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SILICON-BASED BLOCKING AGENTS

General Considerations

The ideal protecting group for an active-hydrogen moiety such as an alcohol or amine would be
one that would mimic the hydrogen atom itself, but be much more flexible in its reactivity.

It would readily go on in high yield, be stable over as wide a variety of reaction conditions as
possible and, at the same time, be selectively removable in the presence of other functional groups
including other protecting groups. While no single silyl group can fulfill all of these conditions
in all cases, the available range of silicon-based blocking agents can offer the synthetic chemist
viable answers to nearly every protection-deprotection challenge. The ability to vary the organic
groups on silicon introduces the potential to alter the R,Si group in terms of both its steric and
electronic characteristics and thereby influence the stability of the silylated species to a wide
variety of reaction and deprotection conditions. This allows the synthetic chemist to select a
silyl protecting group that can, for example, be simultaneously removed during the work-up

of the reaction step(s) that required the protection, or that can be selectively removed in the
presence of another silyl or other protecting group.

In addition to having the ability to be fine-tuned to fit a particular need, the ease and high-yield
introduction and deprotection of the silyl protecting groups contribute significantly to their
popularity and utility. The commonly utilized trisubstituted silyl protecting groups and their
acronyms are shown below.

I\I/Ie Th F|’h I|Et Y

Me——Si Me——Si Me——Si Et—Ti Sj
Me Me Ph Et )\
TMS DMPS MDPS TES
TIPS
l\llle I\|/Ie Th l\|/|e
Ti Ti Ti ’_\‘TI
Me Me Ph Me
DMIPS TBS TBDPS TDS

The use of silicon-based blocking agents has been reviewed with regard to reaction/deprotection,'”

oxidation of silyl ethers,* and selective deprotection’.

| PLEASE INQUIRE ABOUT BULK QUANTITIES |
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Introduction of the Silyl Groups

In general smaller groups on silicon make the trisubstituted silyl group more reactive and easier
to introduce. Thus, a general relative reactivity scale is: Me,Si > Ph,MeSi > Et,Si > PrMe,Si >
BuMe,Si > ‘BuPh,Si > ThMe,Si (where Th = thexyl) > Pr,Si. The leaving group on silicon also
plays a role in both reactivity and byproducts. The general relative reactivity of R,Si-X as a
function of X is: X = CN > OTf > I > Br > Cl > trifluoroacetamido > acetamido > R,N > RO.
Others, such as perchlorates, and sulfates, though very reactive, are not very practical. These
general reactivity trends will not apply to all sets of reaction conditions, but present a practical

working guide.

The introduction of the silyl group depends on the nature of the silyl group itself and the sub-
strate. Silyl groups are most often used for the protection of alcohols in the form of their silyl
ethers. Generally, the less sterically hindered the silyl group the easier it is to introduce

(and, indeed, to remove). The introduction of the sterically unimpeded trimethylsilyl group to

a primary, secondary or tertiary alcohol is a straightforward process taking place with a variety of
reagents under several mild, high-yield reaction conditions. On the other hand, the introduction
of the more sterically demanding tert-butyldimethylsilyl group requires reaction of the alcohol with
tert-butyldimethylchlorosilane in the presence of imidazole as a catalyst" and the formation of the
tert-butyldimethylsilyl ether of tertiary alcohols is very difficult. Alternatively, a more reactive
form such as tert-butyldimethylsilyl trifluoromethanesulfonate can be used.

Consideration of Byproducts

The introduction of a silyl group onto an alcohol, amine or other active hydrogen system is

the result of a substitution reaction at silicon releasing the protonated form of the leaving group
from silicon. This leaving group can be acidic, e.g. HCI, HBr, HI, HO,SCEF;; basic, e.g. NH,,
Me,NH, Et,NH; or neutral, e.g. CH;CONH,, CH,CONHMe, CF,CONH,, CF,CONHMe.
The effect of the nature and physical properties of these leaving groups on the reaction product
and purification must be considered when selecting a silicon-based protecting group.

Stability of Silyl-Protected Functional Groups

The relative stabilities of the silyl-protected functional groups, for example, alcohols as silyl ethers,
is roughly the same as the relative rates for their introduction. It must be remembered, however,
that the stability of the system is dependent upon the specific reaction conditions and, in parti-
cular, the pH. For example, phenyl-substituted silyl ethers are equal or more reactive than their
trimethylsilyl counterparts under alkaline conditions, but less reactive under acidic conditions. In
general terms, however, the relative stabilities of the silyl-protected functional groups will follow the
order of: Pr;Si > ThMe,Si > ‘BuPh,Si > BuMe,Si > PrMe,Si > Et,Si > Ph,MeSi > Me,Si. Again,
this order is meant to be a general guide as the actual stabilities will depend on the pH of the
medium as well as other reaction conditions. The results of a study of the stability of various silyl
ethers as a function of the groups on silicon and the nature of the alcohol towards various hydrolysis
conditions and common organic reagents are shown in Table 1. The reader is referred to the excel-
lent review by Crouch and Nelson on the selective deprotection of silyl groups in synthesis.’

(215) 547-1015 FAX: (215) 547-2484
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The Trimethylsilyl, TMS, Group

Common reagents for this reaction are trimethylchlorosilane, TMCS, and hexamethyldisilazane,
HMDS, although others are used depending on the leaving group from silicon. The reaction of
trimethylchlorosilane with an alcohol liberates HCI, which must be trapped. This is normally
achieved with the presence of a tertiary amine. Hexamethyldisilazane reacts with alcohols to
give ammonia as a byproduct. This can be simply led away from the reaction or trapped. The
reactions of HMDS in the absence of a catalyst are oftentimes quite slow. Common catalysts
are TMCS, lithium salts, ammonium chloride among others. Trimethylsilylation reagents which
liberate neutral byproducts are bis(trimethylsilyl) trifluoroacetamide, bis(trimethylsilyl)acetamide
and others as listed in Table 2.

If greater reactivity is necessary one can turn to the more reactive species such as the (dimethy-
lamino)trimethylsilane, cyanotrimethylsilane, and trimethylsilyl triflate.

Deprotection of the TMS group is usually accomplished by mild hydrolysis in aqueous or alcohol
medium. Trimethylsilyl ethers can be deprotected in the presence of TES ethers.' "2

The Triethylsilyl, TES, Group

The triethylsilyl protecting group is primarily used for the protection of alcohols, although other
functional groups can be and have been protected as their TES derivatives. The stability of the
triethylsilyl ethers falls between those of the corresponding TMS and TBS ethers. The most
common reagent for the introduction of the TES group is triethylchlorosilane and the methods
used for the reaction are those that are employed for TMCS. TES ethers can be selectively
removed in the presence of TBS ethers.”

The tert-Butyldimethylsilyl, TBS, Group

The TBS group is used for the protection of alcohols®, amines®, thiols", lactams', and carboxylic
acids". The TBS group is commonly introduced via tert-butyldimethylchlorosilane, although
other, more-reactive derivatives, such as the triflate, can be used. Because of its steric bulk the
reaction of an alcohol with tert-butyldimethylchlorosilane requires the presence of imidazole as a
catalyst." The high stability of TBS-protected groups to a variety of reaction conditions, its clean
NMR characteristics, and its ease of removal with fluoride ion makes it a popular choice among
the silicon-based blocking agents. TBS ethers can be removed in the presence of TIPS," and
TBDPS, ethers.

The Triisopropylsilyl, TIPS, Group

The TIPS group is one of the most sterically hindered silyl protecting groups, being removed only
slowly under standard acid- or base-catalyzed hydrolysis conditions. TIPS ethers show a stability
greater than TBS ethers. Reaction with tetrabutylammonium fluoride is a common method for
TIPS desilylations.” The TIPS group is usually introduced from triisopropylchlorosilane, but
triisopropylsilane” or the triflate' can also be used.

| PLEASE INQUIRE ABOUT BULK QUANTITIES |
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The Thexyldimethylsilyl, TDS, Group

The TDS group was proposed as a silyl blocking agent that would have more stability than the
TBS group and whose reagent, TDS-CI, would be less expensive to produce commercially."
TDS-Cl is a liquid making it somewhat easier to handle this air-sensitive material than the corre-
sponding solid TBS-Cl. The TDS group provides protection for alcohols, amines, carboxylic
acids, and thiols. In the even of low reactivity the more reactive triflate derivative, TDS-OTT,
can be used. Reaction of TDS-Cl with alcohols is carried out under conditions like those for

the TBS-Cl silylations.

The tert-Butyldiphenylsilyl, TBDPS, Group

The TBDPS group has greater steric demands than the TBS group and, therefore, tends to form
more stable silylated species than their corresponding TBS analogs.” Alcohols, amines,” amides,”
hydroxamic acids,” and carboxylic acids® are among the groups that have been blocked by the
TBDPS group. Deprotection is usually through the reaction with tetrabutylammonium fluoride,
TBAFE.

Phenyl-Substituted Silyl Groups

Phenyldimethylsilyl, diphenylmethylsilyl, and triphenylsilyl groups are also used to protect
alcohols. While these reagents bring no special steric advantages to the blocking agent picture
they do bring an electronic one. Phenylsilyl ethers are more stable towards acid with an increase
in stability following an increase in phenyl substitution.” A similar stability towards alkaline
hydrolysis is not seen. The stability of the diphenylmethylsilyl ethers has been carefully studied.”
Introduction of the phenyl-substituted silyl groups is through their respective chlorides.

Other Trialkylsilyl Groups

In principle any trialkylsilyl group can be considered a silyl blocking agent, though not all are,
of course, used in that manner. The more notable ones can be found in the Tables along with
pertinent information concerning reactivity and stability.

(215) 547-1015 FAX: (215) 547-2484 www.gelest.com
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TABLE 4 (contd.)

PHENYL-CONTAINING BLOCKING AGENTS

COMMENTS PRICING
SIP6729.0 T Reacts with alcohols in presence of Wilkinson’s 10g/$32.00
Phenyldimethylsilane Me——Si—H catalyst.® 509/$128.00
[766-77-8] b 2kg/$1080.00
SID4552.0 Ph Stability versus other silyl ethers studied.® 25¢/$18.00
Diphenylmethylchloro- _ studied.® 100g/$54.00
silane A 2.5kg/$500.00
[144-79-6] Me
SIT8645.0 T Ethers hydrolyze comparably to TMS ethers in 25¢/$38.00
Triphenylchlorosilane Ph—=8i—Cl base and 4 times slower in acid.” Can lead to 100g/$124.00
[76-86-8] L solid products.'®
SIA0575.0 Ph Reaction wrtriflic acid and then pyridine gives 259/$34.00
Allyltriphenylsilane Ph_li/\/ tr!phenyls!lylpyridinium triflate, an active 10g9/$110.00
[18752-21-1] | triphenylsilylating agent.™

Ph
SID4552.5 " More reactive than SID4552.0. Liberates 259/$32.00
Diphenylmethyl Ph—Si—NMe, dimethylamine upon reaction. 1009/$104.00
(dimethylamino)silane Mo
[68733-63-1]
SIB1026.4 prnen N _eens  Reactivity and stability similar to that of SID4586.0  109/$145.00
1,3-Bis(4-biphenyl)- w | we
1,1,3,3-tetramethyldisilazane Me  Me
SPECIALTY SILICON-BASED BLOCKING AGENTS

TABLE 5

COMMENTS PRICING
SIP6716.1 N Named Flophemesyl group. Ethers detectable at 59/$90.00
Pentafluorophenyldi- . L. femtogram level by ECD. Forms excellent derivatives 100g/$950.00
methylchlorosilane for mass spectral analysis.'%
[20082-71-7] . "
SIT8589.2 Used for protection of acids.'*'% 109/$88.00
Trimethylsilylethanol OH 509/$352.00
[2916-68-9] e
S1C2285.0 Me Can form cyclic products with appropriate 25¢/$10.00
Chloromethyldimethyl- ‘ 1,2-difunctional substrates.®* Used in analytical 2kg/$310.00
chlorosilane cieHe—g—¢ applications for greater ECD detectability.*”
[1719-57-9] Me
SIB1890.0 Me Has been applied to the synthesis of diols and 259/$32.00
Bromomethyldimethyl- _ B-methyl alcohols.®* 100g/$104.00
chlorosilane R
[16532-02-8] Me
SID3535.0 Pr H Silylates and reduces p-hydroxy ketones 59/$24.00
Diisopropylchlorosilane si selectively.® 25¢/$96.00
[2227-29-4] Py o
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TABLE 5 (contd.)

SPECIALTY SILICON-BASED BLOCKING AGENTS

COMMENTS PRICING
SIH5840.4 Potential blocking agent for fluorous phase 59/$39.00
§I—Iteprt]agec§fluo|;o-1 ,1,2-2- synthesis.'® 25¢/$180.00
etranyaraaecyl)- CF3(CF2)7 CH2CH,SiMe ,,Cl
dimethylchlorosilane
[74612-30-9]
SIB1815.5 NN we Potential blocking agent for fluorous phase 59/$175.00
Bis(tridecafluoro-1,1,2,2- A L9\, synthesis.'™
tetrahydrooctyldimethylsiloxy)- Me/ \Me C
methylchlorosilane

BRIDGING SILICON-BASED BLOCKING AGENTS

TABLE 6

COMMENTS PRICING
SID4120.0 and e o Reacts with alcohols,'” diols,'® and 5009g/$24.00
SID4120.1 S hydroxy carboxylic acids'®. 2kg/$55.00
Dimethyldichlorosilane y | Employed as a protecting group/template
[75-78-5] ©° in C-glycoside synthesis."™
SIB1072.0 Ve NMes More reactive than SIB4120.0. 25¢/$22.00
Bis(Dimethylamino)- \s/ Reacted with diols,"" diamines,'? and 1009/$72.00
dimethylsilane v e, treatment for glass'™. 2kg/$480.00
[3768-58-9]
SIB1068.0 Similar to SIB1072.0. 109/$26.00
Bis(Diethylamino)- N 509/$104.00
dimethylsilane S 2kg/$820.00
[4669-59-4] Me NEt
SIH6102.0 /giez\ Silylates diols with loss of ammonia. Similar in 259/$27.00
Hexamethylcyclo- A i reactivity to HMDS. "1 1009/$88.00
trisilazane Me;Sis _ SiMe; 2kg/$600.00
[1009-93-4] N
SID4510.1 oy o Reacts with alcohols,"* diols,"" 2- hydroxybenzoic 259/$10.00
Diphenyldichloro- o acids™”. 1009/$32.00
[szislg_r;% 4 o g 2kg/$380.00
SID3402.0 B Similar to, but more stable derivatives than 250/$22.00
Diethyldichlorosilane N dimethylsilylenes. 1009/$72.00
[996-50-9] Et o 2kg/$1008.00
SID3537.0 4 Forms tethered silyl ethers from diols."®" 109/$20.00
Diisopropyldichloro- A Protects 3,5 hydroxyls of nucleosides, but less 509/$80.00
silane N effectively than SIT7273.0" 2kg/$1728.00
[7751-38-4] P a
SID3205.0 Mo o Used to protect 1,2-diols,® and 1,3- diols'. 59/$54.00

Di-tert-butyldichloro-
silane
[18395-90-9]

/ Forms 4,6-cyclic di-tert-butylsilylenediyl ethers
w/glycopyranosides.'

259/$216.00

| PLEASE INQUIRE ABOUT BULK QUANTITIES |
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BRIDGING SILICON-BASED BLOCKING AGENTS

TABLE 6 (contd.)

COMMENTS

PRICING

SID3345.0
Di-tert-butylbis(tri-
fluoromethanesulfonate

MesC /OQSCFS
Si

More reactive than SID3205.0.%2 Converts
1,3-diols to cyclic protected 1,3-diols.™

Reacts w/1,3-diols in preference to 1,2-diols.'®

5g/$37.00
259/$148.00

dichlorodisiloxane

[85272-31-7] ves e
SIB1042.0 Ve Protection for 1° amines,™ including amino 25g/$20.00
Bis(dimethylchlorosilyl)- \s/ \S<Me acid esters'®. 1009/$65.00
ethane Mo o 2kg/$930.00
[13528-93-3] <|3' l' " k
SIT7273.0 ipr ° ipr Highly useful for protection of 3’,5- 59/$72.00

: ; N N : :
Tetraisopropyldichloro- P si_ dihydroxynucleosides.* 25¢/$288.00
disiloxane e ll ll "t Protects 1,2-diequatorial diols.'® 2kg/$1000.00
[69304-37-6]
SIB1084.0 Mo /M Used to protect anilines,* amines,*® and 109/$64.00
1,2-Bis(dimethylsilyl)- (:[S'_” amino acids'. 509/$256.00
benzene
[17985-72-7] i
SIB1048.2 Potentially useful silylating agent for diols and 59/$96.00
1,3-Bis(chlorodimethylsilyl)- related systems.
propane Me,Si SiMe,
[2295'06'9] Cl Cl
SIT7087.0 O Q Used in the protection of 3’,5'- 59/$60.00
1,1,3,3-Tetracyclopentyl- O>T/D\T< O dihydroxynucleosides. 25¢/$240.00

(215) 547-1015 FAX: (215) 547-2484
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DEPROTECTION OF 1° SILYL ETHERS IN THE PRESENCE
OF OTHER 1° SILYL ETHERS®

TABLE 7
Deprotection | In the Presence of:
of:
1°TMS 1°TES 1° TIPS 1°TBS 1°TBDPS
1°TMS NaOH/EtOH'" NaOH/EtOH'™ NaOH/EtOH'™*
Cu(NO,)," Cu(NO,),"
Ce(NO,),;™ Ce(NO,),™
[Bu,(NCS)Sn],0™ HCI™=
1°TES HF/py'® SiF,/CH,CI,"*
TCNQ/MeCN/H,0™ DDQ/MeCN/H,O""*
DDQ/MeCN/H, O MCM-41/MeOH*®
1° TIPS
1°TBS HCI/EtOH™ TsOH/THF/H,0™ HCl21%0 Alumina™®
H,SiF/BuOH " Cl,CHCO,H" e HOAC/THF/H, O "5 SiF,/CH,Cl,"*
NaOH/EtOH® TBAF'* CSA/MeQH™ DDQ/MeCN/H, 0"
Cyclohexene/PdO™ TBSOT{™ PPTS™"* AcBr/CH,CI,*'
Alumina™ TsOH™ TMSQOT{"*
MeOH/CCl,*® HFepy/THF'®
Cu(NO,),"™ PPTS/EtOH™
Ce(NO,),™ CSA/MeQH™
Cyclohexene/PdO™
1°TBDPS TBATB/MeOH™ LiAIH,"*
TBAF/HOAC/THF'™®
DEPROTECTION OF 1° SILYL ETHERS IN THE PRESENCE
OF 2° SILYL ETHERS®
TABLE 8
Deprotection | In the Presence of:
of:
2°TMS 2°TES 2°TIPS 2°TBS 2° TBDPS
1°TMS Rexyn 101'® BF,OEt,™
K,CO,/MeOH™
Alumina'™
1°TES HOAc™ HOAc™ HOAC/H,O/THF ™™ SiF,/CH,CI,**
RMgX" DDQ/MeCN/H,0
1°TIPS TBAF™ TFA/H,O/THF'™ TFA/H,O/THF"™
1°TBS HCIs7 HCI® AgOA™" HOAc/H,O/THF52%
HOAc ! HOAc'™ NBS/DMSO'* TsOH™2%
TsOH/PPTS'™® TFA/H,O/THF ™ MeOH/CCl,*® PPTS 02t
HF/py e CSA/MeQOH'™® NaOH' TBAF*?
NaOH™* PPTS™ TBAF#2° HF/py**
Cyclohexene/PdO' Acid Amberlite'' Cyclohexene/PdO™! HF/Et,N**
TsOH™ NH,F' Alumina'##® IBr/DCM®
HF/MeCN1 CAN/PrOH® HCI™
H,SiF¢/BuOH™ POCI/DMF**
HF/py'® (CF,S0,),0/DMF2
H,/wet Pd'®*
1°TBDPS NaH/HMPA* NaH/HMPA?*® NH,F HF/py*
NaOH?” TAS-F(SIT8715.0) Alumina™
KOH/MeOH?"* /DMF*
TBAF 210220 TBATB/MeOH'™

| PLEASE INQUIRE ABOUT BULK QUANTITIES |
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DEPROTECTION OF 1° SILYL ETHERS IN THE PRESENCE OF 3° SILYL ETHERS®

TABLE 9
Deprotection | In the Presence of:
of:
3°TMS 3°TES 3° TIPS 3°TBS 3°TBDPS

1°TMS PPTS*

1°TES HF/py*

1° TIPS

1°TBS HF/CH,CN** TBAF# H,SiF¢"
CSAzeas SiF,/CH,CI,"*
NH,F* MeOH/CCl,*®

1°TBDPS

DEPROTECTION OF 2° SILYL ETHERS IN THE PRESENCE OF 1° SILYL ETHERS®

TABLE 10
Deprotection | In the Presence of:
of:
1°TMS 1°TES 1° TIPS 1°TBS 1°TBDPS
2°TMS Amberlyst 15' HCP* HCP># TBAF*
K,CO,/MeOH="=" TsOH>* PPTS"2%
Acetone/Me,C Alumina™
(OMe),/CSA®* K,CO,/MeOH>**
PhSeCI/K,CO,*
2°TES HF/py* TFA™ DDQ/MeCN/H,O™* HCI 24 TBAF™
H,SiF/HF/H,0% HCl/py* HOAc** DDQ/MeCN/H,O'*
NH,Cl(s)22% Cl,CCO,H** SiF,/CH,CI,**
TBAF/THF/NH,CI** TsOH* PPTS/EtOH™
HF/MeCNz#2¢ CSA/CHCI/MeOH**
PhSeCI/K,CO*
2°TIPS
2°TBS H,SiFg/HF/H,0%* DIBAL-H*' HClr 22 TMSQOT{"*
HOAC/H,O/TH#2 HF/MeCN'™
TsOHe2e TBAF™
PPTS™ 6257 SiF,/CH,CL,*
BF,OEt,** CSA/MeOH™
2°TBDPS NaH/HMPAZ®
TBATB/MeOH'™®

DEPROTECTION OF 2° SILYL ETHERS IN THE PRESENCE OF OTHER 2° SILYL ETHERS®

TABLE 11
Deprotection | In the Presence of:
of:
2°TMS 2°TES 2°TIPS 2°TBS 2°TBDPS
2°TMS TBAF* Citric Acid/MeOH*' HCIe Citric Acid/MeOH?""#" TBAF™
TBAF/HOAc®22% TsOHe27 Cu(NO,),™ Cu(NQ,),™
FeCl,* HOAc/H,O/THF*® Ce(NO,),™ Ce(NO,),™*
PPTS** DDQ/wet EtOAc*
HF/Et,N?" K,CO,/MeOH>*
2°TES HOAc'"#* TFA727278 HOAC/H,O/THF*® MoO/HMPAz225 HOAC/H,O/THF**  HF/py**
TBAF276 HOACZ79-251 TFA|77,277‘27B WOS/HMPAZBZ‘ZEG CSAZQA
PPTS" PPTS 2628 PTSA/MeOH** TBAF 25
MoO,/HMPA?22¢ HF/MeCN*" TfOH/H,O-THF** SiF,/CH,CI,™
WO, /HMPA=222 HF/py?72 PPTS/MeOH?22 DDQ/MeCN/H,O™
HFepy/py-THF** DDQ/MeCN/H,0O'* MCM-41/MeQH™ HF/MeCN*"
2°TIPS TBAF>
PTSA/MeOH>®
20 TBS HC|299 HC||5 HCIIS,Sm LiA|H4167 TSOHGIZBM TBAF200.320,321
H,SiFs(aq)™ CSA*2 KF/H,0% HCO,H/THF/H,0**  SiF,/CH,CI,*
HOACQBO,Zm TSOH303 TBAF274,30&311 CSA3|6 CU(N03)2133
HF/MeCN'® HF/MeCN 8204300 PPTS®7s1 Ce(NO,);™
TBAF3%0 HF/MeCN#'® DDQ/MeCN/H, O™
2°TBDPS TBAF/THF'™
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DEPROTECTION OF 2° SILYL ETHERS IN THE PRESENCE
OF 3° SILYL ETHERS®

TABLE 12
Deprotection | In the Presence of:
of:
3°TMS 3°TES 3°TIPS 3°TBS 3°TBDPS

2°TMS TsOH"2 HOAc*®

2°TES TsOH® HOAc®
CSA™

2°TIPS

2°TBS H,SiF¢'BuOH/H,0"* | HOAc*
CSAGQ&BZ?
TBAFBZB,BZB

2°TBDPS

DEPROTECTION OF 3° SILYL ETHERS IN THE PRESENCE
OF 1° SILYL ETHERS®

TABLE 13

Deprotection
of:

In the Presence of:

1°TMS 1°TES 1° TIPS 1°TBS 1°TBDPS
3°TMS PPTS/MeOH CICH,CO,H/MeOH*
3°TES S0,
3°TIPS
3°TBS LIAIH @5
3°TBDPS

DEPROTECTION OF 3° SILYL ETHERS IN THE PRESENCE
OF 2° SILYL ETHERS®

TABLE 14
Deprotection | In the Presence of:
of:
2°TMS 2°TES 2°TIPS 2°TBS 2° TBDPS

3°TMS TBAF/HOAc*® HC HC=
LiAIH =
TBAF*®
FeCl,>*

3°TES Et,NHF>"

3°TIPS

3°TBS TBAF®

3°TBDPS

| PLEASE INQUIRE ABOUT BULK QUANTITIES |
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DEPROTECTION OF 3° SILYL ETHERS IN THE PRESENCE OF 3° SILYL ETHERS®

TABLE 15

Deprotection
of:

In the Presence of:

3°TMS

3°TES

3°TIPS

3°TBS

3°TBDPS

3°TMS

HCVTHF=

3°TES

3°TIPS

3°TBS

CSA*®

3°TBDPS

DEPROTECTION OF PHENOLIC SILYL ETHERS IN THE PRESENCE OF SILYL ETHERS®

TABLE 16
Deprotection | In the Presence of:
of:
1°TMS 1°TBS 1° TBDPS 2°TBS 3°TBS ArOTBS

ArOTMS Dowex 1-X8 (HO form)*" | TBAF*?** TBAF*

ArOTES NaOH™

ArOTBS NaOH™ TBAF*e» TBATB/MeOH'™™ K,CO4/Kryptofix 10% HCI MeOH/CCl,
K,CO /Kryptofix ~ KF/18-crown-6*" 222/MeCN*® W/ultrasound*®
222/MeCN** KF/ALLO,/MeCN*® TBAF#xe

ArOTBDPS NaOH™

DEPROTECTION OF ALKYL SILYL ETHERS IN THE PRESENCE OF PHENOLIC SILYL ETHERS®

TABLE 17
Deprotection | In the Presence of:
of:
ArOTMS ArOTBS ArOTIPS ArOTBDPS
1°TMS Dowex CCR-2 HCI HCI'# HClI™
(H* form)*! Amberlite IR-120 (H* form)*'
2°TMS Amberlite IR-120 (H* form)*'
1°TBS HC[=2*2 SiF,/CH,CI,™* HCI= HClI™
TFA®® MeOH/CCI,*® Amberlite IR-120 (H* form)®'
PPTS** TMSCI/H,O/CH,CN*
HF/MeCN®sss Oxone®/MeOH,,**
BF,OEt,*>**
2°TBS TFA®® PPTS*®
BF,OEt,*>* SiF,/CH,CI,™*
HF/MeCN*®
1°TBDPS HClI' HClI'
1°TIPS HClI= HClI™
DEPROTECTION OF SILYLENE- AND DISILOXANE-PROTECTED DIOLS
IN THE PRESENCE OF 2° ALKYL SILYL ETHERS?®
TABLE 18
Deprotection | In the Presence of:
of:
2°TMS 2°TES 2°TIPS 2°TBS 2°TBDPS
DTBS HF/py? 2203
silylene KF/MeOH©" %23
TIPDS
siloxane HF/MeCN**
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GENERIC SILYLATION PROCEDURES

1. Hexamethyldisilazane, SIH6110.0, in the trimethylsilylation of alcohols.

One equivalent of the alcohol to be silylated is mixed with 0.5 equivalents of hexamethyldi-
silazane, SIH6110.0, in an inert solvent or without solvent. Warming the reaction to 40 - 50 °C
or adding a drop of trimethylchlorosilane can significantly accelerate the rate of reaction. The
reaction is allowed to continue until no further evidence of the evolution of ammonia is
observed. For primary and secondary alcohols the reaction is quite rapid and nearly quantitative.
For tertiary alcohols the reaction may be slower.

2. Trimethylchlorosilane, SIT8510.0 and SIT8510.1, in the trimethylsilylation of
alcohols.
One equivalent of the alcohol, 1.1 equivalent of pyridine or triethylamine are mixed in an inert
solvent and one equivalent of trimethylchlorosilane, SIT8510.0 or SIT8510.1, is added. The
amine can also be used as the solvent of the reaction. The reaction can be followed by any of the
standard techniques including thin layer and gas chromatography. The reaction is quite fast with
primary and secondary alcohols and slower with tertiary alcohols. The trimethylsilylation of
amides and amines can be accomplished by a modification of this procedure wherein the reaction
mixture is heated to reflux for 16 h.

3. Trimethylbromosilane, SIT8430.0, or Trimethyliodosilane, SIT8564.0, in the
trimethylsilylation of alcohols.
One equivalent of the alcohol, 1.1 equivalent of a suitable amine base are mixed in an inert sol-

vent and the trimethylbromosilane, SIT8430.0, or trimethyliodosilane, SIT8564.0, is added.
These reagents are more reactive towards hindered alcohols than the trimethylchlorosilane.

4. Trimethyliodosilane, SIT8564.0, Hexamethyldisilazane, STH6110.0 combination
in the trimethylsilylation of hindered alcohols.
The alcohol (1 equiv.), trimethyliodosilane, SIT8564.0, (2.2 equiv.) and hexamethyldisilazane

(1.1 equiv.) are mixed in pyridine as solvent and the reaction mixture is stirred at room tempera-
ture.

5. Trimethylsilyltrifluoromethanesulfonate, SIT8620.0, or Trimethylsilyl Cyanide,
SIT8585.1, in the trimethylsilylation of hindered alcohols.

Trimethylsilylation with these very reactive silanes is carried out by the simple mixing of the alco-
hol and the silane in an inert solvent and allowing the reaction to occur, usually at room temper-
ature. CAUTION: Hydrogen cyanide is generated in the reaction with trimethylsilyl cyanide.

6. Allyltrimethylsilane, SIA0555.0, in the silylation of carboxylic acids.

The acid (1 equiv.) is dissolved in carbon tetrachloride (other solvents such as dichloromethane
can probably be used as well) and allyltrimethylsilane, SIA0555.0, is added. To this reaction mix-
ture is added about 3 drops (for 10 mmol reaction) of trifluoromethanesulfonic acid. The reac-
tion is very fast and is complete when the evolution of propylene ceases.

| PLEASE INQUIRE ABOUT BULK QUANTITIES |
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7. Triethylchlorosilane, SIT8250.0, tert-Butyldimethylchlorosilane, SIB1935.0, tert-
Butyldiphenylchlorosilane, SIB1968.0, Triisopropylchlorosilane, SIT8384.0, or
Thexyldimethylchlorosilane, SIT7906.0, in the silylation of alcohols.

The alcohol (1 equiv.) is dissolved in DMF along with the chlorosilane (1.1 equiv.) and imidazole

(2.2 equiv.) or 2,6-lutidine (2.2 equiv.). The reaction is usually heated to about 40 °C for 10 -
20 h for completion.

8. tert-Butyldimethylsilylation of an alcohol in dichloromethane.

The tert-butyldimethylsilylation of an alcohol has been carried out by treating 0.89 equiv. of tert-
butyldimethylchlorosilane in dichloromethane with 0.91 equiv. of the alcohol, 1.19 equiv. of tri-
ethylamine and 0.036 equiv. of 4-dimethylaminopyridine at room temperature for several hours.

9. Triisopropylsilyltrifluoromethanesulfonate, SIT8387.0, in the silylation of alco-
hols.

The alcohol (1 equiv.) is reacted with triisopropylsilyltrifluoromethanesulfonate, SIT8387.0, in
dichloromethane with 2,6-lutidine (2.2 equiv.) as catalyst. The reaction can be carried out as low

as -78 °C in less than 5 h.

10. tert-Butyldimethylsilyltrifluoromethanesulfonate, SIB1967.0, in the silylation of
alcohols.

The alcohol (1 equiv.) is treated with tert-butyldimethylsilyltrifluoromethanesulfonate as a 1 M
solution in a 50:50 by volume mixture of pyridine and dichloromethane. Additional SIB1967.0
may have to be added to finish the reaction for less reactive alcohols.

11. Di-tert-Butylsilylbis(trifluoromethanesulfonate), SID3345.0, in the silylation of
diols.

The diol (1 equiv.) is reacted with di-tert-butylsilylbis(trifluoromethanesulfonate), SID3345.0,
(1.2 equiv.) and 2,6-lutidine (3.0 equiv.) in chloroform and allowed to react at 0 to 25 °C. 1,3-
Diols and 1,4-diols are, in general, more reactive than 1,2-diols.

12. tert-Butyldiphenylchlorosilane, SIB1968.0, in the silylation of primary amines.
The amine (1 equiv.) is reacted with tert-butyldiphenylchlorosilane, SIB1968.0, and triethy-

lamine (1.5 equiv.) in acetonitrile at room temperature for 1-3 h. Secondary amines do not react.

13. 1,2-Bis(chlorodimethylsilyl)ethane, SIB1042.0, in the silylation of primary
amines.

The amine (1 equiv.) is reacted with the 1,2-bis(chlorodimethylsilyl)ethane (1 equiv.) and triethy-
lamine (2 equiv.) in dichloromethane at room temperature for 2-3 h. A convenient way to iso-
late the product is to filter, concentrate, add pentane, filter again and concentrate to give the
product in high purity without distillation.

(215) 547-1015 FAX: (215) 547-2484 www.gelest.com
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14. 1,1,3,3-tetraisopropyl-1,3-dichlorodisiloxane, SIT7273.0, in the silylation of
nucleosides.

The nucleoside (1 equiv.) is reacted with the silane, SIT7273.0, and imidazole (4.4 equiv.) in
DMEF at room temperature. The yields are about 80 percent.

15. 1,2-Bis(dimethylsilyl)benzene, SIB1084.0.

The amine (1 equiv.) is reacted with the silane, SIB1084.0, with a catalytic amount of
Wilkinson’s catalyst, tris(triphenylphosphine)rhodium (I) chloride, in toluene solution.

16. Trimethylsilylethanol, SIT8589.2, in the protection of a carboxylic acid.

The acid (1 equiv.) is reacted with 2-trimethylsilylethanol, SIT8589.2, (1 equiv.), dicyclohexylcar-
bodiimide (1 equiv.) in ethyl acetate with a catalytic amount of DMAP added. A typical reaction
is about 12 h at room temperature.

17. Triisopropylchlorosilane, SIT8384.0, in protection of a sulfonic acid.

The acid (1 equiv.) is reacted with triisopropylchlorosilane, SIT8384.0, (1.4 equiv.) and triethy-
lamine (1 equiv.) in dichloromethane for 1 h at -35 °C and 15 h at room temperature.

18. Triisopropylsilyltrifluoromethansulfonate, SIT8387.0, as precursor to
Triisopropylcarbamate, Tsoc, protecting group.

The amine to be protected in the presence of triethylamine is reacted with carbon dioxide (intro-

duced as a gas or as dry ice) at -78 °C for 30-60 min. This mixture is then treated with

triisopropylsilyltrifluoromethanesulfonate, SIT8387.0, at room temperature. The reaction mix-
ture can be washed with water without hydrolysis of the protecting group.

19. Formation of acetonides of diols with Isopropenoxytrimethylsilane, S116460.0.

The diol (1 equiv.) is mixed with isopropenoxytrimethylsilane, SII6460.0, in an inert solvent
(THE ether, toluene) and 1 or 2 drops of concentrated HCI or trimethylchlorosilane, is added.
The reaction is complete in less than 30 min.

20. Dimethylaminotrimethylsilane, TMSDMA, SID3605.0 and
Diethylaminotrimethylsilane, TMSDEA, SID3398.0.
The alcohol or amine (1 equiv.) is reacted with the aminotrimethylsilane and dimethylamine or

diethylamine is distilled off as the reaction proceeds. These reagents are particularly useful in the
silylation of amines. HMDS, SIH6110.0, is preferred for the trimethylsilylation of alcohols.

An alternative procedure for the silylation with the aminosilanes is with acid catalysis. This is
best achieved with ammonium sulfate, trimethylchlorosilane as well as trichloroacetic acid.
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21. Trimethylsilylimidazole, TMSI, SIT8590.0.

Trimethylsilylimidazole, SIT8590.0, is a very reactive trimethylsilylating agent, especially for alco-
hols. It is typically reacted with an equivalent amount of the hydroxyl group(s) in the presence or
absence of an acid catalyst.

22. N,O-Bis(trimethylsilyl)acetamide, BSA, SIB1846.0.

The alcohol (1 equiv.) is reacted with N,O-bistrimethylsilylacetamide, SIB1846.0, (0.5 equiv.) in
an inert solvent. The reaction proceeds faster with a small amount of trimethylchlorosilane as
catalyst.

23. N,O-Bis(trimethylsilyl) trifluoroacetamide, BSTFA, SIB1876.0.

The alcohol (1 equiv.) is reacted with N, O-bis(trimethylsilyl)trifluoroacetamide, SIB1876.0, (0.5
equiv.) in an inert solvent with or without trimethylchlorosilane catalysis. This has the advantage
of producing the liquid by-product, trifluoroacetamide, which is oftentimes more easily removed
than the solid acetamide from SIB1846.0 or diphenylurea from SIB1878.0.

24. N, N-Bis(trimethylsilyl)urea, BSU, SIB1878.0.

Two equivalents of this solid trimethylsilylating agent is reacted with the alcohol (1 equiv.) in an
inert solvent. The solid, insoluble diphenylurea produced is readily removed by filtration and the
product is purified.

DEPROTECTION OF SILYL ETHERS

1. Acid-Catalyzed cleavage of trimethylsilyl ethers.

The silylated alcohol (0.4 mmol) in dichloromethane (4 mL) is treated with a drop of 1IN HCI
and the reaction mixture is stirred for 30 min.

In a transeterification approach a 0.5 M solution of the trimethylsilylated alcohol in methanol is
treated with pyridinium p-toluenesulfonate (PPTS) at room temperature for 30 min. The lower
boiling trimethylmethoxysilane is removed by distillation.

2. Base-Catalyzed cleavage of trimethylsilyl ethers.
The mildest conditions for the base-catalyzed cleavage of trimethylsilyl ethers is the treatment of

a methanol solution of the silylated alcohol with an excess of potassium carbonate for 1-2 h.

3. Selective cleavage of a triethylsilyl ether with hydrogen fluoride-pyridine - repre-
sentative procedure for the cleavage of silyl ethers with HFepyridine.
Treatment of 180 mmol of the silylated alcohol with 4 mL of the stock solution of hydrogen flu-

oride-pyridine solution (2 mL of HFepyridine, 4 mL pyridine and 16 mL THF) for 2-3 h results
in the cleavage of the triethylsilyl ether.
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4. Acid-catalyzed cleavage of triethylsilyl ethers.

A cold (0 °C) methanol solution of the silyl ether is treated with p-toluenesulfonic acid (0.33
equiv.) for 1-2 h.

A solution of the silyl ether in THF is treated with an aqueous solution of trifluoromethane-
sulfonic acid.

5. Cleavage of a tert-butyldimethylsilyl ether with tetra-n-butylammonium fluoride
- representative procedure for the deprotection of silyl ethers with TBAE.
A solution of the silyl ether in THF (approximately 4 M) is treated with 3 equiv. of 1 M tetra-n-

butylammonium fluoride in THF at ambient temperature until the silyl ether is converted. This
usually requires from 2 - 16 h.

6. Cleavage of a tert-butyldimethylsilyl ether with tris(dimethylamino)sulfur-
(trimethylsilyl)difluoride, SIT8715.0 - representative procedure for the depro-
tection of silyl ethers with TAS-E.

A dilute (0.4 M) solution of the alcohol in THF is added to the SIT8715.0 at ambient tempera-
ture and the resulting solution is stirred for 1 - 2 h.

7. Cleavage of a tert-butyldimethylsilyl ether with hydrofluoric acid - representative
procedure for the deprotection of silyl ethers with HE.

Hydrofluoric acid (49% aqueous solution, excess) is added to the silyl ether in acetonitrile at

0 °C. After stirring for a short time (10 - 30 min usually) the reaction is carefully quenched by

the addition of saturated aqueous sodium hydrogen carbonate (CAUTION: STRONG EVOLU-
TION OF CARBON DIOXIDE).

8. Cleavage of a tert-butyldiphenylsilyl ether with tetra-n-butylammonium fluoride
in acetic acid.
A stock solution of TBAF in acetic acid is prepared (0.15 mL of HOAc per 1.0 mL of 1 M

TBAF in THF). The silyl ether is dissolved in THF and reacted with an excess of the stock solu-
tion for several h.
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