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This review focuses on the selective deprotection of silyl ethers in
the presence of other like or unlike silyl ethers. Various examples
are highlighted throughout the text, and these examples are com-
piled in tabular form at the end of the document (Tables 16-27).
The abbreviations and structures for some of the more common
silyl groups are given in Figure 1.
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1. Introduction

The protection/deprotection protocol of free hydroxyl
groups has become commonplace in organic synthesis.
When the protection of more than one hydroxyl group
is necessary, the traditional methodology has been to
carefully select protecting groups in a manner that allows
selective removal at a later stage of the synthetic scheme.
Thus, different protecting groups can be selectively re-
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moved, allowing unlike transformations of various hy-
droxyl groups in the same molecule. More traditional
protection schemes involved, for example, the protection
of one alcohol as an ester and another as an ether. Due
to their ease and recently developed selectivity of attach-
ment, a host of di- and trialkylsilyl groups (Figure 1)
have been commonly used as protection of free hydroxyl
groups over the last 20 years.! ™3

>—O—Sli—— %—O—?i— .
Ph Ph %ﬁﬂ'_
; ; ; diphenyl- e
d'Phe?g';,s,gpS';’p°"Vs"V' tertbutoxysityl ~ di-tertbutyimethylsityl
(DPTBS) (DTBMS)
Ph e
f 5 )
— { i
? OMe Me
Ph
tert-butyldiphenylsilyl tené?]:tr{;ﬂﬁ;l?oxy- tert-butyldimethylsilyl
(TBDPS) (TBMPS) (TBS)

thexyldimethylsityl triethylsilyl 1,1,3,3-tetra-isopropyldisiloxane trimethylsilyl
. 5 (TDS) (TES) (TIPDS) triisopropylsilyl (TMS)
Figure 1 (TIPS)
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As the complexity of synthetic targets has grown more
demanding, selective discrimination of different silyl
ethers in the same molecule has become increasingly im-
portant. The experimental conditions described in this
review allow the selective deprotection of silylated alco-
hols in the presence of other silyl ethers. Differences in
reactivity can be modulated by a variety of factors that
include substrate control (e.g. the steric and electronic
nature of the silyl substituents, the steric and electronic
environment of the alcohol and the neighboring group
effects within the substrate) and also by reagent control.
Such selective differentiation of silyl ethers is illustrated
in the recently published total syntheses of taxol,® 8 bre-
vetoxin,®*° rapamycin, ! zaragozic acid,'>~'* and aver-
mectins.®

R38107 M 0siR, R3810” M)n ~oH

+ selective desilylation +

The purpose of this review is to serve as a compendium
on the selective deprotection of silyl ethers. The focal
point in this discussion will be on deprotection reactions
that cleave a silicon—oxygen bond. Thus, silyl-containing
protecting groups such as 2-(trimethylsilyl)ethoxymethyl
(SEM), in which a carbon-silicon bond is broken, are
not considered. While literature searches will provide an
ample list of such methods, many more such procedures
and conditions are included in papers describing lengthy
total syntheses and receive only brief mention, despite
their potential utility in other systems. The following

—

SYNTHESIS

pages are organized according to the type of silylated
carbinol (1°, 2°, etc.) that is deprotected in the presence
of another silylated carbinol (1°, 2°, etc.). Hopefully, a
compilation of this type will aid organic chemists in the
design and execution of natural and unnatural product
syntheses.

We have also chosen to preclude the in-depth discussion
of selective deprotection of the following systems:

1. silyl enol ethers vs. silyl ethers (although a few exam-
ples of silyl enol ether differentiation are given in Sec-
tion 7)

2. distinguishing C—Si bond cleavage from each other
(some examples of selective protiodesilylations are in-
cluded in Section 9)

3. stability of O —Si bonds under conditions that oxidize
C —Si bonds343:344

4.0 to O and O to C silyl migrations'®~ 18

Although O to O silyl migrations will not be discussed
in detail, this phenomenon nicely complements selective
desilylation methodology. For example, treatment of the
tris-silylated aryl glucal 1 with base initiated a 1,4-O to
O silyl migration (Scheme 1).'® In terms of selective silyl
deprotection, a 2° TBS ether was removed in the presence
of both another 2° TBS ether and a 1° TBS ether.!®
Marshall has reported a similar migration of a TBDPS
group.2°

TBS TBS

TBSO O _ph _NaOH _ 150 O _ph

TBS > 69% HO
N TH

4 H » TBS
Scheme 1
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In addition, silyl migrations of this type can occur under
acidic conditions.?! For example, mesitylenesulfonic acid
(MSA)?%23 or TsOH?* in DMF caused silyl migration
from the C-1 alcohol of carbohydrate 3 to the C-3 alcohol
of carbohydrate 4 (Scheme 2).

\( HO
o MsA, DMF_ }iroc,&%é
SO % /
>_ PHO&% 60% ~Si H Me
A Y
4
Scheme 222

2. Mechanistic Considerations

Although a number of possible mechanisms for the cleav-
age of silyl ethers have been proposed,® differences in
the substituents on the silicon atom are known to result
in dramatically different reactivity of these protecting
groups.>®27 In many cases, these differences lie at the
heart of selective deprotection. In general, the size of the
substituent on the silicon atom is directly related to the
rate of deprotection with smaller silyl substituents being
more easily cleaved under acidic conditions.?®~2° This
steric effect is nearly additive, as illustrated by a compar-
ison of the relative rates of cleavage of TIPS- and DMIPS-
protected alcohols.?8

Relative stabilities of trialkylsilyl ethers towards acid-cat-
alyzed hydrolysis*$
TMS ~ DMPS = MDPS < TES =~ DMIPS = Pr;Si =
Bu;Si < TPS < MDIPS < TBS < TDS < TIPS <
TBDPS < DTBMS

Similarly, if the same protecting group is used to protect
two or more hydroxyl groups, the silyl ether derived from
the less sterically encumbered alcohol is usually the first
to be deprotected. In general, an increase in substituent
size on either the silicon or the alcohol carbon decreases
the rate of desilylation.?® Under acidic conditions,
though, the steric environment around the silicon atom
is more significant than that around the oxygen atom.?®

In recent years, methods have been developed that allow
selective cleavage of bulkier silyl ethers in the presence
of usually more labile and less hindered silyl ethers. These
methods have relied, in part, on the electronic effect of
substituents on the silicon atom. Sommer has shown that
electron-withdrawing substituents on silicon accelerate
base-catalyzed hydrolysis of silyl ethers while electron-
donating groups accelerate acid-catalyzed hydrolysis.?®
In both cases, the effect is more significant for groups
attached to the oxygen rather than to the silicon.?®

Relative stabilities of trialkylsilyl ethers towards base-cat-
alyzed hydrolysis*®

DMPS & MDPS ~ TMS < DMIPS = TES < Pr,Si <

Bu;Si < MDIPS < TBDPS = TBS < TDS < TIPS <
DTBMS

Selective Deprotection of Silyl Ethers 1033

Denmark has summarized the combined effect of steric
and electronic influences on silyl ether cleavage.>® While
acid-catalyzed hydrolysis is decelerated by increased li-
gand size and by electron-withdrawing substituents, the
rate is more strongly influenced by the electronic effect
than by the steric effect. Under base-catalyzed conditions,
the rate of hydrolysis is decelerated by large ligands on
silicon and by electron-donating substituents.

Table 1. Effect of Silyl Substituents on Rates of Silyl Ether Hydro-

lysis
steric effect electronic effect
conditions large  small electron electron
withdrawing  donating
acidic slow fast slow fast
basic slow fast fast slow

Recently, the long range effects of through-bond orbital
interactions on desilylation reactions have been investi-
gated and indicate that the geometry of a substrate’s
carbon skeleton also plays a role in the rate at which
desilylation occurs.>!

3. Selective Deprotection of Silyl-Protected 1° Alcohols
3.1. In the Presence of a 1° Silyl Ethers

The selective deprotection of silyl-protected alcohols has
been achieved by careful application of the “traditional”
deprotecting agents as well as the use of more novel
reagents. Silyl-protected 1° alcohols have been selectively
deprotected in the presence of another 1° silyl ether by
taking advantage of the variation in reactivity of silyl
groups due to the size of the silyl substituents.25:27

3.1.1. Under Acidic Conditions

Cunico3? and Davies®3 have compared the rates of acid-
catalyzed hydrolysis of several silyl ethers of 1° alcohols
(Table 2).

Table 2. Half-Lives of Hydrolysis of 1° Silyl Ethers?3

1% HCI/MeOH, 25°C

n-C,H,;OTMS < 1min
n-CcH;,OTBS < 1min
n-C¢H,;OMDPS 14 min
n-CeH, ;OTIPS 55 min
n-C¢H ;OTBDPS 225 min

It is important to note that the steric environment of the
silyl group alone does not dictate selectivity in deprotec-
tion. The steric requirements in the region of the oxygen-
bearing carbon is also critical, and in many cases, deter-
mines which of two like silyl groups will be removed.
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Aqueous HCI in THF has effected the selective depro-
tection of 1° TES ethers* and 1° TBS ethers®® in the
presence of TBDPS-protected 1° alcohols.

Ultrasonication of bis-silyl ethers in CH,;OH/CCl, has
been reported to effect selective cleavage of a 1° TBS
ether in the presence of a 1° TBDPS ether.3¢ It is note-
worthy that the pH of the CH;OH/CCl, solution after
sonification was 2.

In an attempt to exploit electronic effects in selective
deprotections, a series of alkoxy-substituted silyl protec-
ting groups has been introduced.®”>*® The added influ-
ence of the electron-withdrawing alkoxy groups increases
the difference in reactivity between these groups and the
traditional trialkylsilyl groups with the alkoxy-substitut-
ed groups being more stable than trialkylsilyl groups
under acidic conditions (Table 3).

Table 3. Half-Lives of Hydrolysis of 1° Trialkylsilyl vs. Alkoxysilyl
Ethers with 0.01 M HCIO,3®

Trialkylsilyl Ethers Alkoxysilyl Ethers

n-C,,H,,0TBS 1.4h n-C,,H,,ODPIPS  0.7h
n-C,,H,,OTBDPS  >200h n-C,,H,,ODPTBS 17.5h
#n-C,,H,,O0TBMPS  200h

The potential of selective deprotection of one 1° silyl
ether in the presence of another using these protecting
groups has been demonstrated with the selective cleavage
of a 1° TBS group in the presence of a 1° TBMPS ether
as démonstrated in the conversion of 5 to 6 (Scheme 3).38
The widespread use of these alkoxy-substituted silyl pro-
tecting groups has not been observed, perhaps due to the
limited commercial availability of the necessary silylating
reagent; however, TBMPS-Br has recently been made
commercially available (Aldrich catalog # 33,762-5).

850"t ~oTamps 01 M HCOWey/THF (1:9)
90%
5
HO™ X% “OTBMPS
6
Scheme 338

With selectivity in deprotection as a goal, new silyl pro-
tecting groups have been developed. One such example
is the introduction of the DEIPS group.?® Traditional
acid-catalyzed hydrolysis using acetic acid in THF/H,0
allowed the DEIPS group to be distinguished from the
larger TBS group and the smaller TES group as illustrat-
ed in the deprotection of bis-silyl ether 7 (Scheme 4).

4

SYNTHESIS
RO ¥ “ODEIPS __.—>H°A‘r’1fi ";F/ Hz0
7
RO TNTTOH  + HO Y ODEIPS

8 9
a)R=TBS 81% 1%
b) R =TES 1% 75%

Scheme 4

Hanessian first employed acetic acid in the selective de-
silylation reactions of 1° TBS groups in the presence of
1° TBDPS-protected alcohols.*® Similarly, Marshall has
utilized a 3:1:1 mixture of acetic acid, THF and water
to effect cleavage at 1° TBS ether in the presence of a 1°
TBDPS ether in the conversion of silyl ether 10 to alcohol
11 (Scheme 5).#! Others have accomplished similar de-
protections utilizing this same protocol.*?~44

HOAC/THF/H,0
— -

Scheme 5 11

In a recently described synthesis of (4 )-zaragozic acid
C, Carreira used dichloroacetic acid to effect the selective
deprotection of one 1° TBS ether in the presence of an-
other 1° TBS ether to afford diol 13 in 90 % yield (Scheme
6) . 12,13

CipCHCO2H
_— -
90%

13

Scheme 6

The monohydrate of TsOH in methano! was used to
deprotect a 1° TBS ether in the presence of a TBDPS-
protected 1° alcohol to afford alcohol 15 (Scheme 7).4°
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The accessibility of the 1° TBS ethers is significant in the
selectivity of acid promoted hydrolysis reactions. Thomas
has used 0.1 equivalents of TsOH in 20: 1 THF/water to
deprotect one TBS-protected 1° alcohol in the presence
of another (Scheme 8).*S Upon basic workup, lactone
17 was isolated in 60—65 % yield.

o) o)
OTBS OTBS
TsOH
N 60-65% N
TBS \n/\
0 o)

16

Scheme 8

Campbhorsulfonic acid has been used by Nicolaou in less
than stoichiometric amounts to selectively deprotect a 1°
TBS ether in the presence of a 1° TBDPS ether as part
of work toward the synthesis of brevetoxin A*’ and bre-
vetoxin B.*8

Other mildly acidic conditions have also been used to
selectively deprotect silyl ethers. Prakash has reported a
method that differentiates between TBS- and TBDPS-
protected 1° alcohols in the same molecule.*® Treatment
of bis-silyl ethers 18 with 0.3 equivalents of PPTS (pyri-
dinium p-toluenesulfonate) in ethanol at room tempera-
ture led to the selective removal of the TBS-protecting
group, providing the monoprotected diols 19 in high yield
(Scheme 9).*° This protocol has recently been employed
by Marshall.?°

TBOPSO” Ny Notes  PPTS_ TBDPSO” Y OH

18 a)n=3,88% 19
b) n =4, 92%
c)n=5,92%
d) n =6, 90%

Scheme 9

Fluoride has long been a key reagent in the deprotection
of silyl ethers®® ™3> and delivery of fluoride under acid

Selective Deprotection of Silyl Ethers 1035

conditions has been applied to the problem of selective
deprotection of silyl ethers. DeShong has recently de-
scribed a selective deprotection of TBS-protected 1° ben-
zylic alcohols in the presence of TIPS-protected 1° ben-
zylic alcohols by fluorosilicic acid (Scheme 10).3¢-37

TBS HoSiFs H
CHaCN
—p-
OTIPS  70% OTIPS

20 21

Scheme 10

In addition, Masamune has employed HF-pyridine to
chemoselectively remove a 1° TES group in the presence
of a 1° TBS ether.’®

3.1.2. Under Basic/Nucleophilic Conditions

Cunico3? and Davies®*® have measured the half-lives of
a variety of 1° silyl ethers in methanolic NaOH (Table
4). The results indicate that a combination of steric and
electronic factors contribute to the relative stability of
these substrates.

Table 4. Half-Lives of Base-Catalyzed Hydrolysis of 1° Silyl
Ethers3

5% NaOH/MeOH, 25°C

n-CcH ;OTMS < 1 min
n-C¢H, ;0IBDMS* 2.5min
n-C¢H,,0TBS b
n-CcH,,OMDPS < 1min
n-C¢H  ;OTIPS b
n-C¢H,;O0TBDPS °

2 IBDMS = isobutyldimethylsilyl.
b Stable over 24 h.

Electron-withdrawing substituents on the silicon atom
of a silyl ether increase susceptibility to base-catalyzed
cleavage. This effect serves as the basis for the selective
deprotection of alkoxy-substituted silyl ethers in the pre-
sence of other silyl ethers.3”-3% Alkoxy-substituted silyl
groups are cleaved by TBAF more rapidly than trialk-
ylsilyl ethers (Table 5).

Table 5. Half-Lives of Hydrolysis of 1° Trialkylsilyl vs. Alkoxysilyl
Ethers with TBAF3®

Trialkylsilyl Ethers Alkoxysilyl Ethers

n-C,,H, OTBS 140h
n-C,,H,,OTBDPS  375h

n-C,,H,sODPIPS  <0.03h
n-C,,H,;ODPTBS 5.8h
n-C,,H,;OTBMPS 22h

This effect has been demonstrated in the selective TBAF-
promoted deprotection of a 1° TBMPS ether in the pres-

5 Shanghai Hongene Exhibit 1039

Shanghai Hongene v. ChemGenes
Case IPR2023-00490

Downloaded by: The Scripps Research Institute. Copyrighted material.
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ence of a 1° TBS (22a) or TBDPS (22b) ether (Scheme
11).37 TBAF has also been used to selectively deprotect
one 1° TBS ether in the presence of another.>®

TBAF/CHCloTHF
RO X% “OTBMPS 5 R-TBS.  80%
_ o,
» b) R=-TBDPS, 88%
HO” e OTBMPS
23
Scheme 11

Selective deprotection of one 1° TBS ether or one 1°
TBDPS ether in the presence of a similarly protected 1°
alcohol has been effected by treatment with an excess of
LiAIH, (Scheme 12).6° In this reaction, selectivity was
attributed to the effect of a neighboring hydroxyl group,
which presumably coordinates to aluminum and delivers
the hydride exclusively to the neighboring silyl group.

H
R
R
24 a, R =TBS, 81%
b, R = TBDPS, 77%

O\jH\/\/\O
H
R

25

LiAlH4

-

Scheme 12

The importance of steric effects cannot be overlooked as
evidenced by the selectivity of azide in deprotections.
Excess azide (N;7) has been employed to differentiate
1° MDPS ethers from 1° TBS and 1° TBDPS ethers
(Scheme 13).%! The electron-donating effect of two phen-
yl groups is negated by the steric hindrance of the ¢-butyl
group in TBDPS.

NaN3/DMF/40°C
CgH4gCHo—OR CgH19CHs—OH
a) R =TBS, 0%
26 27
b) R=TBDPS, 0%
c) R = MDPS, 93%
Scheme 13

3.1.3. Miscellaneous Conditions

Primary alcohols protected as TBS and TBDPS ethers
have been differentiated upon treatment with excess ace-
tyl bromide to yield the monoacetate 29 in 88 % yield
(Scheme 14).62

300 mol%
TBS oteops —2B0 L aco” v oTEDPS
8%
28 29
Scheme 14

Transfer hydrogenation has also been reported to be use-
ful in distinguishing 1° TBS ethers from TIPS- and
TBDPS-protected alcohols.®® In studies on differentially
protected 1° diols, bulkier silyl groups of bis-silyl ether
30 are removed more slowly (Scheme 15).

SYNTHESIS

Pd(I1YO/MeOH
reflux

/\/\/\/OTBS
RO a)R=TIPS 90%
30 b) R = TBDPS 91%
AN
RO
31
Scheme 15

The stability of the TBDPS group toward hydrogenolysis
conditions has been exploited to selectively deprotect a
1° DEIPS ether in the presence of a TBDPS-protected
1° alcohol.®* While the selectivity for cleavage of a DEIPS
group over a TBDPS group is near 100% with no ob-
served deprotection of the latter group (32a to 33a),
some removal of the TBS group (34b) was observed
(Scheme 16).

RO" % opeips  H2PdCH:
32
RO %5 YOH 4+ HO 5 ODEIPS
33 34
a) R = TBDPS, 99% 0%
b)R=TBS, 71% 12%
Scheme 16

Tanemura and co-workers have applied a series of =-
acceptors to selective desilylations of silyl-protected al-
cohols 35 (Scheme 17).63:°¢ 2,3-Dichloro-5,6-dicyano-p-
benzoquinone (DDQ) rapidly caused hydrolysis of TES-
protected 1° alcohols. TBS ethers react slower while al-
cohols protected as TBDPS ethers are inert under these
conditions.®®

DDQ/THF/H,0
CH3(CHo)11-OR CHa(CH3)11-OH
a) R=TES 97% 1h
35 b) R=TBS 86% 6 h 36

¢)R=TBDPS 0% 6h

Scheme 17

A similar trend in reactivity was observed with the other
nm-acceptors,  2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoqui-
none dimethane (TCNQFE,), 7,7,8,8-tetracyanoquinodi-
methane (TCNQ), tetracyanoethylene (TCNE) and chlo-
ranil (CA).°® Some evidence points to a single electron
transfer mechanism for these deprotections but other
work indicates that in situ acid production facilitates
deprotection.®’

The Lewis acidity of activated alumina (3% H,O) has
shown a remarkable facility to selectively cleave 1° silyl
ethers.®®-®° Again, the bulkier TIPS and TBDPS groups
remain intact while the TBS-protecting group was selec-
tively removed from bis-silyl ethers 37 (Scheme 18).

TBSO” 7 “OR sumna

7 a)R=TIPS 90% HO” 5, OR
a7 b) R = TBDPS 89% 38

Scheme 18
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Silyl ethers of 1° alcohols have also been selectively
cleaved with Cu(NO,), or Ce(NO;); in acetonitrile at
room temperature (Table 6).7° Again, the rate of depro-
tection decreases as the silicon substituent size increases.

Table 6. Rates of Cleavage of Various Silyl Ethers by Lewis Acids’®

Cu(NO;), Ce(NO3),

n-C,oH,,OTMS
n-C,oH,,0TBS
n-C,,H,,0TBDPS

1 min, 100 %
12h, 90%
2d,0%

1 min, 100 %
15h, 90%
2d,0%

all reactions were run using 1 equivalent of Lewis acid in CH;CN at
room temperature

Such high selectivity, however, is not exhibited by all
Lewis acids and in all substrates. For example, poor
selectivity was observed in the incidental deprotection of
one 1° TBS ether in the presence of another 1° TBS ether
during a TBS-OTf mediated intramolecular cycliza-
tion—condensation.”*

The novel 1,3-disubstituted tetrabutyldistannoxanes,
generated from the reaction of Bu,SnCl, and Bu,SnO,
have also shown selectivity in the deprotection of a 1°
TMS ether in the presence of a 1° TBS ether.”?

Corey reported that SiF, readily cleaved 1° TBS ethers,
but 1° TDS or TBDPS ethers essentially remained intact
under these same conditions.”?

A common transformation in organic synthesis is the
deprotection of a silyl-protected alcohol followed by the
oxidation of that alcohol. Deprotection under oxidative
conditions streamlines the synthetic process, resulting in
direct conversion of a silyl ether to a carbonyl moiety.”*
Recently, a number of such methods have been utilized
that have differentiated between silyl ethers, thus allowing
selective oxidation of silyl-protected alcohols. For ex-
ample, primary alcohols protected as TMS or TES ethers
underwent selective oxidation in the presence of TBS-
protected 1° alcohols 39 under Swern conditions to afford
aldehydes 40 (Scheme 19).7477% 1° TMS and 1° TES
ethers have also been oxidized to aldehydes by treatment
with Collins reagent (CrO,-pyr) while 1° TBDPS and 1°
TIPS groups remain unchanged.”” ~7°

1) DMSO
o ~OTES (€0
8BS 2) EtsN TBs0” ""cHo
39 — 40

85%
Scheme 19

3.2. In the Presence of 2° and 3° Silyl Ethers

Selectively deprotecting a silyl-protected 1° alcohol in the
presence of a similarly protected 2° alcohol is one of the
most common and oldest selective desilylation reactions.

3.2.1. Under Acidic Conditions

Cunico has investigated the rates of acid- and base-cat-
alyzed hydrolysis of 1° versus 2° silyl ethers (Table 7).32

Selective Deprotection of Silyl Ethers 1037

Table 7. Half-Lives of Acid-Catalyzed Hydrolysis of Various Silyl
Protected 1° and 2° Alcohols®?

R n-C,H,OR c-CcH, ;OR
TBS <1 min < 4 min
TIPS 18 min 100 min
TBDPS 244 min 360 min

all reactions were performed in 1% HCI[95% EtOH at 22.5°C

The introduction of the thexyldimethylsilyl (TDS) pro-
tecting group allows for differentiation of 1° and 2° al-
cohols under acidic conditions or upon treatment with
fluoride.®° As summarized in Table 8, the rates of acid-
catalyzed deprotection of TDS-protected butanol is con-
siderably faster than that of TDS-protected cyclohexanol.

Table 8. Half-Lives of Deprotection of TDS Ethers®®

1% HCI/EtOH, r.t.

n-C,H,0TDS
¢-C¢H,,0TDS

3 min (30 min)*
20 min (2.3 h)y*

? The time for complete deprotection.

Alcoholic HCI has been used to selectively deprotect 1°
TBS ethers in nucleoside 41 containing a 2° TBS ether
(Scheme 20).8! The selectivity of this deprotection sharp-
ly contrasts the lack of selectivity observed upon treat-
ment with TBAF.8!

TBS
1 M HCI/EtOH
- T -

Scheme 20

A host of other examples demonstrating the same selec-
tivity in silyl deprotection of nucleosides under acid con-
ditions exist.?!-82784 Poor selectivity was observed, how-
ever, in another example in which HCI was used to dis-
criminate between 1° and 2° TBS-protected alcohols.®?

Aqueous TFA®%87 in H,O was the reagent of choice to
selectively deprotect the 5'-OH of 2',5'-di-OTBS-3"-oxo0-
adenosine 43 (Scheme 21).8¢

TBS!

Scheme 21

These conditions were also used by Martin to remove a
1° TBS group without cleaving the 2° TBS group of pyran
45 en route to (+)-macbecin I (Scheme 22).88
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1038 T.D. Nelson, R.D. Crouch

TBS

Scheme 22

TFA was also used in studies directed toward the total
synthesis of (—)-FK-506.%° In an unsuccessful attempt
at complete deprotection of a differentially silyl-protected
diol 47, the selective removal of a TIPS-protecting group
from a 1° alcohol was observed without affecting the
TBS-protected 2° alcohol (Scheme 23).

+Bu o
TIPS

TFA/MH2O/THF
_ -

+-Bu

Scheme 23

Likewise, Knochel has used TFA/H,O/THF to desilylate
a 1° TIPS ether in the presence of a 2° TBDPS ether.®°
Triflic acid has also been used to selectively deprotect the
1° TES ether of alkynyl cobalt complex 49 and effect
cyclization to dehydrooxepane 50 (Scheme 24).9!

OH

TESO™ N TN g, £02(CO)
i i \<‘C
OBn  Sreops TMS
49

0.2 eq TFOH
——
57%

02(CO)s

<i>///TMS
BnO* \—/ "“OTBDPS

50

Scheme 24

In one of the early uses of acidic conditions in selective
deprotections of silyl ethers, Ogilvie and co-workers re-
ported that, in competitive deprotection studies on silyl-
protected deoxythymidines, the 5 or 1° position was al-
ways deprotected faster than the 3’ or 2° position when
treated with 80 % acetic acid.®?**® These studies compar-
ed the time required to achieve 100 % deprotection for
a variety of silyl groups including the MDIPS, TBS and
TIPS groups.

Aqueous acetic acid in THF has enjoyed widespread ap-
plication in selective deprotection of 1° silyl ethers in the

SYNTHESIS

presence of silyl-protected 2° and 3° alcohols. In the pre-
paration of the C10—C27 segment 52 of rapamycin, de-
protection of the TES-protected 1° alcohol 51 occurred
readily under these conditions without reaction of the
TBS-protected 2° carbinol (Scheme 25).%493

TES

QTBS QCHj3 O HOAc/H;O/THF

51
H

QTBS QCHz

52

Scheme 25°4

In Merck’s degradation of FK-506, HOAc/THF/H,O
effected the selective deprotection of a 1° TES ether
without affecting TES-, TBS-and TIPS-protected 2° alco-
hols.?® Similarly, stirring with HOAc/THF/H,O at room
temperature allowed the successful deprotection of a
TBS-protected 1° alcohol in the presence of a TIPS-pro-
tected 2° alcohol in the synthesis of didemnin B analogs
(Scheme 26).°7

HOAC/HO/THF

——— e

86%
TBSO °

QTIPS
H Y4
_NAT

54

Scheme 26

Slightly more vigorous conditions were needed to remove
a 1° TBS ether in the presence of a 2° TIPS ether during
the synthesis of substituted pyrrolidines®® and didem-
nins.”® Joullie and co-workers also used dilute acetic acid
to selectively deprotect a 1° TBS ether in the presence of
a TIPS-protected 2° alcohol'®® or a TBS-protected 2°
alcohol.1! Note that the selectivity of the deprotection
in the latter reaction was determined by the steric requi-
rements of the oxygen-bearing carbon atoms.

Other examples of TBS-protected 1° alcohols being se-
lectively cleaved in the presence of similarly protected 2°
alcohols with acetic acid have been reported.!®2-1%4
These mild conditions allow for other protecting groups
to be preserved. For example, 1° TBS ethers have been
selectively deprotected in the presence of a 2° TBS group
and 1ato?oc—protected amine of cyclopentenone 55 (Scheme
27).
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o o]
TBso/\©¢ HOAGTHEH,0 Ho/\©¢
e

1856 NHBoo T8S0  NHBoo
55 56
Scheme 27
Marshall has described the use of 70 % acetic acid in

THEF to selectively deprotect a 1° TBS ether in the pre-
sence of a TBS-protected 2° carbinol (Scheme 28).1%°

Scheme 28

Aqueous acetic acid in THF as a selective deprotecting
agent was used in Barrett’s total synthesis of (+ )-milbe-
mycin b, (Scheme 29).106:107

HOAC/THF/HO
83%

w

STBDPS

TBS 59

-

STBDPS
oH 60
Scheme 29

Acid-catalyzed deprotections are not limited to HCI,
TFA and HOAc; a number of other acidic reagents have
been introduced that allow for more subtle selective de-
silylation of silyl ethers. In a synthesis of carbapenam
precursors, a 1° TBS ether 61 was deprotected in the
presence of a TIPS-protected 2° alcohol in 85% yield
using TsOH in anhydrous propan-2-ol (Scheme 30).1°8
These conditions were also used to remove a 1° TBS
ether without cleaving a 2° TIPS ether.°®

TBS H
PMBOM  TsOH/iPrOH \/COPMBOM
— -

OiTIPS 85% oé'r;ps
61 62
PMBOM = p-methoxybenzyloxymethyl

Scheme 30

Selective Deprotection of Silyl Ethers 1039

In a similar procedure, as a part of the synthesis of di-
hydroepiastin, a 1° TBS ether 63 was deprotected in the
presence of a 2° TBDPS ether using TsOH/MeOH
(Scheme 31).'*° However, diol formation from nonselec-
tive deprotection was observed, so careful monitoring
was required.

Scheme 31

Likewise, Baldwin selectively deprotected a 1° TBS ether
in the presence of a 2° allylic TBDPS ether with catalytic
TsOH during the synthesis of anticapsin (Scheme 32).11!

QTBDPS QTBDPS
2 TsOH 2
O THF/Ho0 O
y 94% .
“otes oH
65 66
Scheme 32

Selective deprotection of a 1° TBS ether in the presence
of 2° DEIPS and TIPS ethers has been reported using
TsOH that was buffered with PPTS in THF and water
(Scheme 33).112

A|o<'\O

oTBS QDEIPS

P Me
67 OTIPS
TSOH, PPTS (4:1)
THFH0 (20:1) | 71%
BocN
Alo
QDEIPS
R OMe
“OTIPS

Scheme 33

CSA has been employed in less than stoichiometric quan-
tities to deprotect a 1° TBS ether in the presence of a 2°
and a 3° TBS ether en route to the total synthesis of
hemibrevitoxin B (Scheme 34).}'® These deprotections
are noteworthy examples of the complexity of organic
molecules to which the selective deprotection of silyl-pro-
tected alcohols has been applied. CSA was also utilized

9 Shanghai Hongene Exhibit 1039
Shanghai Hongene v. ChemGenes
Case IPR2023-00490

Downloaded by: The Scripps Research Institute. Copyrighted material.



1040 T.D. Nelson, R.D. Crouch

in equimolar amounts to cleave TBS-protected 1° alco-
hols in the presence of 2° TBS ethers,'0:48:114

CSA/CH.Cl,
MeOH
3 hr, 0°C

86%

TBS!

Scheme 34

Acid resins have also served as reagents for the selective
deprotection of silyl ethers with some unusual selectivi-
ties.**> Rexyn 101 was shown to deprotect a 1° TMS
ether in 19 hours but a 2° TMS ether required 80 hours
for cleavage of the silyl group. However, when these same
protected alcohols were treated with Amberlyst 15, the
2° TMS ether underwent deprotection more rapidly.
Thus, judicious selection of acidic resin should allow
selective deprotection of a 1° silyl ether in the presence
of a 2° silyl ether and vice versa. Enholm has also utilized
an acidic Amberlite resin to selectively remove a 1° TBS
group in the presence of a 2° TBS ether.!*¢

Ultrasonication of bis-silyl ethers in CH;OH/CCI, has
also resulted in selective desilylation of 1° TBS ethers in
the presence of 2° and 3° TBS ethers.?® This acid-pro-

moted process is reported to result in yields in excess of
90%.

PPTS has been used for the deprotection of 1° TBS ethers
in the presence of 2° TBS ethers. One equivalent of PPTS
successfully removed a 1° TBS group without deblocking
a 2° TBS ether.!*7~12! On the other hand, a copious
amount of starting material was recovered and nonse-
lective desilylation occurred when a catalytic amount of
PPTS was used to distinguish a 1° TBS ether from a 2°
TBS ether.’2? Other conditions are better suited for this
transformation, although PPTS efficiently monodesilyl-
ates 1° TBS ethers without removing silyl ethers that are
more stable than 2° TBS groups. For example, discrimi-
nation between 1° TBS and 2° TBDPS ethers 71 has been
achieved with 1 equivalent of PPTS in ethanol at room

temperature (Scheme 35).4°
B PPTS
TBDPS PPTS TBDPS
n 0OTBS ayn=1,84% n H
7 72

b) n =3, 84%
Scheme 35

Snider has applied this methodology to a similar selective
deprotection of 1° TBS ether 73 in the presence of an
allylic 2° alcohol protected as a TBDPS ether (Scheme
36).123 This method has been used by Posner in vitamin
D analog work.!?* Nicolaou has reported the use of

10

SYNTHESIS

catalytic PPTS to deprotect a 1° TMS ether in the pres-
ence of a 3° TMS ether.*

PPTS/EtOH

TBDPS
TBSQ/\/\_—-:j\/ 00%
73
/\/\__jfi S
HO =

74

Scheme 36

Other mild conditions (BF;-OEt,) were used for the de-
protection of the TMS-protected 1° alcohol 75 without
deblocking a TBS-protected 2° allylic carbinol in a richly
functionalized seco-taxane intermediate (Scheme 37).12°

BFyOEty
—_——
TBSOw
H
MS [ ILITES
TBSOw-
Scheme 37

Typically, HF is the fluoride source of choice for selective
desilylation of 1° silyl ethers in the presence of 2° and 3°
silyl ethers. Danishefsky has used HF in CH,CN to de-
protect a 1° TBS ether in the presence of a 2° TBS ether
in the synthesis of avermectin A,, (Scheme 38).333:334

HF/CHaCN
—————
90%

Scheme 38

Likewise, silyl-protected 1° alcohols have been deprotect-
ed in the presence of similarly protected 2° alcohols using
HF-pyridine complex in the total or partial syntheses of
such complex targets as (+)-macbecin 1,126 (4 )-calycu-
lin A,127:128 ()-calyculin A,*?° (+)-carbonolide B (79
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to 80, Scheme 39),!3° avermectin and milbemycin subu-
nits,'3! the C1-C12 fragment of the calyculins,*3? C-1
side chains for zaragozic acids,!3* rapamycin,*34133 and
pimaricin®® as well as for other target molecules (Scheme
40).136-137 In those instances where experimental details
were included,*?%-1?7-13¢ HF was usually present in a
large excess.

TBS

' >-'0Me

g

“0TBS

HO
Scheme 3913° 80

81 82
Scheme 40136

Cleavage of a 1° TES ether without deblocking a 3° TES
ether has also been accomplished using HF-pyridine.
Kocienski used this methodology to selectively deprotect

salinomycin intermediate 83 in quantitative yield
(Scheme 41).138

TES

Scheme 41

Selective deprotection of 1° silyl ethers in the presence
of 2° silyl ethers bearing different silyl moieties has also
been commonly performed using HF-pyridine. Cleavage
of a 1° TBS ether in the presence of 2° TIPS and TBS
ethers by HF-pyridine was reported in the synthesis of
fragment 86 en route to (+ )-mycotrienin (Scheme 42).13°

TIPS

d o

TBSQ

HF-pyridine
et Y
71%

oTBS

85 86
Scheme 42

11

Selective Deprotection of Silyl Ethers 1041
As part of work directed toward the synthesis of rapa-
mycin, Nicolaou used similar conditions to remove a 1°
TBS group without deblocking a 2° TIPS ether.14? Si-
milarly, the TBS-protected 1° alcohol 87 was cleaved in
the presence of a 2° TBDPS ether in 90 % yield as part
of the enantioselective synthesis of deoxynojirimycin
(Scheme 43)'#! and a 1° TBDPS ether was cleaved ‘in
the presence of a 2° TBDPS ether as part of the synthesis
of ascidiatrienolide A.!42

Bn Bn!
TBDPS HF-pyr  TBDPS!
N _otes 9% N _oH
0 0
87 88
Scheme 43141

In a similar fashion, an excess of HF-NEt, was used to
remove a 1° TBS group in the presence of a 2° TBS
group.'*3 The selective deprotection of a 1° TBMPS ether
in the presence of a 2° TBS ether has also been effected
via treatment with HF-pyridine (Scheme 44).144

TBS! TBS

PhS TBMPS  HF-pyridine _ pps
—_—————
100%
89 20

Scheme 44

An excess of ammonium fluoride in methanol has been
shown to selectively cleave 1° TBS ethers*#® or 1° TBDPS
ethers'#® in the presence of 2° TBS ethers in glycosyl
units. White has also used ammonium fluoride to selec-
tively cleave a 1° TBS ether in the presence of a 3° TBS
ether in bis-silyl ether 91 in the synthesis of the alkaloids
(—)-integerrimine and (+)-usaramine (Scheme 45).'4’
White again used these conditions to discriminate a 1°
TBS-protected alcohol from a 2° TBS-protected alcohol
in work towards rutamycin B.148

02(CHz)o,TMS

NH4F
——
67%

91 92
Scheme 45

The recent development of fluorosilicic acid, H,SiF,, as
a deprotecting reagent has increased the arsenal of se-
lective desilylating agents. DeShong has applied this rea-
gent to the selective deprotection of 1°, 2° and 3° silyl
ethers.>” In competitive desilylation reactions, 1° TBS-
protected alcohols were discriminated from 2° and 3°
TBS ethers with excellent selectivity.

3.2.2. Under Basic/Nucleophilic Conditions
The earliest reported selective deprotection involves the

treatment of a 1° TMS ether of methyl 2,3,4,6-tetra-O-
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1042 T.D. Nelson, R.D. Crouch

trimethylsilyl-o,D-glucopyranose 93 with a solution of
K,COj; in anhydrous methanol to produce the mono-
desilylated product 94 in 77 % yield (Scheme 46).!4° In
this instance, the characteristic of the substrate that de-
termines selectivity is steric hindrance at the carbinol
carbon.

TMS HO
KoCO3
o MeOH 0
——
TMS 77% ™S
TMSO OCH3 TMSO OCH3,
T™MS TMS
93 94
Scheme 46

Cunico has reported the rates of hydroxide-promoted
deprotection of 1° and 2° silyl ethers (Table 9).3? The
results clearly indicate the potential for selective depro-
tection of 1° vs 2° silyl ethers.

Table 9. Half-Lives of 1° vs. 2° Silyl Ethers in Basic Solution3?

1n-C,H,OR ¢-C¢H,,OR
R = TBS 1h 26h
R = TIPS 14h 44h
R = TBDPS <4h 14h

all reactions were performed in 5% NaOH/95% EtOH at 90°C

The primary alcohol in the A-ring synthon of vitamin
D; 96 was prepared by selective deprotection of the 1°
TBDPS ether in the presence of two 2° TBS ethers, which
was brought about by treatment with 10 % methanolic
KOH at 70°C (Scheme 47).15°

TBDPS H

T8SO™" OTBS TBSO™" 'OTBS
95 96

Scheme 47

A similar selective deprotection of a 1° TBDPS ether in
the presence of a 2° TBS ether was reported as part of
another synthesis of a vitamin D, A-ring synthon 98
(Scheme 48).13! In contrast, Marshall has reported the
partial hydrolysis of a 1° TBS ether in the presence of a
2° TBDPS ether using NaOH in hot aqueous -BuOH.2°

Roberts has described the use of 1 equivalent of NaN,
in DMF®! to effect the selective desilylation of a 1° MDPS
ether without cleavage of a 2° TBS ether. This method
has recently been employed by Posner in the synthesis
of bicyclic lactone 100 (Scheme 49).152

12
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MPM 10% NaOH
MeOH, reflux
TBSOw - e
87%
TBDPS
97
MPM
TBSOw-
H
98
Scheme 48
OoMe OoMe
S, TBS °>, TBS
NaNgz/DMF
O ——— o]
10,
H 62% H
OTBDPS OH
99 100
Scheme 49

Other conditions have been applied that reverse the ten-
dency of TBS ethers to cleave more easily than TBDPS
ethers. When bis-silyl ether 101 was treated with 2.1 equi-
valents of NaH in HMPA, the monosilylated product
102 was isolated in 83 % yield (Scheme 50).153 The
TBDPS ether was selectively cleaved under these condi-
tions. The presence of a free aicohol on the substrate
consumes one equivalent of NaH. To prove that this
mode of cleavage was not due to steric crowding at the
alcohol carbon, the order of alcohol protection was re-
versed to produce bis-silyl ether 103 and deprotection
yielded monosilylated product 104 in 84 % yield. The
mechanism of this process remains unclear, although it
is unlikely that hydride is acting as a nucleophilic species.
These conditions have recently been employed by Smith
as part of the synthesis of a rapamycin subunit, in which
a 1° TBDPS group was removed in the presence of a 2°
TIPS ether.!>*

TBDPS o HO O
NaH/HMPA
———
HO 83% HO
OTBS oTBS
101 102
T8S o o
NaH/HMPA
—_—
HO 84% HO
OTBDPS OH
103 104
Scheme 50

One major hurdle in selectively removing a silyl ether
from a bis-silylated 1,2-diol or 1,3-diol under basic con-
ditions is the occurrence of silyl migrations.*33:15¢ Grig-
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nard reagents have been utilized to remove 1° TES ethers
in the presence of 2° TBS ethers in bis-silyl ethers 105
and 107 (Scheme 51). The low nucleophilicity of the re-
sulting magnesium alkoxide precludes silyl migration.>’

TBS 3 eq. MeMgl TBS
—_—
TES 849 H
105 106
Teﬁ\jTES 3 eq. EtMgBr T‘-”ﬁ\j”
——— -
87%

107 108

Scheme 51

Basic sources of fluoride have also been applied to the
problem of selective deprotection. The half-lives of
TBAF-mediated deprotection of TDS and TBS ethers
have been measured and indicate that 1° TBS or TDS
ethers can be cleaved with TBAF in the presence of 2°
TDS ethers (Table 10).8°

Table 10. Half-Lives of Deprotection of TDS vs. TBS Ethers®®

n-C,H,OR c-C¢H,,OR

R=TDS R=TBS R=TDS R=TBS

2-3 equiv TBAF 10 min 4 min 3h 70 min
THE, r.t. (Bhye (18 h)

* Time required for complete deprotection.

Nicolaou has employed 1.5 equivalents of TBAF to de-
protect a TBDPS-protected 1° alcohol in the presence of
a 2° TBS ether in the synthesis of hemibrevetoxin B33
and 1.0 equivalent of TBAF deprotected a 1° TBDPS
ether in the presence of a 2° TBS ether in the synthesis
of brevetoxin B.°

TBAF has shown useful selectivity in cleaving 1° TBMPS
ethers in the presence of 2° TBS ethers.?” Thus, bis-silyl
ether 109 was treated with TBAF in 1,2-dichloroethane
and alcohol 110 was isolated in 94 % yield (Scheme 52).
A low concentration (< 10%) of F~ was required to
obtain this selectivity.®” Similar selectivity has been
achieved using other alkoxydiphenylsilyl protecting
groups.38

TBS TBS!

TBAF
94%

TBMPS H
109 110

Scheme 52
Nicolaou has applied 1.1 equivalents of TBAF to selec-

tively cleave the 1° TBS ether without reacting at the
TBDPS-protected 2° alcohol of intermediate 111 in the

Selective Deprotection of Silyl Ethers 1043

total synthesis of amphoteronolide B (Scheme 53).1%°
TBAF was also used in Yamamoto’s total synthesis of
hemibrevetoxin B to selectively remove a 1° TIPS ether
in the presence of both a 2° TIPS ether and a 3° TBS
ether in a 73 % yield.1%°

TBDPS
l/ ° TBAF

Ph o><o oxo OTBS 84%
111
OTBDPS
o)
Ph OXO oxo OH
112
Scheme 53

3.2.3. Miscellaneous Conditions

One equivalent of NBS in wet DMSO!®! has been used
to selectively deprotect the 1° TBS ether of azetidinone
113 in the presence of a 2° TBS ether (Scheme 54).162

NBS TS Wy
wet DMSO /lwl_
73% "
J/ Nl H
114

Scheme 54

The reactivity of moist alumina toward less sterically
encumbered silyl ethers has been exploited in selectively
deprotecting 1° silyl ethers.5®-¢° A series of 1°— 2° bis-silyl
ethers were stirred with moist alumina and the mono-
desilylated products 116, 118 and 120 were isolated
(Scheme 55). Although the initial report described only
the selective deprotection of bis-TBS ethers,®® this reac-
tion has more recently been shown to be selective in the
deprotection of 1° versus 2° silyl-protected alcohols, if
the same or smaller-sized silyl group protects the I° alco-

hol.®®°
R! alumina/HyO R!
16-22 hr /t/\/\o
R
R2 H
116 R'=TMS 85%

115 R' = R2 = TMS
118R'=TBS 97%

117 R'=R2=TBS
119 R' = R2 = TBDPS 120 R' = TBDPS 97%

Scheme 55

In the same manner that allowed different 1° silyl ethers
to be distinguished, differences in the rate of reaction of
DDQ with 1° and 2° silyl ethers allows selectivity in their
deprotection (Table 11).5 Since all TBDPS ethers were
unreactive with DDQ and all TES ethers reacted within
one hour, DDQ should allow 1° TES groups to be re-
moved without affecting the stable TBDPS-protected 2°
alcohols.
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1044 T.D. Nelson, R.D. Crouch

Table 11. Rates of Cleavage of Silyl Ethers with DDQ®>

TES TBS TBDPS

n-C,,H,,OR 1h 6h 6h
©O7%) (86%) 0 %)

4-r-butyl-c-CqH,(OR  1h 6h 6h
(90-100%) (88-97%)  (0%)

all reactions performed at room temperature using 0.1 equivalents of
DDQ in 9:1 THF/H,0O

Similarly, differences in the rates of cleavage of various
silyl ethers by Lewis acids allows a 1° TMS ether to be
deprotected in the presence of a 2° TBS or TBDPS ether
(Table 12).7°

Table 12. Cleavage of 1° vs. 2° Silyl Ethers by Lewis Acids’®

Cu(NO,),/CH,CN  Ce(NO,),/CH,CN

n-CyoH,,OTMS

1 min, 100%

1 min, 100 %

n-C,,H,,0TBS 12h, 90% 15h, 90%
n-C,,H,,OTBDPS 2 days, 0% 2 days, 0%
c-CcH, OTMS 1 min, 100 % 1 min, 100%
¢-CcH,,OTBS 12h, 94% 15h, 90%
¢-CcH,,OTBDPS 2 days, 0% 2 days, 0%

all reactions were performed using 1 equivalent of Lewis acid at room
temperature

The system of AgOAc/MeOH has been used to effect the
selective desilylation of a 1° TBS ether while not affecting
a 3° TBS group to afford bicyclic lactone 122 in 70 %
yield (Scheme 56).13!

TBSQ _/OTBS
H § 02Me
r
AgOAc/MeOH y TBS
—— -
70% M o
121 122

Scheme 56

Hydrogenation has been successfully applied to the prob-
lem of selectively deprotecting 1° TBS ethers in the pres-
ence of 2° TBS ethers. Cormier has reported that the
5'-TBS ether of bis-silylnucleoside 123 is selectively de-
protected by hydrogenation with Pd(OH), (Scheme
57).1%* Weimer has obtained similar results with different
nucleosides utilizing H, and wet Pd/C.1%4

TBS! H
o ase o ase
Ho/Pd(OH)2
—_——
OTBS OTBS
123 124

Scheme 57163
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Several instances of selective oxidation’* of 1° silyl ethers
in the presence of 2° and 3° silyl ethers have been reported.
Treatment of bis-silyl ethers 125 with CrO,-pyridine
yielded aldehydes 126 in greater than 76 % yield (Scheme
5 8) . 74,165

TMS TMS (o} T™MS
CrOz/pyr
—_——
n 76% H™ Th

125 a n=1 126
bn=2

an=1
bn=2
Scheme 58

Under similar conditions, a TES-protected 1° alcohol
was oxidized to an aldehyde in the presence of both a
TMS-protected 3° alcohol and a TBS-protected 2° alco-
hol.*%¢ Likewise, a 1° TMS ether has been selectively
oxidized to an aldehyde in the presence of a 2° TMS
ether.””~7%:167 1° TIPS and 1° TBDPS ethers are not
affected under these conditions.””’

Pyridinium dichromate has been used to effect the selec-
tive oxidation of a 1° TBS ether to a carboxylic acid in
the presence of 2° TBDPS ethers.!®® For example, under
these conditions, the 2° TBS and 2° TBDPS ethers in
polyene 127 were unaffected, while the 1° TBS ether was
oxidized to the corresponding carboxylic acid in 62 %
yield (Scheme 59).1682

S
OTBDP: oTBS PDC
N TBS 62%
AN
127
OTBDPS OTBS
N — O.H
>
128
Scheme 59

Swern conditions*®® have been reported to selectively
oxidize 1° and 2° silyl ethers while leaving more hindered
silyl ethers unaffected.!”%17* Application of Swern con-
ditions to bis-silyl ethers 129 led to the formation of
aldehydes 130 (Scheme 60).17! A 2° TMS ether remained
unaffected while a 1° TMS ether in the same molecule
was oxidized to an aldehyde with CrO,-pyridine.”®

H2
HO
., n,,,
:é ~mQOR1 =< -uOR1
W O\-"

129 a R'=R2=TMS 130 a R'=TMS, > 50%
b R'=R2=TES b R'=TES, 62%

1) DMSO
(COCH)2
2) EtsN

Scheme 60

Differences in the reactivity of silyl ethers bearing ligands
of differing size'7° illustrate the decisive role of steric
factors in these selective oxidations.!”! The significance
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of the steric requirements of the parent alcohol are illus-
trated in the recent report of the oxidation of a TES-
protected 1° alcohol in the presence of a 3° TES ether.”?

4. Selective Deprotection of Silyl-Protected 2° Alcohols
4.1. In the Presence of 1° Silyl Ethers

Since steric factors are the primary factor behind most
selective deprotections of silyl ethers, deprotection of the
silyl ether of a more sterically encumbered hydroxyl
group without reaction at the less hindered site requires
careful planning in the selection of protecting groups and
deprotecting agents. The obvious solution has been to
use more sterically crowded silyl groups to protect the
1° alcohol and silyl group bearing smaller substituents
to protect the 2° alcohol.

4.1.1. Under Acidic Conditions

A variety of acidic conditions have been applied to the
selective deprotection of 2° silyl ethers. In the synthesis
of the C19—-C29 fragment of rifamycin, the selective de-
protecting agent was 1 M HCI/THF in removing a 2°
TES without affecting a 1° TBDPS ether.!”® Kende has
also used dilute HCI to discriminate between a 2° TBS
group and a 1° TBDPS silyl ether in the synthesis of
lankacidin C.174

Aqueous HCI has been used to cleave a 2° TMS ether
in the presence of a 1° TBS ether!’® (Scheme 61) or a 1°
TBDPS ether.!7¢

TBSO TBSO

0.5 M HCI
—_——

86%
OTMS H

131 132

Scheme 6117

TBS and TBMPS ethers have shown differences in reac-
tivity to cleavage under acidic conditions and have been
used in the selective deprotection between 1° and 2° silyl
ethers.?” This protocol has also been extended to 2° ver-
sus 1° alcohols.®” Thus, a 2° alcohol protected as a TBS
ether has been deprotected in the presence of a 1° TBMPS
ether by treatment with a 10 % solution of 0.1 M aqueous
HC] in methanol at room temperature to give the cor-
responding alcohol 134 in 87 % yield (Scheme 62).37-38
This result complements the previously noted F~-pro-
moted selective deprotection of the 1° TBMPS ether in
the presence of a 2° TBS ether.?” Use of other alkoxy-
diphenylsilyl protecting groups allows similar selectivity
in deprotections.3®

TBS H

HCI/MeOH
HCIMeOH _
87%
TBMPS TBMPS
133 134

Scheme 62

Selective Deprotection of Silyl Ethers 1045

Methanolic HCI has been used to deprotect a 2° TBS in
the presence of a 1° DTBS ether.>®

In Merck’s total synthesis of ( —)-FK-506, TFA was used
to selectively deprotect a 2° TES ether in the presence of
a TIPS-protected 1° alcohol and a TBS-protected 2° al-
cohol (Scheme 63).8°

O  QTES QTBS

135

TFA, THF, H;0 | > 75%

136

Scheme 63

Corey has reported the removal of a 2° TES ether in the
presence of a 1° TBDPS group using trichloroacetic acid
in the synthesis of glycinoeclepin A.'"7 Likewise, aqueous
acetic acid has been used in the selective deprotection of
a 2° TES ether'”® and also a 2° TBS ether!7®-18% in the
presence of a 1° TBDPS ether.

Methanolic TsOH has been used to cleave 2° TMS ethers
in the presence of a 1° TBDPS ethers.'®' Similarly, in
studies leading to the synthesis of calcimycin,*82-183 bis-
silyl ether 137 was treated with TsOH to deprotect a 2°
TBS ether in the presence of a 1° TBDPS ether (Scheme
64). The resulting intermediate 2° alcohol underwent
spontaneous closure to the spiroketal 138, which is a
subunit common to ionophore antibiotics.*#?

TsOH
52%

Scheme 64

Roush has used two versions of acidic conditions in the
selective deprotection of a 2° TES ether in the presence
of a 1° TBDPS ether.* 7384 In a synthesis of a segment
of streptovaricin D, TsOH in THF/H,O led to the se-
lective cleavage of a 2° TES ether in bis-silyl ether 139
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1046 T.D. Nelson, R. D. Crouch

in 88-94% vyield after reprotection of the diol as ace-
tonide 140 (Scheme 65).184

@ OH QTES 1) TsOH

2) DMP, TsOH

139 S

X = oxazolidinone : H
/Y\‘/Y\OTBDPS
COX

140
Scheme 653

The conditions developed by Rychnovsky to construct
alternating polyol chains!®> have been shown to exhibit
selectivity in deprotecting silyl ethers. In converting bis-
silyl ether 141 to acetonide 142, TMS groups were re-
moved from the protected cyanohydrin and from the
protected 2° alcohol but the 1° TBDPS ether was pre-
served (Scheme 66).18¢

TBDPS TBDPS
N MeyCO,CSA N
Mep C(OMe),
TMSO OoTM§ ————— ™ 0
75%
141 142
Scheme 66

PPTS, which proved effective in other selective desilyla-
tions,**>33° has also been applied to the selective depro-
tection of 2° silyl ethers in the presence of 1° silyl ethers.
Treatment of bis-silyl ethers 143 with 1 equivalent of
PPTS in ethanol and heating to 55°C produced the cor-
responding monodesilylated alcohols in 80-82% yield
(Scheme 67).4°

TBS PPTS H
EtOH, 55°C
~ SOTBDPS - . ~ “OTBDPS
80 - 82%
143an=1 144 an=1
bn=3 bn=3
Scheme 67

These conditions were used to synthesize aliphatic alco-
hol 146 in Pattenden’s route toward ulapualide A
(Scheme 68).187

PPTS, EtOH
——————
90%

OMe Q OMe
TBS
145

GMe OH OMe
146
Scheme 68
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A PPTS/MeOH system has been used to hydrolyze a 2°
TMS ether without deblocking a 1° TBDPS-protected
alcoho]. 188189

The ion exchange resin, Amberlyst 15, has also been
reported to effect selective deprotection of 2° silyl
ethers.!!> TMS-protected 1° alcohols were deprotected
in 86% yield in 3 hours while the similarly protected 2°
alcohol was cleaved in slightly more than one hour.

A Lewis acid, BF;-OEt,, has effected the selective cleav-
age of a 2° TBS ether in the presence of a TBDPS-
protected 1° alcohol (Scheme 69).1°° Thus, the differen-
tially protected trihydroxybutane 147 was converted to
alcohol 148.

QTBS QH
H BF3-OFEt :
TBDP 3 2 TBDPS!
So\/Y\Br CHCl3 O\/T\Br
—_—
OBn Bn
147 148

Scheme 69

The intermolecular exchange of silyl groups has also been
used for the selective desilylation of TBS-protected alco-
hols in the presence of TBDPS-protected alcohols.!®!
Treatment of bis-silyl ether 149 with 3 equivalents of
TMS-OTf at —20°C resulted in the overall selective
cleavage of the 2° TBS ether (Scheme 70). A mechanism
is described in which the TMS group selectively replaces
the TBS protecting group. Upon workup, the more labile
TMS ether is cleaved, resulting in an overall selective
deprotection of a 2° TBS ecther in the presence of a 1°
TBDPS ether.

N 1) TMS-OTE N
TBDPSO 0 _2alumina __ 1BpPSO o
86%
oTBS OH
149 150
Scheme 70

The use of HF in selective deprotections of 2° silyl ethers
was reported in the total synthesis of (4 )-compactin and
(+)-mevinolin.'*%:1°3 Using 48 % aqueous HF that had
been diluted 50-fold with acetonitrile, intermediate 151
underwent cleavage of the 2° TES ether in the presence
of a 1° TBDPS ether (Scheme 71).1%3

OTBDPS OTBDPS

HF/HO/
TES! CH3CN
—

151 152
Scheme 71
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In DeShong’s synthesis of tirandamycin B, HF in the
presence of catalytic aqueous H,SiF, was used to depro-
tect a 2° TBS ether in the presence of a 1° TIPS ether
with concomitant acid-catalyzed closure to form the bi-
cyclic system 154 (Scheme 72).1%4

HF (aq)
H2SiF6(aq)
——

w
3

Scheme 72

In an extension of this work, the TBS protecting group
in bis-silyl ether 155 was selectively deprotected with
H,SiF, to afford alcohol 156 (Scheme 73).”

TIPS TBS TIPS H
H2SiFg
——n

68%
155 156

Scheme 73

4.1.2. Under Basic/Nucleophilic Conditions

Although Cunico’s measurements of the half-lives of 2°
silyl ethers in basic media (see Table 9) does not point
toward selective deprotection among 2° silyl ethers,??
several such examples have been reported. Schlessinger
has described a base-promoted deprotection of a 2° TMS
ether in the presence of a 1° TBS ether using K,CO; in
methanol. 1>

An example of the selective cleavage of the more bulky
ether employs NaH in HMPA at 0°C, in which the 2°
alcohol 158 was liberated in 80—88% yield from the
bis-silyl ether 157 (Scheme 74).1%3

TBSO o
NaHMHMPA
HO Ts0-88%
TBDPS
157

Scheme 74

Siloxanes and vinylsiloxanes have been removed utilizing
a Tamao oxidation (30% H,0,/KF/KHCO;) without
affecting 1° TBS ethers (Scheme 75).196:197

30% Hy0,/KF/
KHCOz/MeOH/
THF, rt
MeoSt——0 oTBS 74% HO OH QTBS
159 160

Scheme 75'°°

Selective Deprotection of Silyl Ethers 1047

Other examples of fluoride-based selective deprotections
of 2° silyl ethers in the presence of 1° silyl ethers have
also been reported. In the synthesis of (+)-laurencin, a
TMS-protected 2° alcohol 161 was deprotected with
TBAF in the presence of a TBDPS-protected 1° alcohol
(Scheme 76).1°8 Presumably, this deprotection was effect-
ed by treatment with only one equivalent of TBAF as
later treatment with TBAF deprotects the TBDPS-pro-
tected alcohol.

— TBAF =
THF, 0°C
o "l, — \|" "'.
TMSO™ o’ HO" o
OTBDPS OTBDPS
161 162
Scheme 76

Nicolaou used TBAF to selectively deprotect a 2° TES
ether and 2° TBS ethers*” without affecting a 1° TBDPS
ether in work directed toward the synthesis of brevetoxin
A. TBAF has also been used to selectively deprotect a
2° DPIPS ether in the presence of a 1° TBS ether.?® A
2° TES group was cleaved in the presence of a 1° TBS
ether with HCl-pyridine.34?

4.1.3. Miscellaneous Conditions

Differences in the rates of cleavage of various silyl ethers
by DDQ (Table 11)®5 and metal nitrates such as
Cu(NO,), and Ce(NO,), (see Table 12)7° show utility
in selectively deprotecting 2° silyl ethers in the presence
of 1° silyl ethers.

Neutral alumina treated with 3% H,O has been shown
to selectively cleave a 2° TMS ether in a substrate con-
taining a TBDPS-protected 1° alcohol 163.5° This meth-
od does not, however, extend to 2° TBS ethers 165 as
significant diol 166 formation was observed (Scheme 77).

alumma
0%
TBDPS TBDPS
alumlna
57%

OTBDPS
PhSeCl/K,CO, caused deprotection of a 2° TES-protect-
ed alcohol followed by cyclization to afford trisubstituted
furan 168, without affecting a 1° TBDPS group (Scheme
78).199

Scheme 77

PhSeCl PR
_KoCOg Q
TBDPS ~ ggo [ POE™™ TBDPS
168
Scheme 78
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1048 T.D. Nelson, R.D. Crouch

Examples of selective oxidation of 2° silyl ethers in the
presence of 1° silyl ethers have also been reported. The
stability of TBDPS ethers of 1° and 2° alcohols to Jones
oxidation conditions accompanied with aqueous KF was
demonstrated by Liu and Han.?°° This protocol was used
to selectively oxidize 2° TBS ether 169 to ketone 170 in
93% vyield without reaction of the 1° and 2° TBDPS
ethers (Scheme 79).2!

CrO3/H,SO J/KF
o, — e -
/" oTBDPS 03%
bTBDPS
169 b
/= otBDPS
‘bTeDPS
170

Scheme 79

Muzart has described the ~-BuOOH-mediated oxidation
of 2° benzylic silyl ethers in the presence of 1° TBS
ethers.?°? In this reaction, which uses catalytic amounts
of in situ generated (Ph;Si0),CrO,, bis-silyl ether 171
was stirred at room temperature to yield a mixture of
products, the major component being ketone 172 (Scheme
80).

Cr03
™S Ph3SiOH o
-BuOOH
phj\/\/OTBS 48h MTBS
_ > P
17m 61% 172

Scheme 80

Radical-induced selective oxidations of TES- and TBS-
protected 2° allylic alcohols in the presence of TBS-pro-
tected 1° alcohols has also been described (Scheme 81).203
Treatment of bis-silyl ether 173 with 1 equivalent of NBS
and K ,CO; in the presence of catalytic benzoyl peroxide
yielded 174 in 60 % yield. A significant decrease in yield
was observed, however, when the 2° alcohol was protect-

ed as a TBS ether.
TBSO
NBS/KoCO3 TBSO
AcO" 60% AcO™

OTES [¢]

173 174
Scheme 81

Under irradiation in the presence of DDQ, 2° TMS ether
175 was selectively oxidized to ketone 176 without de-
blocking the 1° TBS group (Scheme 82).204

™S
DDQ, hv
P AN 80% P "
oTBes oTBs
175 176

Scheme 82
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4.2. In the Presence of 2° Silyl Ethers

Deprotecting one silyl-protected 2° alcohol in the pres-
ence of another silyl-protected 2° alcohol has also been
widely used.

4.2.1. Under Acidic Conditions

Cunico has described the marked differences in the rate
of acid-promoted hydrolysis of TBS-, TIPS- and TBDPS-
protected cyclohexanols (Table 7).3? The rate of acid-
promoted hydrolysis of 2° TBS ethers is approximately
three times faster than that of the corresponding 2° TDS
ether (Table 13).8°

Table 13. Half-Lives of Cleavage of 2° TDS vs. 2° TBS Ethers®®

1% HCI/EtOH, r.t.

¢-C¢H,,0TDS
c-C¢H,,0TBS

20 min
6 min

The reactivity of TBS-protected cyclohexanol has been
compared with that of DTBMS-protected cyclohexanol
in 1% HCI in 95% ethanol at room temperature.?%3
While the less sterically hindered 2° TBS ether 177 un-
derwent 100% hydrolysis within 15 minutes, the 2°
DTBMS ether 179 showed no decomposition after 3 days
(Scheme 83).

HCI/EtOH
<:>—OTBS f, 15 min <:>—0H
100%

177 178
HCI/EtOH
ODTBMS 1, 15 min no reaction

179

Scheme 83

Danishefsky has employed 0.01 M HCI in dioxane to
selectively cleave a 2° TMS ether in the presence of a 2°
TBS ether in the total synthesis of N-acetylactinobola-
mine.?%® A reversal in the reactivity of silyl ethers has
been described in the synthesis of quassinoid analogs.2°”
Selective deprotection of a 2° TBS ether was achieved by
treating intermediate 180 with HCl in methanol over 15
minutes (Scheme 84). The time was critical to the survival
of the usually more labile 2° TMS ether and the mixed
ketal.

In contrast to the selectivity induced by the size of the
alkyl substituents on the protecting silicon atom, struc-
tural differences in specific regions of the substrate can
direct selective deprotections.

Under acidic conditions, TBS-protected 2° alcohols have
been cleaved in the presence of another TBS-protected
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TBSI. OH
. 1M HCI/MgOH
TMSQ i, 15 min
TBSQ, alkyl

Scheme 84

2° alcohol which is « to a ketone.?°® Thus, bis-silylated
steroid derivative 182 was selectively converted into the
mono-alcohol 183 in 82 % yield (Scheme 85).

5 M HCV/ acetone
2%

Scheme 85

Similarly, TBS ethers at the o position of a protected
ketone are stable, allowing selective deprotection of an-
other remote 2° TBS ether.?%® Steroid derivatives 184
were converted to the mono-deprotected product upon
treatment with 5M hydrogen chloride in acetone
(Scheme 86). After selective deprotection occurred, the
remaining TBS ether was hydrolyzed using TsOH in ace-

tone at 40°C.
/\l 5 M HCI/ acetone

X a) X=0, 95%
TBS b) X=8,76%

a

TBSO X
184 OTBS

HO

185
Scheme 86

TFA has also been employed to effect selectivity in the
deprotection of 2° silyl ethers. As part of Merck’s syn-
thesis of FK-506, TFA/H,O/THF was used to cleave the
2° TES ether of 186 without affecting TBS-protected 2°
alcohol.®® TFA was also used by this group to cleave a
2° TES ether without deblocking 2° TIPS and 2° TBS
groups (Scheme 87).8°

A similar selective deprotection scheme used by Schreiber
employed TFA/H,0O to hydrolyze a TES-protected 2°
alcohol in the presence of TIPS- and TBS-protected 2°
alcohols.?°

Selective Deprotection of Silyl Ethers 1049

tBu (o]
0 QTES QTBS TIPS

TFA/HO/THF
———— -
>75%

186

187
Scheme 87

Kende has accomplished the deprotection of a 2° TBS
in the presence of a 2° TBDPS ether with formic acid in
the synthesis of didesepoxyrhizosin.?!°

A 2° DEIPS ether in differentially silyl-protected diol 188
remained intact during the deprotection of the 2° TES
ether upon treatment with HOAc/H,O/THF (Scheme
88).%°

DEIPS DEIPS
HOAc:H,O:THF
——
62%
TESO HO
188 189

Scheme 88

In a complementary fashion, the 2° DEIPS ether in pro-
tected diol 190 was selectively cleaved in the presence of
a 2° TBS ether (Scheme 89).3°

TBS TBS
HOAc:H20:THF
—

69%
DEIPSO HO

190 191
Scheme 89

A similar mixture of HOAc, H,0 and THF was used to
selectively deprotect a TMS-protected 2° alcohol in the
presence of TBS-protected 2° and TES-protected 3° al-
cohols during the synthesis of analogs of 1«,25-dihydro-
xy-19-norvitamin D;.2?

Upon treatment with HOAc/H,O/THF, the DMIPS
ether of a 2° alcohol 192 was selectively deprotected in
the presence of MDIPS ethers of 2° alcohols (Scheme
90).212 This result was unique in that a wide variety of
other silyl protecting groups and deprotection conditions
yielded the fully deprotected product.

QDMIPS QH
DMIPSO,, A ;

HOAC/H,O/THF
(8:1:8)

45%

193

Scheme 90
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1050 T.D. Nelson, R.D. Crouch

Aqueous HOAc in THF was the reagent of choice in
deprotecting a 2° TES ether 194 in the presence of a 2°
TBS ether (Scheme 91).2!3

70% aq HOAC/THF
2:1)

195

Scheme 91

Others have also used a mixture of HOAc/H,O/THF to
deprotect 2° TES ethers in the presence of 2° TBS
ethers,?!4~216.218 20 TBDPS ethers,?!® and 2° TIPS
ethers.22° Evans used HOAc to remove both a 2° TES
and 2° TBS ether without cleaving a 2° TIPS-protected
alcohol during the synthesis of (+)-lepicidin A.221-222

Ogilvie has described significant differences for the rate
of HOAc-promoted hydrolysis of 3'-O-silylated nucleo-
sides.®? In 80 % aqueous HOAc, the MDIPS-protected
2° alcohol (3'-MDIPS-thymidine) was deprotected in 6
hours while the TBS-protected 2° position required 25
hours to achieve 100 % hydrolysis.

A catalytic amount of TsOH has been used to selectively
hydrolyze the less sterically hindered of two TBS pro-
tected carbinols during an avermectin subunit synthe-
sis.223 However, a poor yield was obtained when TFA
was used to discriminate between two TBS ethers.?24

One equivalent of TsOH in methanol was used to cleave
the 2° TBS ether in the presence of a 2° TBDPS ether of
compactin intermediate 196 (Scheme 92).223

TBDPS .OMe TBDPS OMe
e} 0

TsOH/MeOH
77%

196 197

Scheme 92

Johnson’s group has used these conditions to discrimi-
nate between a 2° TMS ether and 2° TBS ether?2% and
also between a 2° TBS ether and a 2° TBDPS ether in
cycloheptane 198 (Scheme 93).227-228

TsOH was also used in Merck’s work on avermectins to
selectively deblock a 2° TMS ether in the presence of
both a 2° TBS group and a 3° TMS group.?*°

20

SYNTHESIS
TBS H
TsOH
e e
MsO oteDPs > %% MsO OTBDPS
K K
198 199

Scheme 93227:228

CSA has been used to selectively deprotect one 2° TBS
ether in the presence of another 2° TBS ether?*° or a 2°
TBDPS ether?3! and also to remove a 2° TES ether in
the presence of a 2° TBDPS ether.?3?

Citric acid has been used to discriminate between a 2°
TMS ether and a 2° TBS ether?3*23* or a 2° TIPS
ether.23% In Keck’s synthesis of (+)-carbonolide B, a 2°
TMS ether of intermediate 200 was selectively cleaved in
the presence of a 2° TBS ether using PPTS (Scheme
94).13% In this same step a 1° TBS ether was also depro-
tected.

3 I
PPTS
) /™S MeOH B
7 ¢ QrBS MOR . 7 o oTBS
i 7 H 87% R :
RMTBS RWH
OMe 6Me
200 201

R= Bno\/\CHg-

Scheme 94

Selective cleavage of a 2° TES ether in the presence of
two 2° TBS ethers and two 2° TIPS groups was accom-
plished by using PPTS in MeOH/THF at room tempe-
rature.®® Similar conditions were used in the synthesis
of fluoroprostacyclin analog 203 (Scheme 95).236:237

TesQq &
; |——_———<> ----- COMe
O\/\/\/\/\ PPTS, EtOH
\ YN 51%

202 HQ \
; '—:——<> ----- COMe
O\/\/\/\/\
B0 1855
203
Scheme 95

Selective removal of a 2° TBS group in the presence of
a 2° TBDPS ether with catalytic PPTS has also been
reported.?® Hoye has also utilized this protocol to syn-
thesize alcohol 205 during the assembly of (+)-asimicin
and (+)-bullatacin (Scheme 96).23°
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M TBDPS 8BS PPTS, MeOH
e —_——————-
// Me > 80%
MeO
204 H
Me TBDPS
4 Me
MeO
Scheme 96 205

Treatment with aqueous HF in CH,CN has been reported
to deprotect one 2° TBS ether in the presence of another
2° TBS ether.24%241 For example, bis-TBS ether 206 was
converted to the mono-protected intermediate in nearly
quantitative yield after exposure to an acetonitrile solu-
tion containing 30% of a 40% aqueous HF solution
(Scheme 97).24® Longer exposure times resulted in slow
disappearance of mono-silylated product 207, although
significant amounts remained after 1 week. Similar con-
ditions were used by Merck in FK-506 analog work.?+?
HF in CH;CN was also used to deprotect a 2° TBS ether
in the presence of a 2° TIPS-protected alcohol by Martin,
en route to macbecin 1.88

QTBS
“N=N"coMe HE-H,0-CHCN
et
F sHi 1 min
o}
oTB
206 S
QTBS
/ ~-“‘\WC02M6
Z sH11
o OH
207

Scheme 97%4°

In Holton’s synthesis of taxol,” three different silyl groups
were used to selectively protect three different 2° alcohols
in intermediate 208. The 2° TMS ether was selectively
deprotected upon treatment with the Burgess reagent?+3
followed by acidic workup. The already-present 2° TES
and 2° TBS ethers remained unaffected under these con-
ditions. The 2° TES ether was selectively cleaved with
HF-pyridine complex in acetonitrile. Removal of the re-
maining 2° TBS group was achieved with TBAF.

OBOM
TBAF TBSOus- 63.
o]

208

Other examples of fluoride-induced selective deprotection
reactions have exploited the differing reactivities of silyl-
protecting groups bearing alkyl groups of different sizes.
As part of a synthesis of the C—D fragment of the ag-
lycone of amphotericin B, Masamune has reported the
selective deprotection of a TES-protected 2° alcohol 209

21

Selective Deprotection of Silyl Ethers 1051
in the presence of a 2° TBS ether with either 2 % aqueous
HF in acetonitrile of HF-pyridine complex in THF
(Scheme 98).244 Yamada has employed this same selective
deprotection in the synthesis of aplyronine A.?'7

TESQ  QTBS j\ 2% HF (aq)
: : or
/WO By HF-pyr
209 HO: QTBS (o]
/\l/\g/\o)]\‘Bu
Scheme 98 210

Evans has also removed a 2° TES ether with HF-pyridine
without causing the removal other 2° TBS groups during
the synthesis of rutamycin B,245 and in the total synthesis
of rapamycin, Nicolaou used HF-pyridine to selectively
remove two 2° TES ethers in the presence of a 2° allylic
TIPS group, a 2° TIPS group and a 2° TBDPS
group.'34246 Similarly, the selective cleavage of 2° TBS
ether’*” and 2° TES ether?®? in the presence of a 2°
TBDPS ether has been effected by treatment with HF in
acetonitrile. Under these conditions, bis-silyl ether 211,
an intermediate in the synthesis of an analog of mevinic
acid, was converted into alcohol 212 in 67 % isolated
yield (Scheme 99).247

48% HF/CH3CN
—_—
67%

M ﬁ/\/\COQMG
e
~ y

OTBDPS

Scheme 99

Selective deprotection of a 2° DEIPS ether in the presence
of a2° TBS ether has been shown to occur upon treatment
of the bis-silyl ether with a 3:1:3 mixture of acetic acid,
aqueous 1% KF-HF, and aqueous HF.?48

Boeckman has reported the selective desilylation of a 2°
TMS ether in the presence of two 2° TBS ethersin > 86 %
yield using an excess of Et;N-HF complex.?4?

DeShong has reported the use of H,SiF, in the selective
deprotection of 2° silyl ethers.*®->7-1°4 In competitive
reactions, a 2° TBS ether was deprotected in the presence
of a 2° TIPS ether with 63 % selectivity (Scheme 100).3”
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R H
H,SiFg
—_——

213 a R=TBS, 98% 214
b R= TIPS, 35%

Scheme 100

4.2.2. Under Basic/Nucleophilic Conditions

Bulky silyl ethers are generally considered to be stable
to reductive conditions.! However, a few examples of
deprotection of silyl ethers using hydride reagents have
been reported.6%-153:250:251.341 Qther reports describe
deprotections that are incidental to the reduction of ano-
ther functional group in the same molecule.?>>253 A
recent detailed account describes the selective deprotec-
tion of 2° TBS ethers when the hydroxy group to be
liberated is near an alcohol or amine (Scheme 101).°°
Thus, bis-silyl ether 215 was selectively converted into
alcohol 216.

TBS
LAH
A -

TBS %
/T\/H 99%
N TBS

215 HO
)\/H
N

216
Scheme 101

One explanation for this phenomenon is that LiAlH,
deprotonates the neighboring group and the resultant
anion binds the remaining AlH,. The hydride is prefer-
entially delivered to the neighboring silyl group, resulting
in selective deprotection. Another possible explanation
would involve silyl migration. This protocol has also been
used to remove a 3° TMS ether in the presence of a 2°
allylic TBS ether.2%4

Another example of intramolecular assistance to accom-
plish selective desilylation has been reported in which the
mode of desilylation has been attributed to an interme-
diate organopalladium species (Scheme 102).2°° A 41 %
yield of 218 was obtained with partial resolution (39 %
ee) when catalytic (S,S)-chiraphos was used.

217 218

Scheme 102

The selective affinity of the azide ion for MDPS protec-
ting groups allows for selective deprotection of 2° MDPS
ethers in the presence of 2° TBS ethers.®! This reaction
has been applied to the selective deprotection of bis-
silylated steroids 219 and 221 (Scheme 103).6! Treatment
with one equivalent of NaN, in DMF at 40°C produced
the mono-alcohols 220 and 222 in high yield.

22

SYNTHESIS

Ric™"
; NaNy/DMF
219 R'=MDPS, R2=TBS e~ 20 R'=H, R%=TBS
NaNy/DMF
—_—

221 R'=TBS, R2=MDPS 222 R'=TBS,R2=H

Scheme 103

81%

Basic sources of fluoride have been used extensively in
selectively deprotecting one 2° silyl ether in the presence
of another. The rates of TBAF-induced cleavage of the
TDS- and TBS-protected cyclohexanols indicate that a
2° TBS ether can be selectively deprotected in the presence
of a2° TDS ether (see Table 10).3° The more rapid TBAF-
induced cleavage of 2° TBMPS ethers allows its selective
deprotection in the presence of a 2° TBDPS ether.?’

TBAF-mediated cleavage of a 2° TBS ether in the pre-
sence of a 2° TBDPS was used in the total synthesis of
milbemycin «,.>°® TBAF has been used to selectively
deblock a 2° TMS ether without affecting other 2° TMS
ethers present.?>” The selective desilylation of 2° TES34°
and 2° TBS ethers?38-25° has been effected by treatment
with TBAF (Scheme 104).

TBS R OH R

TBAF
THF, 0°C
TBSOw o —n0%
R=TMS, 75% °°0 0
R = n-Bu, 80%
H H
223 224

Scheme 104238

Although possibly not selective, a “net” regioselective
discrimination between two TBS ethers with TBAF has
been accomplished.25°

In Danishefsky’s work on rapamycin, a 2° TMS group
was selectively removed from a molecule in the presence
a 2° TBS group using TBAF buffered with HOAc.?®!
Selective desilylation of a 2° TBS-protected allylic alcohol
in the presence of another 2° TBS ether has been reported
to occur via sequential treatment with a chiral Rh-binap
catalyst which selectively isomerizes one 2° allylic silyl
ether into a silyl enol ether that is then cleaved with
TBAF.262’263

As part of the synthesis of aplasmomycin, Corey suc-
cessfully removed a 2° TIPS group from different mole-
cules that contained both two and four 2° TBS groups.
This was accomplished by treatment with 1 equivalent
of TBAF in THF for 30 minutes.>®* On the contrary, in
Cha’s work on taxol, the sterically more accessible 2°
TBS of 225 was deprotected in the presence of a 2° TIPS
ether (Scheme 105).26°

Shanghai Hongene Exhibit 1039
Shanghai Hongene v. ChemGenes
Case IPR2023-00490

Downloaded by: The Scripps Research Institute. Copyrighted material.



September 1996

TBAF
——
C—x OTBS C—< OH
TIPSO™ ~H TIPSO” ™H
225 226
Scheme 105

Ireland required 5 equivalents of TBAF to accomplish
the same task en route to FK-506.2%¢ In another TBAF-
mediated selective deprotection, Holmes found much be-
tter selectivity between a 2° TMS and a 2° TBDPS ether
(99 %) than between a 2° TBS and a 2° TBDPS ether
(29-38 %).2¢7

Myers has described the use of KF-H,O to effect the
selective removal of the anomeric TBS group of carbo-
hydrate 227 without deblocking another 2° TBS ether
(Scheme 106).2¢8

quantitative

TBSO7\§3\D 8BS 2
~ TBS KF-H20O/MeOH H
wﬁa:/ ~guantiate jﬁa:/\

227 228
Scheme 106

4.2.3. Under Miscellaneous Conditions

The variability in the rates of desilylation of 2° silyl ethers
with the Lewis acids Cu(NO,), and Ce(NO,), also points
toward applications in selective deprotection (see Table
12).7° Cleavage of silyl ethers of cyclohexanol under these
conditions show a reactivity trend in which TMS ethers
cleave much faster than TBS ethers, with TBDPS ethers
being unreactive.

Iron(I1I) chloride has been used to remove the more labile
2° TMS group in the presence of a 2° TIPS group.2%’
From this, it should be possible to directly form mono-
esters in a single transformation by stirring the parent
bis-silyl ether with FeCl; and the corresponding acid
chloride.?7°

2° TES groups have been cleaved with MoOs-HMPA or
WO, HMPA, but the corresponding 2° TBS and 2° TIPS
ethers were unaffected.?”:272

Reactivity differences in single electron transfer (SET)
reactions of silyl ethers is the basis for selective depro-
tection with DDQ (see Table 11).5> TBDPS ethers are
stable to DDQ while TES ethers are cleaved within one
hour and TBS ethers required 3 to 7 hours. Thus, 2° TES
ethers can be cleaved in the presence of 2° TBS or TBDPS
ethers with DDQ. Note that the selectivity of this method
of deprotection is due to the steric bulk of the silyl pro-
tecting agent but is independent of the steric environment
of the parent alcohol. In similar work, 2° TBS ethers
(e.g. 229b) were unreactive toward DDQ in wet ethyl
acetate while 2° TMS ethers (e.g. 229a) hydrolyzed in
2.5 hours (Scheme 107).87

23

Selective Deprotection of Silyl Ethers 1053
R R
DDQ dj\
nCgH13 CHa EtOAc, H20 nCgH4 CH3
229 a R =TMS, 99% 230 R=H
b R = TBS, 0%
Scheme 107

Hydrogenolysis has been used to selectively deprotect a
2° DEIPS ether in the presence of a 2° TBDPS ether.
Bis-silyl ether 231 was hydrogenated with Pd(OH), in
MeOH to yield mono-protected product 232 in 99%
yield (Scheme 108).64 A decrease in selectivity was do-
served between DEIPS and TBS ether.5*

DEIPS H
Hy/Pd(OH),
—

TBDPSO 98% TBDPSO
231 232

Scheme 108

Selective oxidations of 2° silyl ethers in the presence of
other 2° silyl ethers have been reported.”* In a total
synthesis of (+)-prostaglandin D, tris-silyl ether 233 was
converted into the 11-oxo derivative of PGD, 234 using
a twofold excess of PCC (Scheme 109).273

OTES ?
e _~_~~_-COTES _PCC__
80%
) %
TESO
oTBS oTES 0
233 S~ _COH

S
TBS

234

Scheme 109

As noted earlier, Pearson has used a selective oxidation
of a 2° TBS ether into a ketone with KF, CrO, and
H,S0,%°! without hydrolysis of a 1° or 2° TBDPS
ether.!’? Under Swern oxidation conditions, 2° TMS
ethers were oxidized to ketones, whereas the more stable
2° TBS ethers were unaffected.”®:274-275 The reactivity
of 2° silyl ethers with excess ~-BuOOH and bis(triphen-

Table 14. Oxidation of Silyl Ethers of 1-Phenylpropan-1-01>7¢

(Ph3Si0)2Cr0O; (0.05 equiv)

hji/ 70% tBUOOH (3 - 4 equiv) hj\/
P CHyCly, P
235 236
Time (h) Conversion (%)  Yield (%)

a, R = TMS 14 100 97

b, R = TBS 66 32 19

¢, R=TDS 15 28 26

d, R =TPS 17 7 frace
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1054 T.D. Nelson, R.D. Crouch

ylsilyl)chromate shows selectivity for 2° TMS silyl ethers
over the more sterically hindered 2° TBS, TDS, and tri-
phenylsilyl ethers.?”¢ Conversions of 100 % were report-
ed for 2° TMS ethers but, by contrast, 2° alcohols pro-
tected with TBS, TDS, and TPS moieties were deprotect-
ed in less than 26 % yield (Table 14).

4.3. In the Presence of 3° Silyl Ethers
4.3.1. Under Acidic Conditions

Ley has described a selective deprotection reaction of a
2° TES ether in the presence of a 3° TBS ether of spiro-
ketal 237 using acetic acid (Scheme 110).277 In the syn-
thesis of a similar acetal, the selective deprotection of 2°
TBS ethers in the presence of a 3° TBS ether was effected
by heating in the presence of HOAc/THF/H,0.278
Aqueous acetic acid in THF was also used to selectively
deprotect a 2° TMS ether in the presence of a 3° TES
ether as well as two TBS-protected 2° alcohols.?!?

HOAc/
85%

OTBS OTBS
237

Scheme 110777
One equivalent of CSA was used in Nicolaou’s recent
synthesis of brevetoxin B intermediate 239 to selectively

deprotect a 2° TES ether in the presence of 3° TBS ether
(Scheme 111).1°

TBS!

CS8A, CHClp, MeOH | 100%

TBS!

Scheme 111

Blizzard has used a catalytic amount of TsOH to hydro-
lyze a 2° TMS ether without cleaving a 3° TMS protected
alcohol.??9-279 Likewise, a Bristol-Myers Squibb group
has done a selective deprotection, albeit in 38 % yield,
of a 2° TES-protected alcohol in the presence of a 3°
TES-protected alcohol using catalytic TsOH to give al-
cohol 240 (Scheme 112).28°

24

SYNTHESIS

0.2 eq. TSOH/EtOH

239, R = TES 240, R=H

38%

Scheme 112

DeShong has reported that fluorosilicic acid (H,SiFy)
shows outstanding selectivity in the cleavage of a 2° TBS
ether in the presence of a 3° TBS ether.>” In competitive
reactions in which a 1:1 mixture of TBS ethers 241 and
243 were treated with 0.25 equivalents of H,SiF,, the
TBS group protecting the 2° alcohol was cleaved with
97 % selectivity (Scheme 113).%7

TBS H
HySiFg (\j\c
P ———rr i
g O CH3CNABUOH P g o8
241 R=H 242 R=H, 98%
243 R = CHy 244 R =CH3, 1%
Scheme 113

Selective cleavage of the 2° TPS ether in the presence of
a 3° TES ether using excess HF-pyridine has recently
been reported in a total synthesis of lonomycin A (Scheme
114).28! It is noteworthy that removal of both silyl groups
occurred upon treatment with aqueous HF in acetonitrile
at 0°C.

HF-pyridine

Scheme 114
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4.3.2. Under Basic/Nucleophilic Conditions

Ley has used TBAF to selectively deprotect a 2° TBS
ether in the presence of a 3° TBS either in work directed
toward the synthesis of insect antifeedant intermediate
248 (Scheme 115).277 Other examples of a 2° TBS ether
being cleaved with TBAF in the presence of a 3° TBS
ether have been reported.?8%:283

T8S H
AC TBAF Ac
e
o 97% (o)

OTBS oTBS
247 248

Scheme 115

5. Selective Deprotection of Silyl-Protected 3° Alcohols
5.1. In the Presence of 1° Silyl Ethers
5.1.1. Under Acidic Conditions

As part of studies directed toward the synthesis of zara-
gozic acid C, Carreira has described the selective depro-
tection of a 3° TMS ether in the presence of a 1° TBS
ether (Scheme 116).12 The reagent of choice for this de-
protection was chloroacetic acid in MeOH, not dichlo-
roacetic acid, which was used to discriminate between 1°
TBS ethers in the same total synthesis.!?

CICH>COoH/MeOH
_——

Scheme 116

5.1.2. Under Basic/Nucleophilic Conditions

In Nicolaou’s synthesis of taxol a TBS-protected 3° al-
cohol was cleaved in the presence of a 1° TBDPS ether
with 3 equivalents of LiAIH, (Scheme 117).52%4 Reduc-
tion of the lactone probably occurs first followed by
intramolecular assistance®® from a newly formed 1° alk-
oxide yielding triol 252.

TBDPSO~

251 252
Scheme 1175284

25
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5.1.3. Miscellaneous Conditions

Treatment with silica gel allowed for the selective removal
of a 3° TES protecting group in cyclobutane 253 without
deblocking a 1° TBS ether (Scheme 118).%85

SiOp, CHyCly, it
_—
Xy COzMe >93%

253

254

Scheme 118

5.2. In the Presence of 2° Silyl Ethers
5.2.1. Under Acidic Conditions

In a total synthesis of zaragozic acid A, a 3° TMS ether
was selectively cleaved in the presence of a 2° DTBMS
ether by treatment of intermediate 255 with 2% HCl in
1:1 methanol/dichloromethane (Scheme 119).14286 Se-
lective deprotection occurred in 100 % yield in 5 minutes
at room temperature.?®® Similarly, a 3° TMS ether was
deprotected in the presence of a 2° TBDPS ether using
2% HCI/MeOH/CH,Cl, in 5 minutes at room tempera-
ture.!* Hanessian also used HCI (2 M) to deblock a 3°
TMS silyl ether in the presence of a 2° TBS ether.28”

2% HCI
—
100%

Scheme 119286

Triethylammonium fluoride has allowed for selective 3°
TES silyl removal in the presence of a 2° allylic TBS
ether (Scheme 120).28%-28° The newly formed alkoxide
initiated a cyclopropane ring opening to give substituted
cyclopentanone 258.

MOMG oTBS

Scheme 120
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1056 T.D. Nelson, R.D. Crouch

5.2.2. Under Basic/Nucleophilic Conditions

Amines and alcohols can be utilized to direct selective
deprotections.®® In the following example, the nitrile was
first reduced to the corresponding amine (Scheme
121).>>* This juxtaposition led to selective deprotection

of the 3° TMS groups and left the 2° TBS unaffect-
ed'60,254

Hy
N
T™S R LAH H
K —

100%
P

ATBS
259 260

Scheme 121

Hanessian has, with fair selectivity, deprotected a 3°
DPIPS ether*® with TBAF to give alcohol 262 (Scheme
122).2°° Partial removal of an accompanying 2° TBS
ether occurred resulting in 14 % diol formation.

Tr TBAF/THF
—_——
72% (+ 14% diol)

Scheme 122

The initial product from a Rubottom oxidation 263 is a
3° silyl ether. Subsequent silyl deprotection affords the
corresponding a-hydroxy ketone. The TBAF-mediated
deprotection of a 3° TMS ether has been carried out in
the presence of a 2° TBS group by Grieco to form steroid
264 (Scheme 123).2°%

TBS
T™MS
(@]
HO.,
TBAF, CHxCl»
A 1.5h
iH
Me
263 264
Scheme 123

Danishefsky’s synthesis of rapamycin utilized TBAF buf-
fered with acetic acid to cleave a 3° TMS group and 2°
TBS group while leaving a 2° TIPS group intact.?°?

A 3 TBS group has also been selectively removed in the
presence of a 2 TBS ether with TBAF.277

5.2.3. Miscellaneous Conditions

As part of a ring expansion, a 3° TMS ether was depro-
tected in the presence of a 2° TBS ether using FeCl; in
DMTF to afford cycloheptane 266 (Scheme 124).2°3

26

SYNTHESIS

BnO.,
-0TBS  FeCls/DMF
BnO
0OBn q'. ~_"’
BnO 0oTBS
265 266

Scheme 124

5.3. In the Presence of 3° Silyl Ethers

Corey has reported that a TMS-protected 3° alcohol 267
underwent selective desilylation in the presence of 3°
TIPS ether, which was part of a mixed acetal (Scheme
125).2°4 Selective deprotection was effected by treatment
with a 1:100 solution of 1 M HCI in THF at 0°C to
afford the deprotected 3° alcohol in 100% yield. It is
noteworthy that treatment of the bis-silyl substrate with
aqueous HF in acetonitrile resulted in cleavage of both
silyl groups.2%4

BnO 1MHCITHF  BnO
1:100
T™MSO-7 \{——/—{Me _ {100 HO Me
100%
oTIPs ofiPs
267 268

Scheme 125

Nicolaou’s group made extensive use of silyl-protecting
groups in their synthesis of taxol.2> At one point in the
synthetic scheme, the TBS ether of a 3° alcohol was
deprotected to yield diol 270 using catalytic CSA at room
temperature, leaving a 3° TBS ether intact (Scheme 126).

+OTBS
/ CSA/MeOH/CHQCIg
90%

Ho' OTBS
2

69
Scheme 126

6. Selective Deprotection of Aryl Silyl and Alkyl
Silyl Ethers

Aryl silyl ethers and alkyl silyl ethers can be selectively
cleaved in the presence of one another. The techniques
include an assortment of methods similar to those used
for distinguishing among alkyl silyl ethers. Davies has
measured the half-lives of acid and base catalyzed hy-
drolyses of 1° alkyl versus aryl silyl ethers (Table 15).33
An important theme is illustrated by Davies’ results.
Acidic conditions generally favor the cleavage of the alkyl
silyl ether while basic conditions favor deprotection of
the ary! silyl ether.

Davies’ results indicate that 5% NaOH/95% EtOH
could be wused to selectively hydrolyze ArOTES-,
ArOTBS-, ArO-i-BuPh,Si- and ArOTBDPS-protected
phenols in the presence of 1° TBS, 1° TIPS and 1° TBDPS
ethers.*?
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Table 15. Half-Lives of Hydrolysis of Alkyl vs. Aryl Silyl Ethers®?

R 1% HClin 5% NaOH in

95% MeOH MeOH
ROTMS n-CeH 53— <1min <1 min
p-MeC,H,— <1min <1 min

ROTBS n-CeH, ;— < 1min a
p-MeCH, — 273 min 3.5 min

ROTIPS n-CgH,y 5 — 55 min a
p-MeC,H,— 100 h 188 min

ROTBDPS n-CcH,;— 225 min a
p-MeCH, — 100 h 6.5 min

all reactions were performed at 25°C
2 Half-life of 1 min represents the lower limit of sampling technique.

Evans used neat TFA to selectively deprotect a 1° TBS
ether without cleaving two ArOTBS groups of 271 during
the synthesis of cyanocycline.?®® These conditions were
also used to deprotect a 2° TBS ether in the presence of
a phenol protected as a TBS ether en route to the cyc-
lodepsipeptide, doliculide (Scheme 127).2°7

o \/ QTBS
meNBoc /u/\jj —_—
tBquc/\N

O \/ QH
C;ij/meNBoc ;5)
tBuOZC/\N

The acidic conditions during ultrasonication of CH,;OH/
CCl, allows for the selective deprotection of TBS-pro-
tected 1° alcobols in the presence of TBS-protected phe-
nols.?®

Scheme 1272°7

Primary and secondary TBS ethers have been selectively
cleaved in the presence of silyl-protected phenols 273
using catalytic PPTS?® or 2 equivalents of BF;-OEt,**°
(Scheme 128).2°8 This method worked equally well for
alkyl silyl ethers derived from benzylic alcohols as well
as alcohols that were remote from the aryl rings with
yields ranging from 70—88 %.

TBS 0.1 eq PPTS, EtOH, 50° C H
or
2 eqBF3-OFEtp, 25° C

A A

a) oTBSO 71% |
S F b) m-TBSO 76% AF

TBSO c) pTBSO 75% TBSO
273 274

Scheme 128

In a complementary reaction, the phenolic TBS groups
of bis-silyl ethers (e.g. 275) were selectively cleaved by
treatment with excess K,CO; and Kryptofix 222 in
CH,CN at 55°C (Scheme 129).2°%

Selective Deprotection of Silyl Ethers 1057
TBS! TBS
KoCO4s/CHACN
Kryptofix 222
X RS
| a) oTBSO 79% |
o/ F b) mTBSO 85% Pz
TBS ¢} p-TBSO 90% H
275 276

Scheme 129

Kawazoe has used a pair of Dowex resins to accomplish
a similar selective deprotection scheme.?®® A phenolic
TMS ether underwent selective deprotection in the pres-
ence of TMS-protected carbinol to form phenol 278 when
stirred with 0.1 equivalents of Dowex 1-X8, a quaternary
ammonium resin (OH™ form, Scheme 130). Again, a
complementary reaction was developed in which treat-
ment of the same substrate with 3.0 equivalents of Dowex
CCR-2, a carboxylic resin (H* form) deprotected the
aliphatic silyl ether to form the corresponding alcohol
279 (Scheme 130).%°° Barrett’s synthesis of papulacandin
D involved the selective removal of 1° and 2° aliphatic
TMS ethers in the presence of two TIPS aryl ethers. This
transformation was caused by Amberlite IR-120 (H*
form).3°°

TMS
™S Dowex 1-X8
90% 278
] H
TMSO
277 Dowex CCR-2
85%
TMSO
279
Scheme 130

In the synthesis of daunomycin and its 4-demethoxy ana-
log, Davis has used acidic conditions to achieve the op-
posite selectivity in deprotection.?®! Addition of 10 %
HCl to intermediate 280 selectively cleaved the TBS-pro-
tected phenol in the presence of the 3° TBS ether (Scheme
131).

TBS TBS
<, 109
'OTBS 0% HCI
OMe OMe
280 281
Scheme 131

In one of the carliest examples of selective deprotection
of alkyl vs. aryl silyl ethers, carefully controlled condi-
tions allowed 1° and 2° TBS ethers to be deprotected by
HF in CH;CN in the presence of silyl-protected phe-
nols.3°? Danishefsky has utilized HF in CH,CN3% or
HCI/THF?%* in selectively deprotecting a 1° TBS ether
in the presence of a TBS-protected phenol in the synthesis
of an ABC ring fragment of dynemicin A. Likewise, an
excess of aqueous HF in CH,CN has also been used in
the selective deprotection of a 1° TBS ether in the presence
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1058 T.D. Nelson, R.D. Crouch

of two phenolic TBS ethers en route to the synthesis of
erbstatin.3%° In a complementary reaction, TBAF in
THF allows cleavage of the aryl silyl ether in the presence
of the silyl-protected carbinol 284 (Scheme 132).392:310
The deprotection of the protected aliphatic alcohol 282
was effected by treatment with 2 equivalents of HF while
deprotection of the phenol occurred by treatment with
1 equivalent of TBAF.3°? Quantities of either reagent in
excess of these amounts led to complete desilylation.

TBS
TBAF (1 equiv)
R ———_—

TBS %
83% OH
o 283

) H
OoTBS HF (2 equiv)
282 92%
OTBS

284

Scheme 132302

In a similar fashion, Danishefsky used TBAF to cleave
two aryl TMS ethers of hydroquinone 285 in the presence
of a 1° TBS ether (Scheme 133).3%6-3°7 The reaction was
performed under oxidative conditions, so the quinone
was produced.

Scheme 133

Likewise, Jung has employed TBAF to discriminate be-
tween aryl and alkyl silyl ethers (Scheme 134).3%8

TBS!

TBAF
TBS 5 min
—_—

95%

H”E NH,
COgMe
287

Scheme 134

Alumina-supported KF has been used to selectively
cleave TBS ethers of phenols in the presence of 1° TBS
ethers (Scheme 135).3%° For example, stirring bis-silyl
ether 289 with 3 equivalents (by mass) of 37 % KF-AL,O,
in CH;CN afforded the free phenol 290 in high yield.
Both acidic alumina (4 hours, 92 % yield) and basic alu-
mina (3 hours, 84 %) produced similar results, while ul-
trasonication of the latter reaction mixture resulted in
marked acceleration (15 minutes, 86 %). In a similar fas-

28

SYNTHESIS

hion, selective deprotection of an aryl TBS ether over a
1° TBS silyl ether was reported using 2 equivalents of
KF and 0.3 equivalents of 18-crown-6.31° Aliphatic 1°
and 2° TBS ethers were cleaved with SiF, in dichloro-
methane whereas silyl-protected phenols were inert under
identical reaction conditions.”?

TBS H
KF-AlO3
TBS —_— TBS
84 - 92%
289 290
Scheme 135

Few examples of selective deblocking of aromatic silyl
ethers exist. In one case, during an oxidation of a bis-
silylated isocoumarin lactol 291, regioselective desilyla-

tion occurred (Scheme 136).3*?

TBS
291
1) DIBAL-H/THF

2) NaClOy, NaH2PO4
t-BuOH/Pyridine

44 - 55%

TBS

292

Scheme 136

In another example, TMS, TES, and TBS phenolic ethers
have been cleaved with PdCl,(CH;CN),, while phenolic
TIPS and TBDPS ethers were inert to the reaction con-
ditions.3*2 It should be possible to obtain similar results
with dilute HCL,®® and some degree of selectivity with
NaOH.?3

7. Selective Mono-Desilylation of Bis-Silylated Enol
Ethers

Although not the focus of this review, deprotection pro-
tocols of silyl enol ethers are similar that of silyl ethers.
Some of the following examples serve to illustrate this
point. Dilute acetic acid has been used to hydrolyze a
TMS enol ether to the corresponding ketone; however,
under these conditions TBS and (2,4,6-tri-fert-butylphen-
oxy)dimethylsilyl enol ethers were inert.3'3 Discrimina-
tion between two TMS enol ethers has been accomplished
with a Bu,SnF/Pd catalyst system. The rate of reaction
is dependent upon the steric environment of the silyl
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groups, with the rate of reaction increasing in the follow-
ing order:3!4

T™S T™S
OTMS R /ﬂms
< < <

An example by Paquette nicely illustrates the utility of

this protocol (Scheme 137).31°

2.5 eq. BusSnF
8% PdClx(Ars)s
CgHg, A

> 84%

Scheme 137

MeLi has selectively removed a DMPS enol ether in the
presence of a TBS enol ether.3'® Similarly, MeLi/
TMEDA has been used to remove a TMS-protected enol
in the presence of a TBS-protected enol.*'®

8. Selective Deprotection of Silylene- and Disiloxane-Pro-
tected Diols

Dialkyldichlorosilanes®!7 295 and dialkylsilylditriflates®!8
have been shown to react with 1,3 diols 296 under forcing
conditions to form silylene derivatives 297 (Scheme
138).3!7 In effect, one silyl group protects two hydroxy
groups in much the same way that a cyclic ketal protects

a diol.?
“F L () ()
RSR * OH OH O\S(:’
R/
295 296 297
Scheme 138

Trost has reported that di-rert-butylsilylenes of 1,3 diols
can be selectively cleaved in the presence of 2° TBS
ethers.3'9:329 Ag a part of studies directed toward the
synthesis of deoxypillaromycinone, silylene derivative
298 was converted into diol 299 in 88 % yield upon treat-
ment with HF-pyridine (Scheme 139).319-32¢

More recently, a silylene-protected 1,3-diol 300 was se-
lectively cleaved in the presence of a 3° TES ether with
HF-pyridine (Scheme 140).!3® Similar conditions were
used by Paterson to remove a silylene without affecting
several 2° TBS ethers.321:322

Selective Deprotection of Silyl Ethers 1059

Scheme 139

/tBu

B
O/SKO

HF-pyr | 52%

Scheme 140

Myers has accomplished a similar hydrolysis®?3324 to
release 1,4-diol 303 with KF/MeOH (Scheme 141).268-323

KF/MeOH

Scheme 141

Disiloxanes have proven useful in the protection of diols
and selectivity in their removal has also been demonstrat-
ed. Bruzik has reported that 5% HF in CH;CN selec-
tively removes a TIPDS group in the presence of a 2°
TBDPS ether affording carbohydrate 305 (Scheme
142).3%5
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Bn 5
- (B —oen HF/CHSCN "L qreoe oBn
/SI(IPI')Q 8no "
(/Pr)zsr’o OH
304 305
Scheme 142

Dilute aqueous NH,OH has been used to selectively cleave

a 2° TMS ether in the presence of a TIPDS-protected
diol.326

9. Selective Protiodesilylations

Although not a focus of this review, selective protiode-
silylations have been accomplished and a few examples
are included. Fallis has taken advantage of the differences
in silyl group size to selectively protiodesilylate bis-silyl-

SYNTHESIS

A few additional examples of selective protiodesilylations
are given in Schemes 144—-147.

1. HOAc
C;'l*i/ 2. NaOH CeHia
™S /g
™e 96% ™S
310 an

Scheme 144328

T 9

T™s TMS 55%

312 313
Scheme 145°2°

ated terminal alkynes (Scheme 143).327 ™ ™S Bry/pyr./cCly Br ™S
89% g
— KoGOs, MeOH R ™S ™S ™S r
CHyClp, 2 h, 21°C I 314 315
TBDPS 90% =—TBDPS Scheme 14633°
307
Me (o}
=—TMS K2CO3, MeOH =—H ™S HzO *
| CHaClp, 2 h, 21°C | acetone _
[ — ) —_ 90%
=—TIPS 95% =—TIPS ™S ™S
309 316 317
Scheme 143 Scheme 147331
Table 16. Deprotection of 1° Silyl Ethers in the Presence of Another 1° Silyl Ether
In the Presence of:
Deprotection of: 1° TMS 1° TES 1° DEIPS 1° TIPS 1° TBS 1° TBDPS
1° TMS NaOH/EtOH>3 NaOH/EtOH?3? NaOH/EtOH?
Cu(NO,),™ Cu(NO,),”®
Ce(NO,), Ce(NO,); ™
[Bu,(NCS)Sn],0"? HCI?
1° TES HOACc/THF/ HCP
H,0% HF - pyr’® SiF,/CH,C1,7?
TCNQ/MeCN/H,0%® DDQ/MeCN/H, 0056
DDQ/MeCN/H,065:66
1° DEIPS H,/Pd(OH),** H,/Pd(OH),®*
HOAc/H,O/THF?*®
1° TIPS
1° TBS HCI/EtOH32:33 TsOH/THF/H,0%¢ HCI3%:33:35
H,SiF,(aq)/ C1,CHCO,H! %13 HOAGc/THF/H,0% -4+
£BuOH56-57 TBAF*® CSA/MeOH*748
NaOH/EtOH3? TBS-OT{™? PPTS2%:40
cyclohexene/PdO%? TsOH**
alumina®® MeOH/CCl, 3¢
Cu(NO,),"°
Ce(NO,),"°
cyclohexene/Pd0®%3
alumina®®
SiF,/CH,C1,”
DDQ/MeCN/H,055:66
AcBr/CH,Cl,5?
TMS-OTf91
1° TBDPS LiAIH,%°
30
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Biphenyldimethylsilyl (BPDMS) and biphenyldiisopro-
pylsilyl (BPDIPS) groups are new entries into the arsenal
of terminal alkyne silyl groups.33? These groups should
also be applicable to silyl ether deprotection, with the
advantage of the corresponding silyl ether being a solid.

10. Summary

Methods (especially acidic) that selectively remove a
smaller silyl ether in the presence of a larger silyl ether
will generally be applicable to the selective removal of
even smaller silyl ethers. In the same vein, even larger

Selective Deprotection of Silyl Ethers 1061

silyl groups will be stable under these conditions. As well
as reagent choice, modification.

Exploitation of differences in the steric requirements of
the silicon atom of a protecting group and/or the alcohol
carbon atom allow selective removal of one silyl protec-
ting group in the presence of another. The commercial
availability of the necessary silylating reagents along with
a variety of methods for their selective attachment adds
to the popularity of these protecting groups. From the
vast number and variety of trialkylsilyl groups studied,
it would seem that the majority of permutations on the
theme of adjusting reactivity by changing the steric en-
vironment of the silicon atom have been investigated.

Table 17. Deprotection of 1° Silyl Ethers in the Presence of 2° Silyl Ethers

In the Presence of:

Deprotection  2° TMS 2° TES 2° DEIPS 2° TIPS 2° TBS 2° TBDPS
of:
1° TMS Rexyn 10115 BF; - OEt,'?*
K,CO,/
MeOH#?
alumina®®
1° TES HOACc®® HOACc®® HOAc/H,O/THF%*~9%6 TFfOH®?
1° DEIPS RMgX!s7
1° TIPS TBAF'¢° TFA/H,O/THF?®® TFA/H,O/THF®°
1° TBS TsOH/ HCI32 HC1,3! HOA?6-°7-101~105 HOAc/H,0/THF!06:107
PPTSIlZ HOAC92,97—100 TFA/THF/H2086—88 TSOH110,111,335
TSOH/PPTS“Z CSA/MCOH10,48,113,114 PPTs49,123,124
HF - pyr139,140,246 PPTS’I 17-122 TBAF!5°
NaOH?*? Amberlite (H+ )16 HF - pyr'#?
cyclohexene/ NH,F145.148 HF - Et,N*43
PdO*%? HF/CH,CN?333:334
TsQH! 08109 H,SiF g,,,/t-BuOH>"
HE - pyr§§,126—129,132,133,
135- 137,139,140
H,/wet Pd,'%* AgOAc!3!
NBS/DMSQ'62
MeOH/CCl,/)))*®
NaOH,3? TBAF®
cyclohexene/PdO1°3
alumina®8-5°
1° TBDPS NaH/HMPA'>*  NaH/HMPA!>3 HF - pyr'#?
NaOH, 3! KOH/MeOH*3° alumina®®
TBAF,9’158’336 NH4F146
Table 18. Deprotection of 1° Silyl Ethers in the Presence of 3° Silyl Ethers
In the Presence of:
Deprotection of: 3° TMS 3° TES 3° DEIPS 3° TIPS 3° TBS 3° TBDPS
1° TMS PPTS!*
1° TES HF - pyr!38
1° DEIPS
1° TIPS TBAF!5°
10 TBS CSA113,158
NH4F147
H,SiF,%7
SiF,/CH,Cl1,"?
MeOH/CCL, /)¢
1° TBDPS
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Table 19. Deprotection of 2° Silyl Ethers in the Presence of 1° Silyl Ethers

SYNTHESIS

In the Presence of:

Deprotection of:  1° TMS 1° TES 1° DEIPS 1° TIPS 1° TBS 1° TBDPS
2° TMS Amberlyst 1513 HCl'7s HC],17% TsOQH!81
K,CO,/MeOH!®? acetone, Me,C(OMe),/CSA*8¢
PhSeCl/K,CO,'%°
TBAF!%8
PPTS, %8189 alumina®®
2° TES TFA® DDQ/M&:CN/HZO65 HC134:173
H,SiF/ HCI - pyr®**? HOAc"®
HF/H,033° C1,CCO,H!""
TsOH!84
HF/MCCN192‘193
PhSeCl/K,CO,1°°
TBAF,*® DDQ/MeCN/H2055
SiF,/CH,Cl,7
2° DEIPS
2° TIPS
2° TBS H,SiF,/HF/ DIBAL-H?33® HCJ32:174
H2057,194 HOAC/HZO/THF179,180
TSOH182,183
PPTS,*%-187 BF, - OEt219°
TMS-OTf*!
HF/MeCN?®8
TBAF*’
SiF,/CH,Cl,"?
2° TBDPS NaH/HMPA?!53
Table 20. Deprotection of 2° Silyl Ethers in the Presence of Another 2° Silyl Ether
In the Presence of:
Deprotection of: 2° TMS  2° TES 2° DEIPS 2° TIPS 2° TBS 2° TBDPS
2° TMS TBAF?>7 citric acid/MeOH?233 HC1,2°¢ TsOH,226:22° TBAF?¢7
TBAF/HOAc261:292  HOAc¢/THF/H,0%!! Cu(NO,),™
FeCl,2%° PPTs,13° HF - NEt,>*° Ce(NO,), ™
citric acid/MeQH?233-234
Cu(NO,),,”® Ce(NO,),"°
DDQ/wet EtOAc®’
2° TES HOAc?’® HOAc*® TFAB9:209,337 HOACc/THF/ HOAC/THF/H20219
TBAF345 HOACZZO—ZZZ 20213—216,218 CSA232
PPTs96 TFA89,209,337 TBAF47
MoO; - HMPAZ271:272  ppT§96:236.237 SiF4/CH2C1273
WO, - HMPA271:272  HF/MeCN3?** DDQ/MeCN/H,0%5
HF - pyr7,217,244,245 DDQ/MCCN/H2065
DDQ/MeCN/H,0% HF/MeCNZ232
M005 . HMPA271,272 HF . pyr134,246
W05 . HMPA271,272
2° DEIPS HOAc/THF/H2039 Hz/Pd(OH)264
HOAc/KF-HF/THF/
H20248
H,/Pd(OH),**
2° TIPS TBAF?%4
20 TBS HC1207 HC132 HC132,208 TSOH225,227,228
H,SiF, (aq)57 CSA,230 TsOH?23 HCOZH/THF/HZO210
HOAc221:222 HF/MeCN88’24°'242 CSA,231 PPTS238.239
HF/McCN®® LiAIH,*° KF - H,0%¢ HF/MeCN?47
TBAF?265.292 TBAF258 260,267 TBAF?256-266
SiF,/CH,Cl,7?
Cu(NO,),,”° Ce(NO,),"°
DDQ/MeCN/H,0°°
2° TBDPS
32
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In recent years, the assistance of neighboring groups in  of the silyl group and allow for their selective removal
selectively delivering reagents for deprotection to silyl as well. Interestingly, with the exception of the phenyl

protecting groups has been reported. As thisis a relatively  substituted silyl groups, only a handful of examples

37,38

recent observation, systematic studies of such neighbor- of modifications of the electronic environment of the
ing group effects have yet to be conducted and will likely  silicon atom have been investigated, partially due to the

be an important area of future study.

Differences in electronic effects of the substituents on the
silicon atom have a profound impact on the reactivity

Table 21. Deprotection of 2° Silyl Ethers in the Presence of 3° Silyl Ethers

commercial unavailability of most of the necessary silyl-
ating reagents. This would, however, seem to be an im-
portant area that remains open to study.

In the Presence of:

Deprotection of: 3° TMS 3° TES 3° DEIPS  3° TIPS 3° TBS 3° TBDPS
2° TMS TsQH?2%-272 HOAc?!!
2° TES TsOH?8° HOAc?"?
CSA!®
2° DEIPS
2° TIPS
2° TBS H,SiF,/-BuOH/H,0%7 HOACc?™®
CSAS
TBAFZSZ.ZSS
2° TBDPS
Table 22. Deprotection of 3° Silyl Ethers in the Presence of 1° Silyl Ethers
In the Presence of:
Deprotection of: 1° TMS 1° TES 1° DEIPS 1° TIPS 1° TBS 1° TBDPS
3° TMS CICH,CO,H/MeOH'?
3° TES Si0,28%
3° DEIPS
3° TIPS
3° TBS LiAIH, 5284
3° TBDPS
Table 23. Deprotection of 3° Silyl Ethers in the Presence of 2° Silyl Ethers
) In the Presence of:
Deprotection of: 2° TMS 2° TES 2° DEIPS 2° TIPS 2° TBS 2° TBDPS
3° TMS TBAF/HOAc??2 HC1%%7 HCI™
LiAlH, 254
TBAF?°!
FeCl,2%3
3° TES Et,NHF?88289
3° DEIPS
3° TIPS
3° TBS TBAF?77
3° TBDPS

Table 24. Deprotection of 3° Silyl Ethers in the Presence of 3° Silyl Ethers

In the Presence of:
Deprotection of: 3° TMS 3° TES 3° DEIPS 3° TIPS

3° TBS 3° TBDPS

3° TMS 1% 1M HCl(aq)/THF?%*
3° TES

3° DEIPS

3° TIPS

3° TBS

3° TBDPS

CSA295

33
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SYNTHESIS

Table 25. Deprotection of Phenolic Silyl Ethers in the Presence of Alkyl Silyl Ethers

In the Presence of:

Deprotection of: 1° TMS 1° TBS 2° TBS 3° TBS
ArOTMS Dowex 1-X8 (OH~ form)?°® TBAF396:307 TBAF3%8
ArOTBS NaOH3? K,CO,/Kryptofix 222/ 10% HClg(aq)??!
K,CO,/Kryptofix 222/ MeCN?2°8
MCCN298 TBAF302,308
TBAF302,310
KF/18-crown-631°
KF/Al,0,/MeCN/)))3°°
ArOTES NaOH?>?
ArOTBDPS NaOH3??

Table 26. Deprotection of Alkyl Silyl Ethers in the Presence of Phenolic Silyl Ethers

In the Presence of:

Deprotection of: ArOTMS ArOTBS ArOTIPS ArOTBDPS
1° TMS Dowex CCR-2 HCI?® HCI?*? HC)3?
(H* form)*°° Amberlite IR-120 (H* form)3°°

2° TMS Amberlite IR-120 (H* form)3°°
1° TBS HC}?3:304 HCI3?

TFA2%¢ Amberlite IR-120 (H™ form)3°° HCI?3

PPTS2%8

HF/MeCN302,303,305

BF3 . OEt2298,340

SiF,/CH,Cl1,"?

MeOH/CCl,/)))3®
2° TBS TFA?7

BF3 . OEt2298,340

HF/MeCN302

PPTS?°8

SiF,/CH,Cl,"?
1° TBDPS HCP3 HCP?3
1° TIPS HCI?? HCI??
Table 27. Deprotection of Silylene- and Disiloxane-Protected Diols in the Presence of 2° Alkyl Silyl Ethers

In the Presence of:
Deprotection of: 2° TMS 2° TES 2° DEIPS 2° TIPS 2° TBS 2° TBDPS
DTBS silylene HF - pyr319-322
KF/MeOH268,323,324

TIPDS siloxane HF/MeCN323

The authors would like to thank Dr. J. Chris McWilliams ( Merck)
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