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Potassium tert-Butoxide-Catalyzed Dehydrogenative Si�O Coupling:
Reactivity Pattern and Mechanism of an Underappreciated Alcohol

Protection
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Introduction

Elegant complex-molecule synthesis is rated highly if it only
involves a minimal number or even no protective group ma-
nipulations.[1] Nevertheless, protective group chemistry will
certainly hold its place as a pivotal tool in organic synthesis.
The chemistry of protective groups itself as well as strategic
synthetic planning was greatly influenced and enhanced by
the Si�O linkage for temporary hydroxy group protection.
Its extensive use stems from the convenient alteration of
both the steric and the electronic environment at the silicon
atom, which, in turn, oftentimes ensures orthogonality in the
protection and deprotection steps.[2]

An impressive selection of Si�O bond forming reactions
is available today, the prominent protocol being the treat-
ment of an alcohol with a moisture-sensitive chlorosilane in
the presence of a nucleophilic catalyst and a stoichiometric
amount of a base as a hydrochloric acid scavenger.[3] While
this setup, which eventually produces equimolar amounts of
a hydrochloride salt by-product, is commonly employed
without reconsidering alternatives, another powerful tech-
nique is only rarely used. The direct dehydrogenative Si�O
coupling of alcohols A and readily available silanes B[4] lib-

erates dihydrogen as the sole by-product (Scheme 1).[5] Re-
markably, it is long known that this process is efficiently
mediated or catalyzed by several late transition metal com-
plexes[6] as well as Brønsted and Lewis acids/bases.[7]

In connection with a novel kinetic resolution strategy, we
had recently developed diastereoselective, transition metal-
catalyzed Si�O couplings of racemic mixtures of alcohols
and enantioenriched silicon-stereogenic silanes.[8,9] The cen-
tral step of these Cu�H[8] and Rh�H[9] catalyses is believed
to be a racemization-free s-bond metathesis of an inter-
mediate transition metal alkoxide and the Si�H bond.[8c]

The active catalyst is normally generated from the otherwise
inert transition metal tert-butoxide through alkoxide ex-
change. Sodium or potassium tert-butoxide and a transition
metal salt serve as viable precatalysts. It was in the course
of these investigations that we discovered the catalytic activ-
ity of potassium tert-butoxide alone, as indicated by the vig-
orous evolution of dihydrogen. We are aware of the fact
that such transition metal-free, alkoxide-catalyzed dehydro-
genative Si�O couplings are not totally unprecedented,[5,7]

but the present potassium tert-butoxide catalysis displays
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Scheme 1. Dehydrogenative Si�O coupling.
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noteworthy generality and prac-
ticability. We therefore decided
to elaborate on this reaction
and wish to report a handy re-
activity survey of several
silane–solvent combinations
and the corroboration of an un-
usual mechanism.

Results and Discussion

Reactivity Pattern

The pivotal experimental obser-
vation was made in a systematic
solvent screening. In the past,
we had always used toluene as
the solvent as well as a donor-
functionalized alcohol and steri-
cally encumbered triorganosilanes.[8,9] Under those reaction
conditions, the transition metal was necessary to promote
the Si�O coupling, likely to be assisted by a directing effect
of the tethered donor. Conversely, performing the coupling
of a simple primary alcohol, for example, 1,[10] and an unhin-
dered silane 2 in THF immediately liberated dihydrogen ac-
companied by silicon ether formation (1!3, column 4,
Table 1). In detail, aryl-substituted silanes 2 a–c reacted
cleanly in the presence of catalytic amounts of potassium
tert-butoxide (Table 1, entries 1–3) whereas trialkylsilanes
2 e–g were completely inert (Table 1, entries 5–7); the appar-
ent activation by aryl groups at the silicon atom was overrid-
den by sterics, tert-butyldiphenylsilane (2 d) showed no con-
version at all (Table 1, entry 4).

The substantial decrease in reactivity in the order Ph3Si�
H�MePh2Si�H>Me2PhSi�H @ tBuPh2Si�H�Alkyl3Si�H
might be rationalized by the distinct Lewis acidities of these
silanes. As C ACHTUNGTRENNUNG(sp2) is more electronegative than C ACHTUNGTRENNUNG(sp3), the
Lewis acidity at the silicon atom will correlate with the
number of electron-withdrawing sp2-hybridized substituents

attached to it. In order to render the less reactive silanes
more Lewis acidic, a Lewis base might be added to generate
a hypervalent and therefore more Lewis acidic silicon inter-
mediate (Lewis base activation of Lewis acids).[11] The ad-
mixture of DMF (or DMSO) and the reaction mixture
(column 5, Table 1) indeed facilitated the Si�O coupling of
tert-butyldiphenylsilane (2 d) as well as triethylsilane (2 e)
(Table 1, entries 4 and 5) but hindered silanes 2 f and 2 g re-
mained, again, untouched under these reaction conditions
(Table 1, entries 6 and 7). In DMF alone (column 6,
Table 1), the former was finally brought to reaction albeit
requiring double the amount of potassium tert-butoxide and
prolonged reaction time (Table 1, entry 6); tri-iso-propylsi-
lane (2 g) was sterically too congested to participate in this
reaction under conventional conditions.[12] Either addition of
18-crown-6[5a] or a solvent switch to pure, slightly more
Lewis basic DMSO then facilitated turnover (Table 1,
entry 7).

Verification of the General Procedure

We made several noteworthy observations: 1) While potassi-
um tert-butoxide (5.0 mol %) and 1 reacted cleanly with si-
lanes in the above solvent systems, almost no conversion
was detected neither with the potassium alkoxide of 1 alone
nor with a 1:1 mixture of the potassium alkoxide of 1 and
tert-butanol (5.0 mol%) and 1. The former outcome indi-
cates that a proton source (traces of water or the alcohol
itself) is needed for turnover[13] but reasons for the latter
outcome are less obvious. Solubility of the alkoxides in-
volved appears to be a crucial parameter in this reaction;
whereas potassium tert-butoxide (5.0 mol %) and 1 give a
clear solution, the potassium alkoxide of 1–t-butanol–1 cock-
tail remained turbid in THF, THF/DMF 4:1, and DMF.
2) The reaction rate increased by at least one order of mag-
nitude in the presence of 18-crown-6 likely owing to an in-
creased nucleophilicity of the alkoxide. 3) We note that this
reaction was also catalyzed by sodium tert-butoxide yet at
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Table 1. Reactivity pattern in the potassium tert-butoxide-catalyzed Si�O coupling.

Entry Silane 2[4] Abbreviation Yield of isolated product 3 [%]
THF THF/DMF 4:1 DMF

1 Ph3Si�H (2a) TPS-H 99 92 98
2 MePh2Si�H (2b) MDPS-H 99 99 97
3 Me2PhSi�H (2c) DMPS-H 76[a] 94 94
4 tBuPh2Si�H (2 d) TBDPS-H – 92[a] 99
5 Et3Si�H (2e) TES-H – 97 95
6 tBuMe2Si�H (2 f) TBDMS-H – – 90[a]

7 iPr3Si�H (2g) TIPS-H – – 68[b,c]

[a] The reaction required double the amount of KOtBu (10 mol %) and extended reaction time (12 h). [b] The
reaction required double the amount of KOtBu (10 mol %), 18-crown-6 (10 mol %), and extended reaction
time (14 h). [c] Reaction in DMSO yielded 69% conversion at extended reaction time (14 h).
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markedly lower rate. 4) In all reactions, the formation of Si�
OH and Si�O�Si by-products was almost suppressed by ad-
dition of molecular sieves although excessive amounts of it
inhibited the reaction. 5) Using 5.0 mol % of potassium tert-
butoxide turned out to be practicable, however, lower cata-
lyst loadings were possible. The general procedure was then
further verified for a few 18, 28, and even 38 alcohols
(Table 2). The high-yielding etherification of 1-adamantanol
in THF/DMF 4:1 or at a higher rate in THF/DMSO 4:1 is
remarkable (9!15, Table 2, entry 6) in that we had never
observed silylated tert-butanol.

Reaction Mechanism

Over the last few years, we have been largely involved in
the chemistry of silicon-stereogenic silanes,[14] which serve as
stereochemical probes for a better understanding of reaction
mechanisms.[15] The mechanism of alkoxide-mediated dehy-
drogenative couplings was the subject of several investiga-
tions in the past,[7,13, 16,17] and Wilzbach et al.[16] as well as
Sommer et al.[18] had already suggested reasonable mecha-
nisms, which rationalized the observed predominant stereo-
retention at the silicon atom.[19] On the other hand, Le
Bideau et al. recently suggested a mechanism for a hydrox-
ide-catalyzed coupling, which would result in racemiza-
tion.[5a] We therefore decided to also interrogate the stereo-
chemical course of our related potassium tert-butoxide-cata-
lyzed Si�O coupling. As expected, acyclic tert-butylmethyl-
phenylsilane (99 % ee) was too unreactive to undergo the
coupling using THF as solvent, which is why we employed
the strained silane (SiR)-16 (84–89% ee) recently introduced
by us.[8b,c] A dehydrogenative Si�O coupling–reductive Si�O
cleavage sequence would then reveal the enantiospecificity
of the coupling step (Table 3). When THF or THF/DMF 4:1
were used as solvents, the reaction proceeded with (almost)
immaculate stereoretention at the silicon atom [(SiR)-16!ACHTUNGTRENNUNG(SiS)-17! ACHTUNGTRENNUNG(SiR)-16, entries 1 and 2, Table 3], whereas racemi-
zation was seen with DMF as solvent [(SiR)-16!rac-17!
rac-16, entry 3, Table 3]; the acyclic chiral silane also race-
mized in the latter solvent. The Lewis basicity as well as the
ET parameter (that is the polarity) of these solvents might
be important [ET ACHTUNGTRENNUNG(THF)= 37.4 vs ET ACHTUNGTRENNUNG(DMF)= 43.2 and
ET ACHTUNGTRENNUNG(DMSO) =45.1].[20] DMF and DMSO might either in-
crease the Lewis acidity of tetravalent silicon compounds
through coordination and thus facilitate activation[11] or
simply stabilize charged species.

To further understand this curious solvent effect,[21]

namely the role of DMF,[22] in this catalysis, we conducted a
series of racemization experiments of both silane (SiR)-16
(Table 4) and silicon ether (SiS)-17 (Table 5). All reactions
were performed in DMF at room temperature; (SiR)-16 and
(SiS)-17 were configurationally stable in THF. Silane (SiR)-16
basically retained its stereochemical integrity in all cases
(entries 1–4, Table 4); marginal loss of enantioenrichment
was detected after prolonged treatment with potassium tert-
butoxide (1.0 equiv), which cannot explain completely race-
mized rac-17 in the presence of catalytic amounts of potassi-

um tert-butoxide (5.0 mol %). It is particularly important to
note that (SiR)-16 is not racemized by pure DMF (vide
infra). An almost similar situation is seen for silicon ether
(SiS)-17 (entries 1–4, Table 5) but this time, potassium tert-
butoxide (1.0 equiv) brings about complete racemization
with concomitant decomposition, which, in turn, might ac-
count for the loss of stereochemical information observed in
the Si�O coupling through subsequent tert-butoxide-induced
racemization.

As tert-butoxide is able to interact with (SiS)-17 (entry 2,
Table 5), the alkoxide of 1 (generated from KH and 1)
might do so even more. However, interaction of tetravalent
silicon with an alkoxide results in (partial) racemization ex-
clusively with sterically hindered systems (entry 2, Tables 4
and 5) while enantiospecific alkoxy–alkoxy exchange at sili-
con ethers is well-documented.[23, 24] To understand this,
front- and backside attack at the silicon atom must be juxta-
posed: non-hindered alkoxides favor (concerted) frontside
SN2-type mechanisms;[23] conversely, hindered alkoxides
favor SN2-type backside attack because of sterical considera-

Table 2. Brief verification of the potassium tert-butoxide-catalyzed Si�O cou-
pling.

Entry Alcohol Product Yield of isolat-
ed prod-
uct [%]

1 99

2 93

3 75

4 97

5 99

6 98[a,b]

[a] The reaction was performed in THF/DMF 4:1 and extended reaction time
(14 h). [b] Quantitative conversion was seen in THF/DMSO 4:1 within 5 h.
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tions,[25] thereby forming a trigonal bipyramidal intermediate
prone to pseudorotational processes.[26] In order to distin-
guish between racemization during or after the Si�O cou-
pling step, we would have to prove post-coupling, tert-butox-
ide-catalyzed racemization [(SiS)-17!rac-17]. For this, we
repeated the Si�O coupling in DMF (entry 3, Table 3) and

terminated the reaction after
1 h instead of 14 h. After reduc-
tive Si�O cleavage, silane (SiR)-
16 was isolated in 70 % ee,
which is unambiguous evidence
for a racemization-free cou-
pling.

The alkoxide-catalyzed Si�O
coupling is enantiospecific in all
three solvent systems. In THF,
the mechanism (1) agrees with
the seminal postulate by Wilz-
bach et al.[16] and (2) is similar
to the proposed cyclic transition
state by Sommer et al.;[19] a suf-
ficiently Lewis acidic silane B,
strained (SiR)-16 or
PhnMe3�nSiH (n=3–1, 2 a–c),
reacts directly with alcohol A
through transition state D
forming C (B!D!C,
Scheme 2). The involvement of
both the potassium alkoxide of
A and tert-butanol or A itself in

the concerted SN2-type displacement in D is experimentally
supported by a proton source (A or trace of water) as a key
requirement.[13] We think that, in contrast to the Sommer
mechanism,[19] the potassium cation is not an integral part of
this process since the reaction is still enantiospecific (!) in
the presence of 18-crown-6 (vide supra).[5a] In DMF, the sit-
uation is somewhat more complicated. The activation of
otherwise unreactive silanes 2 d–f by this Lewis base (LB) is
a generally accepted mode of action (Table 1); nevertheless,
we do hesitate to propose a hypervalent silicon intermediate
as DMF and related donors cannot racemize any of the si-
lanes used in this study. We currently believe that a weak
Lewis acid–base interaction as depicted in B···LB activates
the silicon atom to enter the SN2-type Si�O coupling

Table 4. Racemization experiments of silane (SiR)-16 in DMF.

Entry Additive (1.0 equiv) t [h] Enantiomeric excess [%][a]

before after

1 – 24 84 80
2 potassium tert-butoxide 24 84 60
3 potassium alkoxide of 1

(generated from KH and 1)
24 89 89

4 alcohol 1 14 89 89

[a] Determined by HPLC analysis using a Daicel Chiralcel OJ-RH
column (MeOH/H2O=80:20 at 12 8C): 35.3 min for (SiR)-16 and 38.5 min
for (SiS)-16.

Table 5. Racemization experiments of silicon ether (SiS)-17 in DMF.

Entry Additive (1.0 equiv) t [h] Enantiomeric excess [%][a]

before after

1 – 14 89 89
2 potassium tert-butoxide 14 89 0
3 potassium alkoxide of 1

(generated from KH and 1)
24 89 89

4 alcohol 1 14 89 89

[a] Determined by racemization-free, reductive cleavage of the Si�O
bond [(SiS)-17! ACHTUNGTRENNUNG(SiR)-16] followed by HPLC analysis using a Daicel Chir-
alcel OJ-RH column (MeOH/H2O=80:20 at 12 8C): 35.3 min for (SiR)-16
and 38.5 min for (SiS)-16.

Scheme 2. Mechanistic picture of enantiospecific, dehydrogenative Si�O
coupling with and without Lewis base-activation (LB =Lewis base).

Table 3. Solvent dependence of the stereochemical course at the silicon atom.[a]

Entry Si�O coupling Si�O cleavage
Solvent
system

Yield of
17
[%]

ee ofACHTUNGTRENNUNG(SiR)-
16
[%]

Stereochemical
course

Yield of
16
[%]

ee of
16
[%]

1 THF 97 89 retention 74 89
2 THF/DMF

4:1
70 85 retention 74 80

3 DMF 82 84 racemization 72 0

[a] Enantiomeric excesses determined by HPLC analysis using a Daicel Chiralcel OJ-RH column (MeOH/
H2O=80:20 at 12 8C): 35.3 min for (SiR)-16 and 38.5 min for (SiS)-16.

Chem. Asian J. 2009, 4, 406 – 410 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemasianj.org 409

Potassium tert-Butoxide-Catalyzed Dehydrogenative Si�O Coupling



(B···LB!D···LB, Scheme 2).[25] Liberation of C might pro-
ceed through an associative (D···LB!C···LB!C, Scheme 2)
or a dissociative mechanism (D···LB!D!C, not shown).

Conclusions

We believe that the alkoxide-catalyzed, dehydrogenative Si�
O coupling using silanes deserves its place amongst the im-
portant techniques for alcohol protection. It is a mild and
reliable process with the predictability of orthogonality
(Table 1) required in silicon-based protective group chemis-
try. The mechanistic part of the present investigation shows
that the coupling itself is enantiospecific but base-induced
racemization of the silicon ethers formed is problematic in
very polar solvents.

Experimental Section

A flame-dried Schlenk tube was charged under an argon atmosphere
with the indicated alcohol (Table 2, 0.525 mmol, 1.05 equiv), the silane
(Tables 1 and 2, 0.500 mmol), molecular sieves (30 mg, 3 �), and, accord-
ing to Table 1, the appropriate solvent mixture (0.5 m). Then, potassium
tert-butoxide (2.8 mg, 0.025 mmol, 5.0 mol %) was added. After full con-
version (monitored by GLC) the reaction mixture was directly subjected
to flash column chromatography on silica gel using cyclohexane-t-butyl-
methylether solvent mixtures. The silicon ethers are isolated as colourless
oils or solids.
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