S. Sachdev and N. A. Starkovsky, Tetrahedron Lett., 10, 733 (1969).
2. A. T.-Rigby, J. Org. Chem., 38, 977 (1973).
3.Y.Y. Lin and J. B. Jones, J. Org. Chem., 38, 3575 (1973).

Bisfluorous Chain Type Propanoyl (Bfp—OR) Ester

(¢]

Can/\/\N/\)I\OR

CsFi7 O

This group was used to protect carbohydrates for fluorous based synthesis.! The
ester is prepared using DCC (CH,Cl,, DMAP, 87% yield) as a coupling agent. It is
cleaved by methanolysis with NaOMe (2 h, rt, 93% yield).? A similarly functional-
ized benzoyl ester has been prepared and tested as a protective group in fluorous
based synthesis.?

1. “Handbook of Fluorous Chemistry,” J. A. Gladysz, D. P. Curran, and I. T. Horvith, Eds.,
Wiley-VCH, Weinheim, 2004.

2. T.Miura, K. Goto, H. Waragai, H. Matsumoto, Y. Hirose, M. Ohmae, H.-k. Ishida, A. Satoh,
and T. Inazu, J. Org. Chem., 69, 5348 (2004); T. Miura, Y. Hirose, M. Ohmae, and T. Inazu,
Org. Lett., 3, 3947 (2001); T. Miura and T. Inazu, Tetrahedron Lett., 44, 1819 (2003).

3. T. Miura, A. Satoh, K. Goto, Y. Murakami, N. Imai, and T. Inazu, Tetrahedron: Asym-
metry, 16, 3 (2005).
4-Pentenoate Ester: CH=CHCH,CH,CO,R

Formation

CH=CHCH,CH,COCL' This group was used for the protection of anomeric
hydroxyl groups.

Cleavage

NBS, 1% H,0, CH;CN. 36-85% yield.!

1. J. C. Lopez and B. Fraser-Reid, J. Chem. Soc., Chem. Commun., 159 (1991).
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The levulinate is less prone to migrate than the benzoate and acetate.!

Formation

1. (CH;COCH,CH,CO),0, Pyr, 25°C, 24 h, 70-85% yield .
2. CH;COCH,CH,CO,H, DCC, DMAP, 96% yield.?
L
:ITI Cl CMPIL, CH:COCH,CH,CO,H, DABCO, 86% yield.*
CH; I
(CMPI = 2-chloro-1-methylpyridinium iodide)
4. Candida antarctica Lipase, trifluoroethyl levulinate, THF, 40°C, 4 days,

65—83% yield. The method was used for the selective protection of the pri-
mary alcohol of the galactose saccharide.’

3.

Cleavage
1. NaBH,, H,O, pH 5-8, 20°C, 20 min, 80-95% yield.l The by-product, 5-methyl-
v-butyrolactone, is water-soluble and thus easily removed.

2. 0.5 M H,NNH,, H,O, Pyr, AcOH, 2 min, 100% yield.2 Normal esters are not
cleaved under these conditions.’®

3. MeMgl, 0°C, 2 h, 93% yield. A levulinate is cleaved in preference to a benzoate.
4. NaHSO;, THF, CH;CN or EtOH, 86-90% yield. ®

4,4- (Ethylenedithio)pentanoate Ester (Levulinoyl Dithioacetal Ester):
RO-LevS

S S
A cor
Formation

1. %\ 2,6-lutidine, 0°C, 70% yield.
COCl
S S
2. X/\COZH CMPI, DABCO, dioxane, 2 h, 20°C, 96% yield.> (CMPI =
2-chloro-1-methylpyridinium iodide)

Cleavage

The LevS group is converted to the Lev group with HgCl,/HgO (acetone/H,0, 4h,
20°C, 74% yield). It can then be hydrolyzed using the conditions that remove the
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Lev group.” The LevS group is stable to the conditions used for glycoside forma-

tion [HgBr,, Hg(CN),].

1. J.N. Glushka and A. S. Perlin, Carbohydr. Res., 205,305 (1990); R. N. Rej, J. N. Glushka,
W. Chew, and A. S. Perlin, Carbohydr. Res., 189, 135 (1989).

2. A. Hassner, G. Strand, M. Rubinstein, and A. Patchornik, J. Am. Chem. Soc., 97, 1614
(1975).

3. J. H. van Boom and P. M. J. Burgers, Tetrahedron Lett., 17, 4875 (1976).

4. H.J. Koeners, J. Verhoeven, and J. H. van Boom, Tetrahedron Lett., 21, 381 (1980).

5. A. Rencurosi, L. Poletti, L. Panza, and L. Lay, J. Carbohydr. Chem., 20, 761 (2001).

6. N.Jeker and C. Tamm, Helv. Chim. Acta, 71, 1895, 1904 (1988).

7. Y. Watanabe, T. Fujmoto, and S. Ozaki, J. Chem. Soc., Chem. Commun., 681 (1992).

8. M. Ono and 1. Itoh, Chem. Lett., 17, 585 (1988).

9. H..J. Koeners, C. H. M. Verdegaal, and J. H. Van Boom, Recl. Trav. Chim. Pays-Bas, 100,

118 (1981).

5-[3-Bis(4-methoxyphenyl) hydroxymethylphenoxyllevulinic Acid Ester
MeO

() on

OH O
J \h
() -

MeO

This ester is formed from the anhydride in pyridine and is quantitatively cleaved
with H,NNH,-H,0O, Pyr-AcOH. The sensitivity of detection of this ester is high
with its absorbance maximum of 513 nm and extinction coefficient of 78,600 in 5%
CL,CHCO,H/CH,Cl, where it forms the trityl cation.

1. E. Leikauf and H. Koster, Tetrahedron, 51, 5557 (1995).

Pivaloate Ester (Pv—OR): (CH;);CCO,R, (Chart 2)

Formation

1. PvCl, Pyr, 0-75°C, 2.5 days, 99% yield.l In general, such extended reaction
times are not required to obtain complete reaction. This is an excellent re-
agent for selective acylation of a primary alcohol over a secondary alcohol >
Microwave heating has been used to accelerate the esterification for more ste-
rically demanding alcohols.’
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PvCl, Pyr

BnO . BNO /’:\
: CHOH  pcon : CH;OPy
OH OH OH OH
OH OPy
: PvCl :
12.5h, 20°C
MeO™ 0 70% MeO™ O Ref. 6

2. Selective acylation can be obtained for one of two primary alcohols having
slightly different steric environments.™®

Some reactions are not so easily explained as in the following case where the
seemingly more hindered alcohol was acylated in preference to the less hin-
dered alcohol.’

HO

PvCl, DIPEA N
> Bn 2
CH.Cl,, DMAP
—10°1 T
10°C, 2 h, 79% PvO K

Good selectivity among secondary carbohydrate alcohols has been achieved,
but the regiochemistry is structure-dependent.'” ¢-Methylghicoside can be
selectively acylated at the 2,6-positions in 89% yield and ¢-methyl 4,6-O-ben-
zylidineglucoside can be selectively acylated at the 2-position in 77% yield.!"

3. Vinyl pivaloate, Cp"Sm(THF),, toluene, 3 h, 99% yield."”

4. Pivaloic anhydride, Sc(OTf)s, CH:CN, —20°C, 4 h.!314

5. Pivaloic anhydride, VO(OTY),, CH.Cl,, 85-100% yield. Amines thiols and
phenols also react.'

6. Pivaloic anhydride, MgBr,, TEA, CH,Cl,, rt, 99% yield."?

OH OH o S OPv

7‘)‘ N )I\S
PVCI, TEA nd

OCH, 98% OCH, 100% OCH3

OPv OH OH
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Thiazolidine-2-thione shows excellent selectivity for primary alcohols over
secondary alcohols (>>20:1).!° A chiral version of this reagent gives moderate
enantioselectivity in the acylation of racemic alcohols.!”

8. Pivaloic anhydride, MoO,Cl,, CH,Cl,, 91-99% yield.18 This method is quite
general and can be used to prepare esters from a large variety of anhydrides. It
is also suitable for the preparation of amides and thioesters.

Cleavage

1. Bu,NOH, 20°C, 4 h."”

2. aq. MeNH,, 20°C, ¢, =3 h.?" In this case the 5"-position of uridine was de-
protected. Acetates can be cleaved selectively in the presence of a pivaloate
with NH3/MeOH. Pivaloates are not cleaved by hydrazine in refluxing etha-
nol, conditions that cleave phthalimides.?'

3. 0.5 N NaOH, EtOH, H,0, 20°C, 12 h, 58% yield.?

4. K,CO;, MeOH, reflux, 48 h, 63% yield.23 The survival of the lactone is prob-
ably the result of a conformational effect that increases the steric hindrance
around the carbonyl.

OTBDPS
H OTBDPS

K>CO3, MeOH
reflux, 24 h
e

68%

Note that lactone survives

. NaOMe, MeOH, 90% yield.**

. MeLi, E,0, 20°C.%

. -BuOK, H,0 (8:2), 20°C, 3 h, 94% yield.?

. i-Bu,AlH, CH,Cl,, —78°C, 95% yield.? i-Bu,AlH, CH,Cl,, toluene, 84%
yield. Three pivaloates were cleaved from a zaragozic acid intermediate. The
use of THF or ether as solvent failed to remove all three. ”’

0~ O

9. Fungus, Currulania lunata, 6 h, 64% yield.28 In this case, a 21-pivaloate was
removed from a steroid.

10. KEt;BH, THF, —78°C, 78% yield.”

PvO KErBH

—78°C, THE, 78%

OPv OPv

11. EtMgBr, Et,0, 90% yield. With these conditions silyl migration is not a prob-
lem as it was when the typical hydrolysis conditions were used.>
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12.

0
PvO O, //O esterase HO (ON P// 9
Llf\oph L P~OPh | s (HO),P—OPh
0 o Ref. 31

13. Al,Os, microwaves, 12 min, 93% yield.” Cleavage of acetates occurs similarly.
14. Esterase from rabbit serum, 53-95% yield.*

15. Li, NH;, Et,0; NH,Cl, 70-85% yield.>*

16. 3 M HCI, dioxane, reflux, 18 h, 80% yield.?

17. Sm, I,, MeOH, 24 h reflux, 95% yield.3(’ Troc, Ac, and Bz groups are also
cleaved.
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1-Adamantoate Ester: ROCO-1-adamantyl (Chart 2)

The adamantoate ester is formed selectively from a primary hydroxyl group (e.g.,
from the 5~OH in a ribonucleoside) by reaction with adamantoyl chloride, Pyr
(20°C, 16 h). It is cleaved by alkaline hydrolysis (0.25 N NaOH, 20 min), but is stable
to milder alkaline hydrolysis (e.g., NHs;, MeOH), conditions that cleave an acetate
ester. Its steric properties are similar to that of the pivalate.

1. K. Gerzon and D. Kau, J. Med. Chem., 10, 189 (1967).

Crotonate Ester: ROCOCH=CHCHj;
4-Methoxycrotonate Ester: ROCOCH=CHCH,OCH;

The crotonate esters, prepared to protect a primary hydroxyl group in nucleosides,
are cleaved by hydrazine (MeOH, Pyr, 2 h). The methoxycrotonate is 100-fold more
reactive to hydrazinolysis and 2-fold less reactive to alkaline hydrolysis than the cor-
responding acetate.’

1. R. Arentzen and C. B. Reese, J. Chem. Soc., Chem. Commun., 270 (1977).
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The benzoate ester is one of the more common esters used to protect alcohols. Ben-
zoates are less readily hydrolyzed than acetates, and the tendency for benzoate mi-
gration to adjacent hydroxyls, in contrast to acetates, is not nearly as strong,! but they
can be forced to migrate to a thermodynamically more stable position.> For the
most part, this migration is a major annoyance,* but it has been used to advantage.>’
The p-methoxybenzoate is even less prone to migrate than the benzoate.® Migration
from a secondary to primary alcohol has also been induced with AgNO;, KF, Pyr,
H,0 at 100°C”

MeO,, CO;Me
(6] OBz
BzO CH,0Bz
,/ OH OBz
equitorial
‘\ axial

The use of TBAF, a fairly basic reagent, for silyl ether cleavage can result in ester
migration as the following example illustrates.®

BrBzO pB,0  OBzBr
N “ 2 TBAF
= te;
<\'S R ++OBOM xx% <_~_
O 0
OTIPS
Formation

1. BzCl or Bz,0, Pyr, 0°C. Benzoyl chloride is the most common reagent for
the introduction of the benzoate group. Reaction conditions vary, depending
on the nature of the alcohol to be protected. Cosolvents such as CH,Cl, are
often used with pyridine. Benzoylation in a polyhydroxylated system is much
more selective than acetylation.! A primary alcohol is selectively protected
over a secondary allylic alcohol,” and an equatorial alcohol can be selectively
protected in preference to an axial alcohol,'® but this has been shown to be

solvent dependant in some cases.!! A cyclic secondary alcohol was selectively

protected in the presence of a secondary acyclic alcohol.'?

0 N0 o0 00
u BzCl hok %0 INVO
HO (J°Cton BzO ..\ ; HO\\_IJ\ BzO '
OH " Ou OH " OB, O og,

With pyridine the ratio is: 21:1:1.5
With DMFITEA the ratio is: 1:45:0.4



256

PROTECTION FOR THE HYDROXYL GROUP, INCLUDING 1,2- AND 1,3-DIOLS

The use of chiral amines will selectively monobenzoylate a diol and simulta-
neously generate a chiral product with reasonable ee’s.®

C[ .
OH N ‘Me @OH
[ I BzCl, 4A MS, -78°C, 241
OH OBz

CH-Cl», 75%, 91% ee

. BzCl, TMEDA, CH,Cl,, MS 4 A, —78°C, 95-96% yield. The use of TMEDA

as a base greatly accelerates the esterification in comparison to the use of more
conventional bases.'* TMEDA also improves the formation of carbonates from
chloroformates.

. BzCl, LiClO,, THE, 5-10 h, 70-87% yield. An acetate and a pivaloate have

been prepared correspondingly.'

. Regioselective benzoylation of methyl 4,6-O-benzylidene-«t-galactopyrano-

side can be effected by phase transfer catalysis (BzCl, BuyNCl, 40% NaOH,
PhH, 69% yield of 2-benzoate; BzCl, BuyNCI, 40% NaOH, HMPA, 62% yield
of 3-benzoate).'

E’ ‘NBz EtsN, DMF, 20°C, 15 min, 90% yield."” The 2-hydroxyl of methyl
=/

4,6-0-benzylidine-ci-glucopyranoside was selectively protected.'®

. Benzoyloxybenzotriazole (BzOBt), CH,Cl,, TEA, rt, 89% yield. An anomeric

hydroxyl was selectively acylated in the presence of a secondary hydroxyl."”
This reagent selectively acylates primary alcohols in the presence of second-
ary alcohols and will selectively acylate the 2-hydroxyl in a 4,6-protected glu-
cose derivative.*’

. BzCN, Et;N, CH;CN, 5 min to 2 h, >80% yield.?"*? This reagent selectively

acylates a primary hydroxyl group in the presence of a secondary hydroxyl
2
group.

. BzOCF(CFs),, TMEDA, 20°C, 30 min, 90% yield.24 This reagent also reacts

with amines to form benzamides in high yields.

. BzOSO,CF;, ~78°C, CH,Cl,, few min.>**® With acid-sensitive substrates

pyridine is used as a cosolvent. This reagent also reacts with ketals, epox-
ides,” and aldehydes.?” This reagent works where BzCl fails to give complete
reaction.”®

OBz

WOH  B;0TH, CH,Cls OBz

Pyr,-78°Ctort Q)

95%
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10.

11.

12.

13.

14.

15.

16.

PhCO,H, DIAD, PhsP, THF, 84% yield.”

PhP, DIAD
B
v 84% o OBz
HO"' O OH ’ HO" O

The Mitsunobu reaction is usually used to introduce an ester with inversion
of configuration. The use of this methodology on an anomeric hydroxyl was
found to give only the -benzoate, whereas other methods gave mixtures of
anomers.> Improved yields are obtained in the Mitsunobu esterification when
p-nitrobenzoic acid is used as the nucleophile,’ and bis(dimethylamino)
azodicarboxylate as an activating agent was found to be advantageous for
hindered esters.>> BusP=CHCN was introduced as an alternative activating
agent for the Mitsunobu reaction.”

BzOH, Al,03;/MeSO;H, neat, 80-92% yield. This method was found to be
excellent for the monesterification of diols, but remotely oriented diols tend to
give diesters as well. Amino alcohols are also selectively esterified.>* In this
case the nitrogen is protected by protonation, but under basic conditions O to
N migration will occur.

0 0
ALO3, MsOH
OH -~ _ NH R X ,/U\O/\/ NH,
HO 2% | P

N=\
lQ/NBZ CHCl,, reflux, 10 h.

An alcohol can be selectively benzoylated in the presence of a primary amine
if steric diminish its reactivity.>®

Ph 2 BzCl, TEA Pho
= CO,Me  ——® HCOzMe

HO NH,-HCI BzO NH,-HCl

Bul.i, BzCl; 10% Na,COs, H,0, 82% yield.37 These conditions were used to
monoprotect 1,4-butanediol.

BzOOBz, Ph;P, CH,Cl,, 1 h, 1t =80% yield.*® When these conditions are ap-
plied to unsymmetrical 1,2-diols the benzoate of the kinetically and thermo-
dynamically less stable isomer is formed.

(BusSn),0; BzC1¥*° The use of microwaves accelerates this reaction.*!
Bu,Sn(OMe), is reported to work better than Bu,SnO in the monoprotec-
tion of diols.*? The monoprotection of diols at the more hindered position
can be accomplished through the stannylene if the reaction is quenched with
PhMe,SiCl (45-77% yield).** A cautionary note concerning this method is
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17.

18.

19.

20.
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that in some cases a temperature-induced post-acylation migration may occur

to give unexpected mixtures.**
H;C
HC o 1. (BusSn):0 0
HO 2. BzCl HO
HO OCH; 94% B20 ¢,

The reaction can also be run using catalytic amounts of a tin reagent which
results in acylation of the least hindered alcohol or monoacylation of sym-
metrical diols is also possible.* The use of a chiral tin reagent gives modest
levels of kinetic resolution of racemic diols.*®

OH Bz(l, cat. Me->SnCl, @/OH
B S
o K2COnin THE 1, 99% OBy

o) BzOBt, 92% LN ) o
ph/YO o Ph7 NS

—

HO HO-
HO QAllyl BzO OAllyl Ret. 47

H 1. PhC(OMe),

Ol OBz
BF4-Ef,0O
OH ———* OH
2. H,0
N 3.DBU N
Bi © Bi O

2%

The selectivity here relies on the fact that the -benzoate is the thermody-
namically more stable ester. A mixture of esters is formed upon hydrolysis of
the ortho ester and then equilibrated with DBU.*® Carbohydrates are selec-
tively protected with this methodology.*’

Bz,0, MgBr,, TEA, CH,ClL,, rt, 95% yield. Tertiary alcohols are readily acyl-
ated >

Bz,0, K,CO;, acetone, 90% yield. Note that the secondary hydroxyl was not
esterified.>

Not esterified \

HO
Bz,0, KyCO4
Acetone, 90% L
H
~x

BzO
OEt OFt

i Ii)ﬂ(Ph
L o

HO
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21. Bz;0, Sc(NTf,);, CH;CN, 25°C, 1.5-3 h, 90-98% yield. Phenols are also
acylated efficiently.>

22. Vinyl benzoate, Cp »Sm(THF),, toluene, rt, 3 h, 99% yield.*®
23. N-Benzoyl-4-(dimethylamino)pyridinium chloride, CH,Cl,, TEA.3*

24. As with acetates, enzymatic methods can be used to regioselectively intro-
duce a primary benzoate in the presence of a secondary alcohol (Cal-B, vinyl
benzoate, THF, 60°C, 89-96% yield).>

25. (R,R)-P-box-CuCl,, BzCl, 0.5 eq., DIPEA, CH,Cl,, 0°C, 77-99% ee.>

o%/o
A '\8
N, N

5 Cu

OH Ph " ‘¢1 Ph OH ~OH
+

. BzCl, DIPEA, CH,Cl, .
"OH OBz OH

0°C

Cleavage

The section on the cleavage of acetates should be consulted, since many of the meth-
ods presented there are applicable to benzoates.

1. 1% NaOH, MeOH, 20°C, 50 min, 90% yield.>’

2. Et:N, MeOH, H,O (1:5:1), reflux, 20 h, 86% yield. >

3. MeOH, KCN.¥

4. A benzoate ester can be cleaved in 60—-90% yield by electrolytic reduction at

—23V
Ph Electrolysis, 2.05 V
Jw /A Et;NBF,, Ei;NOAc
BOCN h O —» R=zH
1\— O MeOH, CH3CN
MP 79%

R=Bz MP = p-methoxyphenyl Ref. 61

5. The following example illustrates the selective cleavage of a 2’-benzoate in a
nucleotide derivative.”” This selectivity is achieved because the hydroxyl at the
2’-position is the most acidic of the three.

BzO BzO

w
w

H,NNH,, AcOH, Pyr (1:4)

20°C, 7 days or 80°C, 12 h
BzO OBz 80% BzO OH
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10.

PROTECTION FOR THE HYDROXYL GROUP, INCLUDING 1,2- AND 1,3-DIOLS

The use of hydrazine was also found very effective in the deprotection of a
complex glycopeptide where conventional methods failed to give complete
deprotection.®

. Ammonia, MeOH, 65-70% yield. This method was developed to selectively

cleave secondary benzoates in the presence of the primary benzoate.** This
method was also successful for the cleavage of secondary benzoates in the
presence of a primary benzoate of pyranosides.

0
R
e v
BzO BzO
N° 7O N/&O
o NHs, MeOH e}
o
8%

BzO OBz HO OH

Q

. Ammonia, 87% yield. In this case an anomeric benzoate was deprotected

in the presence of a primary benzoate which shows that benzoates of more
acidic hydroxyls are cleaved more rapidly.®>

. BF:-Et,0, Me,S.%
. Mg, MeOH, 1t, 13h, 91% yield. Esters are cleaved selectively in the order p-

nitrobenzoate > acetate > benzoate > pivalate >3> trifluoroacetamide.®’

EtMgBr, Et,0, rt, 1 h, 90-100% yield.(’g’(’g These conditions were used to pre-
vent a neighboring silyl ether from migrating. Ethylmagnesium chloride is
much more reactive; thus the reaction can be run at —42°C giving a 90% yield
of the alcohol. Acetates and pivaloates are also cleaved.
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p-Phenylbenzoate Ester: ROCOC¢H,-p-CgHs

The p-phenylbenzoate ester was prepared to protect thehydroxyl group of a pros-
taglandin intermediate by reaction with the benzoyl chloride (Pyr, 25°C, 1h, 97%
yield). It was a more crystalline, more readily separated derivative than 15 other
esters that were investigated.! It can be cleaved with K,CO; in MeOH in the presence
of a lactone.”
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2,4,6-Trimethylbenzoate (Mesitoate) Ester: 2.4.6-Me;C¢H,CO,R (Chart 2)

Formation

1. Me;C¢H,COCL, Pyr, CHCL,, 0°C, 14h — 23°C, 1h, 95% yield.!
2. MesCeH,CO,H, (CF;CO),0, PhH, 20°C, 15 min.2

Cleavage

1. LiAlH,, Et,0, 20°C, 2h.2

2. +BuOK, H,O (8:1) “anhydroushydroxide,” 20°C, 24-72h, 50-72% yield.3 A
mesitoate ester is exceptionally stable to base: 2 N NaOH, 20°C, 20h; 12 N
NaOH, EtOH, 50°C, 15 min.
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4-Bromobenzoate: 4-BrC¢H,CO,;R

The 4-bromobenzoate! is often used in place of a benzoate because it tends to impart
crystallinity to a molecule which makes x-ray structure determinations possible.? It
is prepared and cleaved by the same methods as the benzoate.®
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2,5-Difluorobenzoate: 2,5-F,CsH;CO,R

The 2,5-difluorobenzoyl group was developed for the protection of O-linked glyco-
peptides. In contrast to the use of acetates and benzoates, this group does not result
in the formation of orthoesters or transfer the ester to the alcohol being glycosylated
as is the case with an acetate. It can be cleaved using conditions that do not result in
elimination of the serine or threonine to dehydropeptides with loss of the glycoside,
as is the case with the benzoate. The ester is formed from the acid chloride using
pyridine with DMAP catalysis (91% yield). It can be cleaved with LiOH/MeOH
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(0.5h) or with NH3/MeOH (2h). Of the four fluorinated esters tested, the rate of
cleavage is as follows: 2,5-difluor > 3-fluoro > 2-fluoro > 4-fluorobenzoyl deriva-
tive.! Only the 2,5-derivative was found satisfactory for glycopeptide synthesis.

1. P. Sjolin and J. Kihlberg, J. Org. Chem., 66, 2957 (2001).

p-Nitrobenzoate (p)NBz—OR or PNB—OR) Ester: 4-NO,CsH,CO,R

Formation

1. p-Nitrobenzoyl chloride, imidazole, >52% yield.!:2
2. p-Nitrobenzoic acid, Ph;P, DEAD, THF>.* This method results in inversion of
configuration when using secondary alcohols.

Cleavage

1. NaOH, dioxane, H,0O, >97% yield.l
2. NaN;, MeOH, 40°C, 52-100% yield. This method is sufficiently mild that
Aldol esters are not eliminated during cleavage.
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(2005).

Picolinate (Pic) Ester

Formation
1. Via the Mitsunobu reaction: Pyridyl-2-CO,H, Ph;P, DIAD, 20°C, 3h, rt, 16h,
67-94% yield.!

2. The picolinate is readily prepared from the commercially available acid chlo-
ride and an alcohol or phenol. >

Cleavage

1. Cu(OAc)2, MeOH, or CHCl:/MeOH, 79-95% yield. Thishydrolysis was suc-
cessful where thehydrolysis of the 4-nitrobenzoate or benzoate resulted in
elimination.



ESTERS 265

~N

Cu(OAc)>, MeOH
O O O O OH

CeHla)J\/[\CQHw CQHla)J\/ CoHjg

2. Zn(0OAc),+2H,0 in CH,Cl,, MeOH at rt in 1.5-4h in 89-97% yield.?

- Zn{AcO), - 2H,0 Ph o
Ph/%%/ o THE, H,0 /V(') o
PicO ﬁ ~10°C, 5 b, 82% PicO

PicO p e HO Gne

1. T. Sammakia and J. S. Jacobs, Tetrahedron Lett., 40, 2685 (1999).
2. J. Y. Baek, Y.-J. Shin, H. B. Jeon, and K. S. Kim, Tetrahedron Lett., 46, 5143 (2005).

Nicotinate Ester

Formation

3-Pyridylcarboxylic acid anhydride, 93-99% yield.'

Cleavage

Mel followed by hydroxide, 55-98% yield. Quaternization of the pyridine in-
creases the rate of hydrolysis of the ester.

1. S. Ushida, Chem. Lett., 18, 59 (1989).

Proximity-Assisted Deprotection for Ester Cleavage

The following derivatives represent protective groups that contain an auxilliary
functionality, which when chemically modified, results in intramolecular, assisted
cleavage, thus increasing the rate of cleavage over simple basichydrolysis. In gen-
eral, this allows for their removal in the presence of other esters that would normally
be cleaved using conventional hydrolytic methods.

2-(Azidomethyl)benzoate Ester (AZMB--OR): 2-(N;CH,)CcH,CO,R

This ester was developed as a participating group in glycosylations that could be
removed in the presence of other esters. It is introduced using the acid chloride
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(CH,Cl,, DMAP, rt, 87% yield or pyridine). It is cleaved by reduction of the azide
with Bu;P or MePPh, (THF, H,0, 76—96% yield) which causes facile intramolecular
amide formation with release of the protected alcohol.! Other conditions that reduce
azides to amines such ashydrogenation (NH,HCO,, Pd—C, MeOH, rt) or NaBH,
reduction will cleave this ester (86-98% yield).z’3

4-Azidobutyrate Ester: N;(CH,);CO;R

The 4-azidobutyrate ester is introduced via the acid chloride. Cleavage occurs by
pyrrolidone formation after the azide is reduced by hydrogenation, H,S or Ph;P*3

(2-Azidomethyl) phenylacetate Ester (AMPA—OR): 2-(N;CH,)C¢H,CH,CO,R

This group is similar to the AZMB group. It is introduced from the acid using DCC
as a coupling agent (73-92% yield). It is cleaved by reduction with Lindlar catalyst
but should be cleavable by the same methods used to cleave the AZMB group. As
expected, NaOMe/MeOH also hydrolyzes this ester.®

2-{[(Tritylthio)oxylmethyl}benzoate Ester (TOB-OR)
2-{[(4-Methoxytritylthio)oxylmethyl} benzoate Ester (MOB—OR)

2-{{[(4-methoxytrityl)thiolmethylamino}-methyl}benzoate (MAB—OR) Ester

Y.
SSTeX

X =H, 4-MeO
Y =0o0rNH

These groups were developed for the protection of the 5-hydroxyl in nucleoside
synthesis. Its advantage is that it can be cleaved using the same conditions that oxi-
dize the phosphite to the phosphate (I, pyridine) thus taking one step out of the
synthesis. It is cleaved with 3% trichloroacetic acid and was stable to the following
reagents: Ac,O/pyridine/DMAP, r-butylhydroperoxide, 1,2-benzodithiol-3-one 1,1-
dioxide, N,N,N,N-tetramethylthioruram disulfide.” Introduction of these selectively
at the 5-hydroxyl of a nucleoside did prove problematic because it requires protec-
tion of the 3~hydroxyl. The TAB group is induced using BOPCI (DMAP, pyridine,
64% yield) as a coupling agent. It is also cleaved oxidatively with I,.

This ester is a participating group in glycosylations. It is introduced using DCC/
DMAP as a coupling agent (almost quantitative yield). It is cleaved by lactone for-
mation upon allyl group removal with (Ph;P),Pd (proton sponge, EtOH, H,O, reflux,
2-7h, almost quantitative yield). For other potential methods of deprotection the
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sections on allyl group cleavage should be consulted. This group was shown to be
orthogonal to the acetate and levulinate esters.®

2-(Prenyloxymethyl) benzoate Ester (POMB): ((CH;),C=CHCH,0)C¢H,CO,R

The ester is prepared using DCC/DMAP (90-97% yield). It is cleaved in a two-step
process wherein the prenyl ether is removed with DDQ in CH,Cl,/H>O to reveal
an alcohol that is induced to lactonize with Yb(OTf);-H,O releasing the protected
alcohol 90-92% yield).’

6-(Levulinyloxymethyl)-3-methoxy-2 and 4-nitrobenzoate Ester

This group was developed for 5’ protection in oligonucleotide synthesis. It 1s in-
troduced using triisopropylbenzenesulfonyl chloride/pyridine (55-76% yield).! It is
cleaved withhydrazine. Other methods used to cleave the levulinate groups should
also be applicable. The PAC; gv group is another levulinate-based protected protec-
tive group.?*

4-Benzyloxybutyrate Ester (BOB): CcHs;CH,OCH,CH,CH,CH,CO,R

This ester is prepared by condensing the acid and alcohol with EDC (DMAP, CH,Cl,,
58-99% yield). It is cleaved by hydrogenolysis followed by -BuOK treatment."

4-Trialkylsilyloxybutyrate Ester (SOB): 4-(+~Bu(CH;),SiO)CH,CH,CH,CH,CO,R

This ester was developed as a BOB replacement because the BOB could not be effi-
ciently removed by hydrogenolysis. It is prepared from the acid (TsClL, DMAP, THE,
0°C to rt, 98% yield). It is cleaved with TBAF (THF, rt, 75% yield).12

4-Acetoxy-2,2-dimethylbutyrate Ester (ADMB): CH;CO,CH,CH,C(CH;),CO;R

This group was developed for C-2 protection of carbohydrates. It selectively directs
glycosylation to give primarily the B-glycoside. This grouphas the advantage over
the pivalate, whichhas a similar directing effect in that it is easily cleaved with cata-
lytic DBU in MeOH."?

2,2-Dimethyl-4-pentenoate Ester: CH,=CH(CH;),CCO;R

This group is a pivalate ester equivalent that stillhas the steric advantage associ-
ated with pivalic acid but can be removed after the olefin is converted to an alcohol
by hydroboration."*

2-Todobenzoate Ester: 2-I-CcH,CO,R

The 2-iodobenzoate is introduced by acylation of the alcohol with the acid (DCC,
DMAP, CH,Cl,, 25°C, 96% yield); it is removed by oxidation with Cl, (MeOH, H,0O,
Na,COs, pH >7.5)."
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4-Nitro-4-methylpentanoate Ester

Formation/Cleavage'®

O-N 7(\/ COC1
0N COR
ROH 7<\/
———

Zn, NH,C1
MeOH, H,0

o-(Dibromomethyl)benzoate Ester: o-(Br,CH)CsH,CO,R

The o-(dibromomethyl)benzoate, prepared to protect nucleosides by reaction with
the benzoyl chloride (CH3CN, 65-90% yield), can be cleaved under nearly neu-
tral conditions. The cleavage involves conversion of the — CHBr, group to —CHO
by silver ion-assisted hydrolysis. The benzoate group, ortho to the —CHO group,
now is rapidly hydrolyzed by neighboring group participation (the morpholine
and hydroxide ion-catalyzed hydrolyses of methyl 2-formylbenzoate are particu-
larly rapid).!™!8

AgNO3, 2,4,6-collidine
@:CHBrZ H,0, acetone or @:CHO
CO,R  HeO- THE 20°C, 30 min COR
)
N

morpholine
ROH + O
87-90%
ROH = nucleoside
O
: ;CHO
SO;R

This sulfonate is prepared by reaction with the sulfonyl chloride. Cleavage occurs

with 0.05 M NaOH (acetone, H,0, 25°C, 5 min, 83-93% yield). Here also, cleavage
is facilitated by intramolecular participation through the hydrate of the aldehyde.'”

2-Formylbenzenesulfonate Ester

4-(Methylthiomethoxy)butyrate Ester (MTMB-OR): CH;SCH,O(CH,);CO,R

Formation

4-(CH;3SCH,0)(CH,);:CO,H, 2.6-dichlorobenzoyl chloride, Pyr, CH;CN, 70%
yield.2’ The MTMB group was selectively introduced onto the 5-OH of thymidine.
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Cleavage

Hg(Cl10,),, THF, H;O0, collidine, rt, 5 min; 1 M K,CO; (10min) or TEA (30 min) 7
Hg(II) cleaves the MTM group, liberating ahydroxyl group that assists in the
cleavage of the ester.

2-(Methylthiomethoxymethyl)benzoate Ester (MTMT—OR):
2-(CH;SCH,0CH;)C¢H,CO,R

This group was introduced and removed using the same conditions as the MTMB
group. Thehalf-lives for ammonolysis of acetate, MTMB, and MTMT are 5min,
15min, and 6h, respectively.’

2-(Chloroacetoxymethyl)benzoate Ester (CAMB—OR)

COR o)
cl

This ester was designed as a protective group for the 2-position in glycosyl donors. Ithas
the stability of the benzoate during glycosylation, buthas the ease of removal of the
chloroacetate. It is readily introduced through the acid chloride (CH;Cl,, Pyr, 71-88%
yield) and is cleaved with thiourea to release the alcohol that closes to the phthalide,
releasing the carbohydrate 2! Its use for nitrogen protection was unsuccessful.

COR

O
T

o

The CAEB group is similar to the CAMB group except that the final deprotection re-
quires acid treatment to initiate ring closure and cleavage.”” It is introduced through the
acid chloride (Pyr, CH,Cl,, 72h, 61-91% yield) and is cleaved with thiourea (DMF, 55°C,
8—17h; TsOH, 120h, 83% yield). This group is reported to be stable tohydrogenolysis.

2-[2-(4-Methoxybenzyloxy)ethyllbenzoate Ester (PACy—OR)

COR’
P | OR
\ R = Bn, MPM

These groups were designed for use in the synthesis of phosphatidylinositol phos-
phates where it was desirable to be able to cleave a benzoate without cleaving a
glyceryl ester.??
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Formation

PAC OH, DCC. CH,Cl,, DMAP, rt, ~4h, 87-100% yield.?3

Cleavage

=R R Y N N

—_
o)

11
12.
13.
14.
15.

16.
17.

18.

19.
20.

1. R = H, H,, Pd—C, AcOEt then +-BuOK or +~-BuMgCl, 85-96% yield.23 When
Pd(OH), is used as the catalyst, base treatment is not required because lactoni-
zation occurs spontaneously.>*

2. R = OMe, DDQ, CH,Cl,, H,0, 0°C or rt and then ~BuOK or +~BuMgCl,
82-98% yield.?

91% yield.
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Miscellaneous Esters

The following miscellaneous estershave been prepared as protective groups, but
they have not been widely used. Therefore, they are simply listed for completeness,
rather than described in detail.

. 2,6-Dichloro-4-methylphenoxyacetate ester’

. 2,6-Dichloro-4-(1,1,3,3-tetramethylbutyl) phenoxyacetate ester'
. 2,4-Bis(1,1-dimethylpropyl)phenoxyacetate ester’

. Chlorodiphenylacetate ester”

. Isobutyrate ester’ (Chart 2)

. Monosuccinoate ester*

. (£)-2-Methyl-2-butenoate (Tigloate) ester’

. 0-(Methoxycarbonyl)benzoate ester®

O 00 NN R WD =

. p-P-Benzoate ester’ P = polymer

10. &-Naphthoate ester®
11. Nitrate ester® (Chart 2)
12. Alkyl N,N,N’,N -tetramethylphosphorodiamidate: [(CH;),N] ,P(O)OR'®
13. 2-Chlorobenzoate ester.!'
1. C. B. Reese, Tetrahedron, 34, 3143 (1978).
2. A.F. Cook and D. T. Maichuk, J. Org. Chem., 35, 1940 (1970).
3. H. Biichi and H. G. Khorana, J. Mol. Biol., 72, 251 (1972).
4. P.L. Julian, C. C. Cochrane, A. Magnani, and W. J. Karpel, J. Am. Chem. Soc., 78, 3153

(1956).

. S. M. Kupchan, A. D. J. Balon, and E. Fujita, J. Org. Chem., 27, 3103 (1962).

. G. Losse and H. Raue, Chem. Ber., 98, 1522 (1965).

. R. D. Guthrie, A. D. Jenkins, and J. Stehlicek, J. Chem. Soc. C, 2690 (1971).

. I. Watanabe, T. Tsuchiya, T. Takase, S. Umezawa, and H. Umezawa, Bull. Chem. Soc.
Jpn., 50,2369 (1977).

. J. Honeyman and J. W. W. Morgan, Adv. Carbohydr. Chem., 12, 117 (1957); J. F. W.
Keana, in Steroid Reactions, C. Djerassi, Ed., Holden-Day, San Franscisco, 1963, pp.
75-76; R. Boschan, R. T. Merrow, and R. W. Van Dolah, Chem. Rev., 55, 485 (1955);
R. W. Binkley and D. J. Koholic, J. Org. Chem., 44, 2047 (1979); R. W. Binkley and D. J.
Koholic, J. Carbohydr. Chem., 3, 85 (1984).

10. R.E.Ireland, D. C. Muchmore, and U. Hengartner, J. Am. Chem. Soc. 94, 5098 (1972).

11. E.Rozners, R. Renhofa, M. Petrova, J. Popelis, V. Kumpins, and E. Bizdena, Nucleosides
& Nucleotides, 11, 1579 (1992).

o0 =~ O W

N=]



272 PROTECTION FOR THE HYDROXYL GROUP, INCLUDING 1,2- AND 1,3-DIOLS
Sulfonates, Sulfenates, and Sulfinates as Protective Groups
for Alcohols

Sulfonate protective groups have largely been restricted to carbohydrates where they
serve to protect the 2-OH with a nonparticipating group so that coupling gives pre-
dominately 1,2-cis glycosides.

Sulfate: ROSO;”

Formation'/Cleavage®
OH OH
HO.,, \‘\OY Ph Pyr- SO, -0580,,, \‘\0\]/ Ph
- 0 Pyr, 69% 0
CH;0" O CH50 O
OCH;
1. 1% H,80,
HO., ++OCH3 2. NaH, Mel, DME
3. 2% H»80y, dioxane
- OCH;
CH;0" ™0

The o-anomer gives better selectivity for the 2-OH than does the B-anomer
(3:2). Note that the conditions used to remove the 4,6-O-benzylidene group are
sufficiently mild to retain the sulfate.”

The allylsulfonate was developed for the protection of carbohydrates.

Formation

Allylsulfonyl chloride, Pyr, CH,Cl,, 55-71% yield.?

Cleavage
THEF, morpholine, 35% aq. formaldehyde, (Ph;P),Pd, >>85% yield.3

Methanesulfonate (Mesylate) (RO—Ms): MeSO;R

Formation
1. MsCl, Et;N, CH,Cl,, 0°C, generally >>90% yield.4

OH OH OH OMs
H 1. Bu,SnO, toluene H
BnS OBn - BnS OBn

B ——
2. MsCl >57%

H BnS H Ref. 5

Qi
O

BnS

2. MsCl, TEA, Me;NHCI, toluene, 0-5°C, 1h, 87-94% yield.*
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Cleavage

1.

Na(Hg), 2-propanol, 84-98% yield.® The use of methanol or ethanol gives
very slow reactions. Benzyl groups are not affected by these conditions.

. Photolysis, KI, MeOH.” The triflates are also cleaved, but the products are

partitioned between cleavage and reduction.®

. MeMgBr, THF, 90% yield *'

4. MeLi, THE"

5.

LiAlH, THF, 50°C, 15h."?

Benzylsulfonate: ROSO,;Bn

Formation

BnSO,Cl, 2,6-lutidine, CH,Cl,, >72% yield."?

Cleavage

NaNH,, DMF, 67-95% yield.> '4

Tosylate (Ts—OR): CH;C¢H,SOsR

Formation
1. TsCl, Pyr.!> Some interesting selectivity has been obtained.'®
070 070 070
TsCl, TsCl, TEA
Tso\i\# S Ho — HOM
HO - :
HO HO
OH OH OTs
] 2 eq. NaH, TsCl
¥
o770
T
HO\A§
TsO
OTs

» Ts Xy~ Me TFO™

This reagent selectively protects a primary alcohol in the

presence of a secondary alcohol.”

. BuySnQ, toluene reflux; TsCl, CHCl;, 36-99% yield. The primary alcohol of

a 1,2-diol is selectively tosylated, but whenhexamethylene stannylene acetals
are used, selectivity is reversed and the secondary diol is preferentially tosyl-
ated.'® ! This method has been made catalytic in Bu,SnO to rapidly sulfonate
the primary alcohol of 1,2-diols and to selectively monotosylate internal 1,2-
diols.?® A fluorous version of this process has been developed which allows for
the simple recycling of the tin species.?!
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4. TsCl, DABCO, CH,Cl,, MTBE or AcOEt, 45-97% yield. In many cases these

conditions were found to be superior to the use of pyridine as a base. DABCO is
also less toxic than pyridine, which may prove useful in a commercial setting.2*

. TsCl, Me,N(CH,),NMe,, n = 3 and 6, TEA, toluene or CH;CN, 0-5°C, 87—

95% yield. Attempts at using TMEDA result in the formation of TsNMe,.?
Almost no chloride formation is observed under these conditions.

. TsCl, Ag,O, cat. KI, CH,Cl,, 40°C, 60-99% yield. Nosylates and Mesylates

can also be formed by this method.* In some cases this method gives results
that are complementary to the stannylene method. Selectivity is also depen-
dent upon the substituent at the anomeric position of a pyranoside, but not the
configuration.?> Acetates and benzoates give similar results.

Ph/v TsCl, K1, AgaO Ph/v
STol | CHCL 97% A/STol
o TsCl, KI, Ag-,O O
Ph/: o Ph/vo 0
HO OMe  CHxCly, 88% HO OMe
OTs

OH

. TsCl, TEA, Me;NHCI, toluene, 80-97% yield. With this method allylic and

propargylic alcohols can be tosylated without chloride formation.?

. Ts,0, Yb(OTf)3, CH,Cl, rt, 10min to 24h, 76-89% yield.>” With this method

the conversion of a tosylate to the chloride is avoided.

. TsOH, ZrCl,, CH,Cl,, reflux, 6-14h, 51-95% yield. Tertiary alcohols fail to

form tosylates.?® CoCl,»2H,0 (26-95% yield)  and silica chloride (0-95%
yield)*® have also been used successfully as catalysts.

Cleavage
1. Av, 90% CH;CN/H,0, 1,5-dimethoxynaphthalene, NH,NH, or NaBH, or
Pyr-BH;, 59-97% yield.”
2. hv, Et;N, MeOH, 12h, 91% yield.?
3. The tosyl grouphas also been removed by reductive cleavage with Na/NH;

~N N

(65-73% yield),> Na/naphthalene (50-87% yield),** and Na(Hg)/MeOH
(96.7% yield).3

. TiCls, Li, THF, 1t, 18h, 43-76% yield.3

. NaBH,, DMSO, 140°C, 71% yield.>’

. LiAIH,, ether.®

. Mg, MeOH, 4-6h, 80-95% yield.* Phenolic tosylates are also cleaved ef-

ficiently.

. KF-Al,0s3, Microwave, 85-90% yield. This method uses no solvent and is

likely to be difficult to scale.*® Phenolic tosylates and sulfonamides are also
cleaved.
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9. NaOMe, MeOH, reflux, 12h, 99% yield. This reaction is successful because
the sulfonates can not eliminate to form olefins and displacement is hindered
by the axial substituents.*

/IJ_I\ H
o070 07[\0
o MeONa, MeOH o
TsO gy Reflux,99%  HO
1 EH
TsO
*oMe HO e

2-[(4-Nitrophenyl) ethyl]sulfonate (Npes—OR): 4-NO,CH,CH,CH,SOs;R

Formation

NO,C¢H,CH,CH,SO,Cl, Pyr, 70-90% yield.**

Cleavage

0.1 M DBU, CH;CN, 2h.** The Npes group is more labile to base than the Npeoc
and Npe groups. It is not very rapidly removed by fluoride ions. K,CO;, MeOH
can be used for acetate cleavage in the presence of a Npes ester.**

2-Trifluoromethylbenzenesulfonate: 2-CF;C4H,SO,~OR

This group was developed to improve the B-selectivity in the glycosylation of rham-
nose and mannose thioglycosides. It is prepared from the sulfonyl chloride and
cleaved using Na(Hg) in isopropanol (61-80% yield).*’

This group was developed for 5’ protection in acid free oligonucleotide synthesis. It
is introduced by the reaction of the sulfenyl chloride with the lithium anion gener-
ated from LiIHMDS in THF at rt. It is cleaved with [,/CH;CN—pyridine—-H,O condi-
tions that simultaneously oxidize phosphite to phosphate. Unlike the 2.4-dinitroben-
zenesulfenyl group, it is completely compatible with tervalent phosphorous.*®
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Alkyl 2,4-Dinitrophenylsulfenate: ROSC¢H;-2,4-(NO,), (Chart 2)

A nitrophenylsulfenate, cleaved by nucleophiles under very mild conditions, was de-
veloped as protection for anhydroxyl group during solid-phase nucleotide synthesis.!
The sulfenate ester is stable to the acidic hydrolysis of acetonides.”

Formation

1. 2.4-(NO,),CcH5SCl, Pyr, DMF or CH,Cl,, 20°C, 1h, 70-85% yield.!

TBDMSO
BOCO NO,
2,4-(NO2)-CcH3SC1
(BOCLN | Py, CHoCl, 73% R= HSONOZ
Ref. 3

Cleavage

1. Nu~, MeOH, H,0, 25°C, 4h, 63-80% yield.

2. Nu™ = Na;S$,0;, pH 8.9; NaCN, pH 8.9; Na,S, pH 6.6; PhSH, pH 11.8.!

3. Ha, Raney Ni, 54% yield.!

4. Al, Hg(OAc),, MeOH, 5h, 67% yield.2

5. An o-nitrophenylsulfenate is cleaved by electrolytic reduction (—1.0V, DMF,

RNX).4
6. PhSH, Pyr, THF, 83% yield.

7. Photolysis, >280nm, Et;N, CH,Cl,. Cleavage is believed to occur by an elec-
tron transfer from TEA to the sulfenate.’
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2,2,5,5-Tetramethylpyrrolidin-3-one-1-sulfinate

This group was developed for 5-hydroxyl protection in oligonucleotide synthesis.
It is stable to the conditions for nucleotide coupling using the phosphoramidite ap-
proach. It is not stable to acid or to I,/pyridine/THF, conditions used for phosphite
oxidation. Ithas been used to prepare a 20-mer.!

0] O
$
~S._

1
HO Y N N
= B *al\ o >/ 0 B
\$0\) Y H\ \$O;
0 @ —— 0
o TEA, CH4CN, 5°C
M thien 11, 25° OM

1. V. Marchan, J. Cieslak, V. Livengood, and S. L. Beaucage, J. Am. Chem. Soc., 126, 9601
(2004).

Borate Ester: (RO);B

Formation

1. BH3-Me,$S, 25°C, 1h, 80-90% yield.!
2. B(OH);, benzene, —H,0, 100% yield.>3

Cleavage

Simple borate esters are readily hydrolyzed with aqueous acid or base. More
sterically hindered borates such as pinanediol derivatives are quite stable to hy-
drolysis.* Somehindered borates are stable to anhydrous acid and base, to HBt/
BzOOBz, to NaH, and Wittig reactions.’

1. C. A. Brown and S. Krishnamurthy, J. Org. Chem., 43, 2731 (1978).
2. W. I Fanta and W. F. Erman, J. Org. Chem., 37, 1624 (1972).
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3. W. 1 Fanta and W. F. Erman, Tetrahedron Lett., 10, 4155 (1969).
4. D. S. Matteson and R. Ray, J. Am. Chem. Soc., 102, 7590 (1980).

Dimethylphosphinothioyl Ester: (CH;),P(S)OR

The dimethylphosphinothioyl grouphas been used to protecthydroxyl groups in car-
bohydrates. It is prepared from the alcohol and Me,P(S)Cl (cat. DMAP, DBU). It
is not prone to undergo “acyl” migration as are carboxylate esters. It is stable to the
acidic conditions used to cleave acetonides and trityl groups, to DBU/MeOH, Bu,NF,
Bu;SnH, Grignard reagents and cat. NaOMe/MeOH. The dimethylphosphinothioyl
group is cleaved with BnMe;NOH. It can also be cleaved by BuyNF after conversion
to the dimethylphosphonyl group with m-chloroperoxybenzoic acid.

1. T.Inazu and T. Yamanoi, Noguchi Kenkyusho Jiho, 43 (1988); Chem. Abstr., 111, 7685w
(1989).

Carbonates

Carbonates, like esters, can be cleaved by basic hydrolysis, but generally are much
less susceptible to hydrolysis because of the resonance effect of the second oxygen.
In general, carbonates are cleaved by taking advantage of the properties of the sec-
ond alkyl substituent (e.g., zinc reduction of the 2,2,2-trichloroethyl carbonate). The
reagents used to introduce the carbonate onto alcohols react readily with amines as
well. As expected, basic hydrolysis of the resulting carbamate is considerably more
difficult than basic hydrolysis of a carbonate.

Alkyl Methyl Carbonate: ROCO,CHj; (Chart 2)

Carbonates are not always the innocent bystander and can function as leaving groups
under some conditions.!

/\\/OCOZMe Cs,COs, dioxane

——

110°C, quant.
NHBz anan N
Bz
Formation
Cl
MeO NHCO,Me

MeOCOCI, CH5Cl»

(J°C 30 min, 89%

OCO,Me  Ref. 2
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alcohol is protected.’

3. BtOCO,CHs;, Pyr, DMAP, rt, 70-99% yield. This reagent proved effective for
hindered alcohols where methyl chloroformate failed. Severely hindered alco-

hols such as the 13-hydroxyl of Baccatin III fail to react.*

0 0
HO.,, Me0,CO.,,
BtOCO-CH3, Pyr
B
DMARP, rt
HO OH o1% MeO,CO 0CO,Me

Cleavage
C

L 25°C, 15 h, 88%

0CO,Me

1. M. D. Ganton and M. A. Kerr, Org. Lett., 7, 4777 (2005).

1 Cl
MeO i NHCO,Me MeO NHCO,
! 1% K2CO3, MeOH
N e ———
OH

Me

Ref. 2

2. A. L. Meyers, K. Tomioka, D. M. Roland, and D. Comins, Tetrahedron Lett., 19, 1375

(1978).

3. R. Pulido and V Gator, J. Chem. Soc., Perkin Trans. I, 589 (1993).

4. P. G. M. Wuts, S. W. Ashford, A. M. Anderson, and J. R. Atkins, Org. Lett., 5, 1483 (2003).

Methoxymethyl Carbonate: CH;OCH,OCO,R

Formation

1. K,COs, CICH,OMe, DMF, —20°C, 28-95% yield.!
2. AgCO;, CICH,0Me, DMF, —15°C, 15-67% yield.*

Cleavage

1. K,COs, MeOH, H,0, 30 min, 20°C, 19-93% yield.2
2. TFA, MeOH, 30h, 20°C, 79-93% yield.":?

1. K. Teranishi, A. Komoda, M. Hisamatsu, and T. Yamada, Bull. Chem. Soc. Jpn., 68, 309

(1995).

2. K. Teranishi, H. Nakao, A. Komoda, M. Hisamatsu, and T. Yamada, Synthesis, 176

(1995).
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OCO,R

Formation

1. FmocCl, Pyr, 20°C, 40min, 81-96% yield.l TMEDA is a very effective base
for this transformation.”

2. o
y OFm
FC N+
N
o
ROH RO-Fmoc
DMAP, THE, CH 1CN )
53-95% Ref. 3
Cleavage

1. C. Gioeli and J. B. Chattopadhyaya, J. Chem. Soc., Chem. Commun., 672 (1982).

2. M. Adinolfi, G. Barone, L. Guariniello, and A. ladonisi, Tetrahedron Lett., 41, 9305
(2000).

3. K. Takeda, K. Tsuboyama, M. Hoshino, M. Kishino, and H. Ogura, Synthesis, 557 (1987).

Alkyl Ethyl Carbonate: ROCO,Et

An ethyl carbonate, prepared and cleaved by conditions similar to those described
for a methyl carbonate, was used to protect a hydroxyl group in glucose.! Ethyl chlo-
roformate in pyridine or CH,Cl,/TEA is the most common method of preparation for
this carbonate. The carbonate may be prepared by exchange with diethyl carbonate
in the presence of a MgLa mixed oxide catalyst.” The carbonates of 2-hydroxycar-
boxylic acids may also be prepared by the reaction of 2-ethoxy-1-(ethoxycarbonyl)-
1,2-dihydroquinoline (EEDQ).? These carbonates can also be cleaved enzymatically
with Lipase B from Candida antarctica (phosphate buffer, pH 7, 30-60°C).*

1. F. Reber and T. Reichstein, Helv. Chim. Acta, 28, 1164 (1945).
2. B. Veldurthy and F. Figueras, Chem. Commun., 734 (2004).
3. M. H. Hyun, M. H. Kang, and S. C. Han, Tetrahedron Lett., 40, 3435 (1999).

4. M. Capello, M. Gonzalez, S. D. Rodriguez, L. E. Iglesias, and A. M. Iribarren, J. Mol.
Catal. B: Enzymatic, 36, 36 (2005).
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A bromoethyl carbonate of a primary alcohol was prepared from the chloroformate and
DMAP. This group was used in place of the desired Alloc group, so that an oxidative
cleavage of an olefin with OsO, could be performed. The BEC group was later con-
verted to the desired Alloc group by treatment with allyl alcohol and MeMgBr/THE!!
It should be possible to cleave this group with Zn/AcOH or other reducing systems.

QAlloc

MeMgBr, THF Me  Me
OAcOMe —————— :
AllylOH

1. L.D. Julian, J. S. Newcom, and W. R. Roush, J. Am. Chem. Soc., 127, 6186 (2005).

Alkyl 2- (Methylthiomethoxy) ethyl Carbonate (MTMEC—OR):
CH;SCH,OCH,CH,OCO,R

Formation

CH;SCH,OCH,CH,OCOCI, 1-methylimidazole, CH;CN, 1 h, >72% yield.l

Cleavage

Hg(ClOy),, 2,4,6-collidine, acetone, H,O (9:1), 5h; NHj;, dioxane, H;O (1:1).% In this
case, Hg(II) is used to cleave the MTM group liberating a hydroxyl group, which assists
in the cleavage of the carbonate upon treatment with ammonia. Cleavage by ammonia
1s 500 times faster for this hydroxy derivative than for the initial MTM derivative.

1. S. S. Jones, C. B. Reese, and S. Sibanda, Tetrahedron Lett., 22, 1933 (1981).

Alkyl 2,2,2-Trichloroethyl Carbonate (Troc-OR): ROCO,CH,CCl; (Chart 2)

Formation

CI,CCH,0COC], Pyr, 20°C, 12h.! The trichloroethyl carbonate can be introduced
selectively onto a primary alcohol in the presence of a secondary alcohol.? DMAP
has been used to catalyze this acylation.> TMEDA is probably the best amine to use
for the formation of carbonates.

OR OR

TrocNH,,, WOH CLCCH,0COCT  TrocNH,, OH
- OH Pyr>71% - OTroc
Allylo™ ™0 Allylo™ ™0
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Cleavage

L. Zn, AcOH, 20°C, 1-3h, 80% yield.'

2. Zn, MeOH, reflux, short time."

3. Zn—Cu, AcOH, 20°C, 3.5h, 100% yield.4 A 2,2,2-tribromoethyl carbonate is
cleaved by Zn—Cu/AcOH 10 times faster than trichloroethyl carbonate.

4. Electrolysis, —1.65V, MeOH, LiClO,, 80% yield.5

5. Sm, I,, MeOH, rt, 5min, 100% yield.("7

6. In, NH,Cl, H,0, MeOH, 0.5-1.5h, 82-98% yield.®

1. T. B. Windholz and D. B. R. Johnston, Tetrahedron Lett., 8, 2555 (1967).

2. M. Imoto, N. Kusunose, S. Kusumoto, and T. Shiba, Tetrahedron Lett., 29, 2227 (1988).

3. S. Hanessian and R. Roy, Can. J. Chem., 63, 163 (1985).

4. A.F. Cook, J. Org. Chem., 33, 3589 (1968).

5. M. F. Semmelhack and G. E. Heinsohn, J. Am. Chem. Soc., 94, 5139 (1972).

. R. Yanada, N. Negoro, K. Bessho, and K. Yanada, Synlett, 1261 (1995).

. C.B. Lee, T-C. Chou, X.-G. Zhang, Z.-G. Wang, S. D. Kuduk, M. D. Chappell, S. J. Sta-
chel, and S. J. Danishefsky, J. Org. Chem., 65, 6525 (2000).

8. M. Valluri, T. Mineno, R. M. Hindupur, and M. A. Avery, Tetrahedron Lett., 42, 7153

(2001).

6
7

CL,CC(CH;3),0CO,R

Formation

C1,CC(CH;),0COC], base, solvent.!

Cleavage

(EtsNH)Sn(SPh),, tetrabutylammonium cobalt(IT)phthalocyanine-5,12,19,26-tet-
rasulfonate, CH;CN, MeOH, 20°C, 1h, 90% yield.l

1. S. Lehnhoff, R. M. Karl, and 1. Ugi, Synthesis, 309 (1991).

Me,;SiCH,CH,OCO,R

Formation

1. TMSCH,CH,OCOCI, Pyr, 65-97% yield.l
2. TMSCH,CH,OCO-imidazole, DBU, benzene, 54% yield.2
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Cleavage

1. 0.2 M Bu,NF, THE, 20°C, 10min, 87-94% yield.!
2. ZnCl,, CH,Cl, or CH;NO,, 20°C, 81-90% yield.!
3. ZnBr,, CH,Cly or CH;NO,, 20°C, 65-92% vyield.!

1. C. Gioeli, N. Balgobin, S. Josephson, and J.B. Chattopadhyaya, Tetrahedron Lett., 22, 969
(1981).
2. W.R. Roush and T. A. Bizzard, J Org. Chem., 49, 4332 (1984).

2-[Dimethyl(2-naphthylmethyl)silyllethyl Carbonate (NSEC-OR)

This group was developed as a UV-active group for carbohydrate synthesis. It is
introduced with the chloroformate (DMAP, CH,Cl, rt, 15h, 59-66% yield). As with
the Teoc group, it is cleaved with TBAF, which can be done in the presence of a
variety of esters. It can not be cleaved in the presence of the Fmoc group even with
AcOH buffered TBAF.!

1. S. Bufali, A. Holemann, and P. H. Seeberger, J. Carbohydr. Chem., 24, 441 (2005).

Alkyl 2-(Phenylsulfonyl) ethyl Carbonate (Psec—OR): PhSO,CH,CH,OCO,R

Formation

PhSO,CH,CH,0COCI, Pyr, 20°C, 74-99% yield.'

Cleavage

L. Et:N, Pyr, 20h, rt, 85-99% yield.'

2. NH;, dioxane, H,O (9:1), 7 min.!

3. K>CO; (0.04 M) 1 min.!

4. 4-Substituted phenylsulfonyl analogs (4-RC¢H,;SO,CH,CH,OCOR") of this

protective group have also been prepared and their relative rates of cleavage
studied in TEA/Pyr at 20°C).”

Cleavage rates for 4-Substituted Psec Derivatives

R Relative Rate, T\, (min)
H 180
Me 1140
Cl 60
NO, 10

1. N. Balgobin, S. Josephson, and J. B. Chattopadhyaya, Tetrahedron Lett., 22, 3667 (1981).
2. S.Josephson, N. Balgobin, and J. Chattopadhyaya, Tetrahedron Lett., 22, 4537 (1981).
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Ph,P*CH,CH,0CO,R CI”

Formation

Ph:P*CH,CH,OCOCI CI", Pyr, CH,Cl, 4h, 0°C, 65-94% yield.'

Cleavage

Me,NH, MeOH, 0°C, 75% yield.l t-Butyl esters could be cleaved with HCI with-
out affecting the Peoc group.

1. H. Kunz and H.-H. Bechtolsheimer, Synthesis, 303 (1982).

Cis-[4-[[(-Methoxytrityl) sulfenylJoxy]tetraydrofuran-3-ylloxy Carbonate
(MTFOC—-OR)

This group was developed as an oxidatively cleavable group for 5’-protection in oli-
gonucleotide synthesis. It is prepared either from the carbonylimidozolide or the
4-nitrophenyl carbonate. Alternatively the alcohol to be protected can be treated
with carbonyl diimidazole followed by sulfenyl protected diol. Yields range from
70% to 93%. The MTFOC group is cleaved upon oxidation with I,, which releases
the alcohol that in the presence of pyridine cyclizes to form a carbonate with release
of the nucleotide. The oxidation step is fast (<1 min), and the cyclization to form the
carbonate has a half-life of 51 min.!

LSTr o)
o o o 05M L /K HO
YOI T Lod
0 Pyridine, H.O + 8]
o} O 9:1viv
TBDMSO o~ TBDMSO

1. E. Utagawa, K. Seio, and M. Sekine, Nucleosides & Nucleotides, and Nucleic Acids, 24
927 (2005).

Alkyl Isobutyl Carbonate: ROCO,CH,CH(CH;),

An isobutyl carbonate was prepared by reaction with isobutyl chloroformate (Pyr,
20°C, 3 days, 73% yield), to protect the 5-OH group in thymidine. It was cleaved by
acidic hydrolysis (80% AcOH, reflux, 15 min, 88% yield).!

1. K. K. Ogilvie and R. L. Letsinger, J. Org. Chem., 32, 2365 (1967).
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Alkyl #-Butyl Carbonate (BOC): (CH;);COCO;R

Formation

1. BOC,0, methylimidazole or DMAP, solvent, 0°C. The formation of a BOC
carbonate under these conditions is very dependent upon the alcohol. Only
acidic alcohols give clean conversion. The usual product from the reaction is a
dialkyl carbonate mixed with the desired BOC carbonate.! Although there are
cases that give the expected products,” in this case the cyclic carbonate does
not form because of the trans relationship of the two alcohols.

HO, OH HO, OBOC
g BOC,0, CH,Cl, '
OAc

OAc

4-Pyrrolopyridine +-BuQ,C o)
P g1 BuOC 4 Fh

OoH COyt-Bu

OoH CO.r-Bu

2. BOC-Im, toluene, 60°C. The reagent reacts selectively with primary alco-
hols, 96-98% yield. 1,2-diols give the cyclic carbonate and 2° alcohols fail to
react.’

3. BOC,0, CeCls, THF, 24h, 25°C, 94% yield.4 V(O)(OTf); can also be used as
a catalyst.>

Cleavage

The section on the cleavage of BOC amines should be consulted, since many of
those methods should be applicable to the cleavage of the carbonate.
TFA, CH,Cl,, 1t, 2>73% yield.?

1. Y. Basel and A. Hassner, J. Org. Chem., 65, 6368 (2000).

2. K. Tomooka, M. Kikuchi, K. Igawa, M. Susuki, P-H. Keong, and T. Nakai, Angew. Chem.
Int. Ed., 39, 4502 (2000).

3. S.P.Rannard and N. J. Davis, Org. Lett., 1,933 (1999).

4. R. A. Holton, Z. Zhang, P. A. Clarke, H. Nadizadeh, and D. J. Procter, Tetrahedron Lett.,
39, 2883 (1998).

5. C.-T. Chen, J.-H. Kuo, C.-H. Li, N. B. Barhate, S.-W. Hon, T.-W. Li, S.-D. Chao, C.-C. Liu,
Y.-C. Li, I.-H. Chang, J.-S. Lin, C.-J. Liu, and Y.-C. Chou, Org. Lett., 3, 3729 (2001).

Alkyl Vinyl Carbonate: ROCO,CH=CH,

Formation
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Cleavage

Na,CO;, H,0, dioxane, warm, 97% yield.l Phenols can be protected under simi-
lar conditions. Amines are converted by these conditions to carbamates that are
stable to alkaline hydrolysis with sodium carbonate. Carbamates are cleaved by
acidic hydrolysis (HBr, MeOH, CH,Cl,, 8h), conditions that do not cleave alkyl
or aryl vinyl carbonates.

1. R. A. Olofson and R. C. Schnur, Tetrahedron Lett., 18, 1571 (1977).

Alkyl Allyl Carbonate (Alloc—OR): ROCO,CH,CH=CH, (Chart 2)

Formation

1. CH,=CHCH,0COC], Pyr, THF, 0-20°C, 2h, 90% yield.!

2. CH,=CHCH,OCOCI, TMEDA, CH,Cl,, 0°C, 20 min, 95% yield. The use of
TMEDA greatly improves formation of carbonates from the respective chlo-
roformates. The method was also applied to the preparation of Bn, Fm, and
CCI;CH, carbonates, all in excellent yield.2

3.
OMe
R7O.,,
OMe
0 O/fj
0" "o,
o ///H
R=R"=H AllylOCOCI

solvent R’ = CO,CH,CH=CH,
R
base

R”=H

OR’

This reaction® showed a remarkable selectivity with respect to the solvent and
base used. In THF and EtOAc using TEA as the base, a 1:1 mixture of the allylic
carbonate and bisacylated products is obtained, but when CH,Cl, is used as sol-
vent the reaction favors the allylic alcohol by a factor of 97:3 (mono/bis). In THF
or MTBE, use of TMEDA as the base also results in a 97:3 mono/bis ratio.>

4. Diallyl carbonate, Pd(OAc),, PhsP. Conventional methods failed to protect this
hindered 12-0-hydroxycholestane derivative.* This reaction is unusual in that
the carbonate was formed rather than the expected allyl ether.
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S

0
Allle/U\N //<
N

i s DMAP, THF, 65% yield. This reaction is selective for pri-

mary alcohols.® Benzyl, isobutyl, and ethyl carbonates are also prepared using
this method (63-85% yield).

Allylbromide, Cs,CO;, TBAL DMF, CO,, 23°C, 91% yield. This is a general
method for the preparation of carbonates.”

Cleavage

1.

[ I SR UV ]

N=Be o BEEN B o\

Ni(CO)4, TMEDA, DMF, 55°C, 4h, 87-95% yield.l Because of the toxicity
associated with nickelcarbonyl, this method is rarely used and has largely been
supplanted by palladium-based reagents.

. Pd(Ph;P),, HCO,NH,.}

. Pd(Ph;P),, Bu;SnH, 90-100% yield’

. PAC1,(Ph;P),, dimedone, 91% yield.!®

. Pd(OAc),, TPPTS, Et,NH, CH;CN, H,0, 51-100% yield. If the reaction is run

in a biphasic system using butyronitrile as the solvent, a dimethylallyl carba-
mate can be retained; however, in a homogeneous system using CH;CN, both
groups are cleaved quantitatively.''2

. Pd(dba),, dppe, Et,NH, THF, 15 min-5h, 96-100% yield."?

. Pd(Ph;P)4, NaBH,, ethanol, >>88% yield.3

. Pd(OAc),, TPPTS, Et;NH, CH;CN-H,O or Et,0-H,0, 94-98% yield."*

. Lithium naphthalenide, THF, 0°C, 1-2h, 71-99% yield. Cbz carbonates, thio-

carbonates, and carbamates are also cleaved under these conditions.'

A cinnamyl carbonate is cleaved electrochemically (—2.3 V, Hg, CH;CN) in prefer-

ence to the cinnamyl carbamate.

16

0
OJ\ 0> OH
ﬁj 255V, Hg
CHON
N 79% N
041\0/\/\ Ph 0)\0/\\/\ Ph

1. E.J. Corey and J. W. Suggs, J. Org. Chem., 38, 3223 (1973).
2. M. Adinolfi, G. Barone, L. Guariniello, and A. Iadonisi, Tetrahedron Lett., 41, 9305 (2000).
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3.
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12.

13.

14.

15.
16.

R.J. Cvetovich, D. H. Kelly, L. M. DiMichele, R. F. Shuman, and E. J. J. Grabowski, J.
Org. Chem., 59, 7704 (1994).

. A. P. Davis, B.J. Dorgan, and E. R. Mageean, J. Chem. Soc., Chem. Commun., 492 (1993).
. R. Pulido and V. Gotor, J. Chem. Soc., Perkin Trans. I, 589 (1993).

M. Allainmat, P. I’Haridon, L. Toupet, and D. Plusquellec, Synthesis, 27 (1990).
S-L Kim, F. Chu, E. E. Dueno, and K. W. Jung, J. Org. Chem., 64, 4578 (1999).

. Y. Hayakawa, H. Kato, M. Uchiyama, H. Kajino, and R. Noyori, J. Org. Chem., 51, 2400

(1986).

. F. Guibe and Y. Saint M’Leux, Tetrahedron Lett., 22, 3591 (1981).
10.
11

H. X. Zhang, F. Guibé, and G. Balavoine, Tetrahedron Lett., 29, 623 (1988).

S. Lemaire-Audoire, M. Savignac, E. Blart, G. Pourcelot, J. P. Genét, and J. M. Bernard,
Tetrahedron Lett., 35, 8783 (1994).

J. P. Genét, E. Blart, M. Savignac, S. Lemeune, S. Lemaire-Audoire, J. M. Paris, and J.
M. Bernard, Tetrahedron, 50, 497 (1994).

J. P. Genét, E. Blart, M. Savignac, S. Lemeune, S. Lemaire-Audoire, and J.-M. Bernard,
Synlett, 680 (1993).

J. P. Genét, E. Blart, M. Savignac, S. Lemeune, and J.-L. Paris, Tetrahedron Lett., 34,
4189 (1993).

C. Behloul, D. Guijarro, and M. Yus, Tetrahedron, 61, 9319 (2005).

P. Cankar, D. Dubas, S. C. Banfield, M. Chahma, and T. Hudlicky, Tetrahedron Lett., 46,
6851 (2005).

Propargyl (Poc) Carbonate: HC=CCH,OCO,R

This group was developed for the protection of carbohydrates. Orthogonality was
demonstrated to the following groups: Cbz, Alloc, Lev, acetate, Bn, benzylidene.

Formation/Cleavage'

HO PocCl, TMEDA, CH»Cl», -20°C, 85%  PocO
BnO 3 BnO—~—"T~)

nO BnO
OMe  [BnNEt;}sMoS,, CHACN, rt, 90 min OMe
>90%

These cleavage conditions can be used to cleave the carbonate in the presence of
the Poc carbamate in 78-90% yield.”

1. P.R. Sridhar and S. Chandrasekaran, Org. Lett., 4, 4731 (2002).
2. R.Ramesh, R. G. Bhat, and S. Chandresekaran, J. Org. Chem., 70, 837 (2005).

This group was developed for the protection of carbohydrates and is a participating
group during glycosylation. It is prepared from the chloroformate (CH,Cl,, pyridine,
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DMAP, 85-95% yield). It was shown to be orthogonal to the Bz, Pv, All, and PMB
groups. It is cleaved with LiOOH in THF/H,O at 0°C.!

1. K. R. Love and P. H. Seeberger, Synthesis, 317 (2001).

Alkyl p-Nitrophenyl Carbonate: ROCOOC¢H,--p-NO, (Chart 2)

Formation/Cleavage'
HO ArOCO,
U oY
o P-NOSCH,0COC]
Py Pyr, benzene I
HO OH 89% O\H/O
O
HO

o U cat. imidazole

H->0, dioxane

= - 20°C, 30 min

6 o 100%
O

Acetates, benzoates, and cyclic carbonates are stable to these hydrolysis condi-
tions. [Cyclic carbonates are cleaved by more alkaline conditions (e.g., dil. NaOH,
20°C, 5min, or aq. Pyr, warm, 15min, 100% yield).]' The cleavage process can
be monitored by the release of the yellow p-nitrophenol anion.

1. R. L. Letsinger and K. K. Ogilvie, J. Org. Chem., 32, 296 (1967).

Alkyl 4-Ethoxy-1-naphthyl Carbonate

Formation/Cleavage'
ococl
g
S
OFEt OCOR
DMAP, 70-90%
=
ROH
Electrolysis, —1.6 V o

C-anode, acetone, H-O OFEt
67-93%
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Amines can also be protected by this reagent. Cleavage must be carried out in
acidic media to avoid amine oxidation. The by-product naphthoquinone can be
removed by extraction with basic hydrosulfite. Ceric ammonium nitrate also
serves as an oxidant for deprotection, but the yields are much lower.

1. R. W. Johnson, E. R. Grover, and L. J. MacPherson, Tetrahedron Lett., 22, 3719 (1981).

Alkyl 6-Bromo-7-hydroxycoumarin-4-ylmethyl Carbonate (Bhcmoc)
OCOR

Br N

HO (@) O

The Bhcmoc group was developed as a photochemically removable protective group
for caged compounds. Among the series tested this one showed the highest photo-
chemical efficiency in its release of an alcohol.

1. A. Z. Suzuki, T. Watanabe, M. Kawamoto, K. Nishiyama, H. Yamashita, M. Ishii, M.
Iwamura, and T. Furuta, Org. Lett., 5, 4867 (2003).

Alkyl Benzyl Carbonate: ROCO,Bn (Chart 2)

Formation

1. BnOCOC], CH,Cl,, TMEDA, 0°C, 82-91% yield.l TMEDA is a superior base
to TEA or pyridine. The use of DMAP/DABCO results in selective carbonate
formation at the C-2 hydroxyl of a glucose and galactose derivative, whereas
the mannose derivative selectively reacts at the C-3 position.”

2. BnOCO,Bt, DMF, Pyr, DMAP. The reagent is a stable easily handled solid.
This method is good for relatively unhindered carbonates.® Its use with
hindered alcohols results in disproportionation to give the benzyl ether of
HOBt.

3. A benzyl carbonate was prepared in 83% yield from the sodium alkoxide of
glycerol and benzyl chloroformate (20°C, 24 h).*

4. Lipase catalyzed ester exchange with allyl benzyl carbonate.

5. BnCl, TBAI, CO,, Cs,CO;, DMF, 94-97% yield.(’ The MPM carbonate is pre-
pared by the same method.

Cleavage

1. Hydrogenolysis: H,/Pd-C, EtOH, 20°C, 2h, 2 atm, 76% yield.l Good selectiv-
ity can be obtained in the presence of a phenyl aminal and a nitrile.”
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CN CN
BnO,CO 3 H,,PdiC HO 5
En—
N N
O : O :
Ph Ph

2. Transfer hydrogenation: cyclohexadiene, 10% Pd/C, DMF, 90min, 99% yield.
This method was developed for deprotection of nucleoside derivatives because
conventional hydrogenolysis often results in over reduction of the nucleobase.®

3. Electrolytic reduction: —2.7 V, RyNX, DMF, 70% yield.g

4. As with most other carbonates, cleavage with aqueous base is also an option,
but confers little advantage because esters are also hydrolyzed. The only advan-
tage may be that they are more resistant to hydrolysis than are typical esters.

5. Ceric ammonium nitrate, TBAF, TFA, HBr, and HCI have been reported to
cleave Cbz-protected carbohydrates, but no details were provided.'’

6. NaBrO;, Na,$,0,, EtOAc, H,0, 95% yield. A sterically hindered benzyl car-
bonate was not cleaved and benzyl ethers are cleaved much more readily.!

1. M. Adinolfi, G. Barone, L. Guariniello, and A. Iadonisi, Tetrahedron Lett., 41, 9305 (2000).

2. A. Morere, F. Mouffouk, A. Jeanjean, A. Leydet, and J.-L.. Montero, Carbohydr. Res.,
338, 2409 (2003).

3. P. G. M. Wats, unpublished results.
4. B. F. Daubert and C. G. King, J. Am. Chem. Soc., 61, 3328 (1939).
5. M. Pozo, R. Pulido, and V. Gotor, Tetrahedron, 48, 6477 (1992).

6. R. N. Salvatore, F. Chu, A. S. Nagle, E. A. Kapxhiu, R. M. Cross, and K. W. Jung, Tetra-
hedron, 58, 3329 (2002).

7. N. Langlois and B. K. L. Nguyen, J. Org. Chem., 69, 7558 (2004).
8.D. C. Johnson, IT and T. S. Widlanski, Org. Lett., 6, 4643 (2004).
9. V. G. Mairanovsky, Angew. Chem., Inter. Ed. Engl., 15, 281 (1976).

10. F. Mouffouk, A. Morere, S. Vidal, A. Leydet, and J.-L. Montero, Synth. Commum., 34,
303 (2004).

11. M. Adinolfi, L. Guariniello, A. Iadonisi, and L. Mangoni, Synlett, 1277 (2000).

Alkyl p-Nitrobenzyl Carbonate: ROCO,CH,CsHy—p-NO; (Chart 2)

The nitrobenzyl carbonates were prepared to protect a secondary hydroxyl group
in a thienamycin precursor. The o-nitrobenzyl carbonate was prepared from the
chloroformate (DMAP, CH,Cl,, 0-20°C, 3h) and cleaved by photolysis, pH 7.
Cleavage occurs by an internal redox process to liberate 2-nitrosobenzaldehyde.

THF, 85% yield) and cleaved by hydrogenolysis (H,/Pd—C, dioxane, H,O, EtOH,
K,HPO,)? or by electrolytic reduction.®
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1. L.D. Cama and B. G. Christensen, J. Am. Chem. Soc., 100, 8006 (1978).

2. D. B. R. Johnston, S. M. Schmitt, F. A. Bouffard, and B. G. Christensen, J. Am. Chem.
Soc., 100, 313 (1978).

3. V. G. Mairanovsky, Angew. Chem., Inter. Ed., Engl., 15, 281 (1976).

Alkyl p-Methoxybenzyl Carbonate: p-MeOC¢H,CH,OCO,R
Alkyl 3,4-Dimethoxybenzyl Carbonate: 3.4-(MeQO),CsH;CH,OCO,R

These carbonates are formed from the chloroformates but can also be formed from
the alcohol from CO; (Cs,COs, benzyl halide, TBAI, DMF, 3h, 92-94% yield).l
These groups are readily cleaved with Ph;CBF,, 0°C, 6 min, 90% yield; 0°C, 15min,
90% yield. It should also be possible to cleave these carbonates with DDQ like the
corresponding methoxy- and dimethoxyphenylmethyl ethers, although the reactions
are expected to be slower because of the reduced electron density imparted by the
carbonyl group.? These carbonates are expected to be susceptible to strong acids.

1. S-L Kim, F. Chu, E. E. Dueno, and K. W. Jung, J. Org. Chem., 64, 4578 (1999).

2. D. H. R. Barton, P. D. Magnus, G. Smith, G. Streckert, and D. Zurr, J. Chem. Soc., Perkin
Trans. I, 542 (1972).

Alkyl Anthraquinon-2-ylmethyl Carbonate (Aqmoc—OR)

O O
L
O

The anthraquinon-2-ylmethyl carbonate is prepared by reaction of anthraquinon-
2-ylmethanol with the 4-nitrophenylcarbonate of the alcohol to be derivatized. It is
cleaved by photolysis at 350nm in THF/H,O with a quantum yield of 0.10 and a rate
constant of 10° s in 91% yield for adenosine.'

1. T. Furuta, Y. Hirayama, and M. Iwamura, Org. Lett., 3, 1809 (2001).

Alkyl 2-Dansylethyl Carbonate (Dnseoc—OR)

Me.\N/Me

S0O,CH,CH,0CO,R
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Formation

When the Dnseoc group is used in nucleoside synthesis, the coupling yields
are determined by measuring the absorbance at 350nm of each eluate from the
Dnseoc-deprotection steps containing the 5-(dimethylamino)naphthalene-1yl-vi-
nyl sulfone or by measuring the fluorescence at 530nm. '

Cleavage

DBU, CH:CN, 140 5.2 The 2-(4-nitrophenyl)ethyl (Npe) phosphate protective
group and the 2-(4-nitrophenyl)ethoxycarbonyl (Npeoc) group are stable to these
conditions, but the cyanoethyl group is not.

4-NO,CsH,CH,CH,OCO,R

The incorporation of the additional methylene unit serves to substantially increase
the rate of photochemical deprotection vs o-nitrobenzyl carbonate. Introduction of an
additional methyl group in the ci-position further increase the rate of deprotection.’

Formation

1. 4-NO,CH,CH,CH,OCOC], Pyr, CH,Cl,, —10°C, 3h, >70% yield.*
2. 3-Methyl-1-[2-(4-nitrophenyl)ethoxycarbonyl]-1H-imidazol-3-ium
chloride, CH,Cl,, DMAP, rt, 100% yield.*

Cleavage

1. 0.5 M DBU in dry pyridine.*
2. K,CO;, MeOH, 69-75% yield.

2,4-NO,C¢H;CH,CH,OCO,R

Formation

2,4-NO,C:H:CH,CH,0COC], Pyr, CH,Cl,, —10°C, 3h, >75% yield.*

Cleavage

TEA, MeOH, dioxane.*

Alkyl 2-(2-Nitrophenyl) propyl carbonate (NPPOC—OR)
Alkyl 2-(3,4-Methylenedioxy-6-nitrophenylpropyl carbonate (MNPPOC—~OR)

0. _OR o 0. _OR
T <J©)“ T
NO, 0 NO

2
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These groups were developed for automated DNA synthesis.*® They are introduced
with the acid chloride (0°C to rt, pyridine, 88-92% yield). Cleavage is affected by
photolysis at 365 nm, in MeOH/H,0 in 95-99% yield and proceeds by a -elimina-
tion mechanism in contrast to the 2-nitrobenzyl carbonate which is cleaved by an
internal redox process.”'” Pfleiderer has done an exhaustive substituent effect study
on the 2-(2-nitrophenyl)propyl template and has shown that addition of a phenyl
group at the 4-position gives improved cleavage rates and purities during deprotec-
tion of the 5’-thymidine derivative.!! Deprotection can be accelerated a factor of 3
by using a sensitizer such as 9H-thioxanthen-9-one.'> Alternatively, the following
derivative was developed having a built-in triplet sensitizer to improve the absorption
coefficient at 366 nm in the presence of oxygen'>:

909

o

X

O OR
(L ¥
O

NO,

Olefinic and saturated versions were also prepared.

Alkyl 2-Cyano-1-phenylethyl Carbonate (Cpeoc—OR): NCCH,CH(C¢H;)OCO,R

This group was developed as a 5"-protective group in nucleoside synthesis that is
compatible with the 2-(4-nitrophenyl)ethyl (npe) and 2-(4-nitrophenyl)ethoxycarb
onyl (npeoc) groups. It is introduced using the chloroformate (3—83% yield) and is
rapidly cleaved with 0.1 M DBU in CH;CN with half-lives of 7-14 5.

1. F. Bergmann and W. Pfleiderer, Helv. Chim. Acta, 77, 203 (1994).
. F. Bergmann and W. Pfleiderer, Helv. Chim. Acta, 77, 988 (1994).

3. A. Hasan, K.-P. Stengele, H. Giegrich, P. Cornwell, K. R. Isham, R. A. Sachleben, W.
Pfleiderer, and R. S. Foote, Tetrahedron, 53, 4247 (1997).

4. H. Schirmeister, F. Himmelsbach, and W. Pfleiderer, Helv. Chim. Acta, 76, 385 (1993).

5. M. Wasner, R. J. Suhadolnik, S. E. Horvath, M. E. Adelson, N. Kon, M.-X. Guan, E. E.
Henderson, and W. Pfleiderer, Helv. Chim. Acta, 79, 619 (1996).

6. M. C. Pirrung, L. Wang and M. P. Montague-Smith, Org. Lett., 3, 1105 (2001).
7. S. Biihler, H. Giegrich, and W. Pfleiderer, Nucleosides & Nucleotides, 18, 1281 (1999).
8. P. Berroy, M. L. Viriot, and M. C. Carre, Sensors and Actuators, B: Chemical, B74, 186
(2001).
9. H. Giegrich, S. Eisele-Biihler, C. Hermann, E. Kvasyuk, R. Charubala, and W. Pfleiderer,
Nucleosides & Nucleotides, 17, 1987 (1998).
10. P. Berroy, M. L. Viriot, and M. C. Carre, Sensors and Actuators,