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ABSTRACT: This report describes Brønsted acid catalyzed
de novo synthesis of silyldienol ethers bearing tetrasubstituted
double bonds via an intermediacy of 2-silyloxypentadienyl
cations. The reactivity of these novel cationic intermediates
could be modulated and harnessed toward direct nucleophilic
additions regioselectively at the γ-position to produce highly
functionalized silyldienol ethers with tunable control of the
resulting double bond geometry.

Silyldienol ethers are isolable synthetic intermediates that
have found significant applications in the construction of

complex molecules. These compounds commonly serve as a
convenient source of four carbon atoms in various carbon−
carbon bond forming processes, such as [4 + 2] cycloaddition
reactions1 and vinylogous Mukaiyama aldol reactions.2

Silyldienol ethers are generally prepared via deprotonation of
α,β-unsaturated ketones, viz 1, in the presence of a base,
followed by the capture of the forming dienolate anions with
trialkylsilyl chloride. Nevertheless, due to the comparable
acidity of hydrogen atoms at the α′- and γ-positions, this
classical enolization strategy could potentially produce a
mixture of isomeric products 2a and 2b. Hypothetically, this
regioselectivity issue could be further convoluted by the lack of
control in the stereochemistry of the forming alkenes (Scheme
1).3

Our group recently reported a new tactic that rapidly
functionalized silylenol ethers at the α-position via an
intermediacy of unsymmetrical silyloxyallyl cations, viz 4.4

These reactive species were generated upon ionization of α-
hydroxy silylenol ether precursors 3 promoted by a Brønsted
acid and readily underwent direct nucleophilic addition,
regioselectively at the less substituted α-carbon, to produce
the corresponding α-functionalized silylenol ethers 5. Encour-
aged by this work and others,5 we envisioned that the
regioselective synthesis of silyldienol ethers, with an oppor-
tunity to control the double bond stereochemistry, could be
potentially accomplished via an analogous approach. More
specifically, we intended to exploit the utility of 2-
silyloxypentadienyl cation intermediates in this process.
Our hypothesis is as follows: ionization of α-hydroxy

silylenol ether derived starting materials 6, promoted by a
Brønsted acid catalyst, should readily generate the correspond-
ing 2-silyloxypentadienyl cations, viz. 7a. The ensuing attack by
nucleophiles to these reactive intermediates should occur at the

less substituted electrophilic carbon, i.e. the γ-position, thus
producing conjugated γ-functionalized silyldienol ether 8a in a
regioselective manner. Nonetheless, we must also consider the
possibility that 2-silyloxypentadienyl cations 7a could partic-
ipate in conformational equilibrium with 7b. This alternative
configuration, upon nucleophilic addition also at the γ-position,
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Scheme 1. Synthesis of Silyldienol Ethers
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would generate silyldienol ether adduct 8b, bearing the
opposite olefin geometry. As opposed to 3-oxypentadienyl
cations, which have been subjected to extensive studies due to
their facile participation in the Nazarov electrocyclization,6

synthetic utilities of 2-oxypentadienyl cations and their
structurally related species are essentially underexplored.7 In
fact, to the best of our knowledge, there are no accounts on the
reactivity of these cationic intermediates toward regioselective
addition by nucleophiles.
Scheme 2 describes our proof-of-concept study, in which

divinyl alcohol derived compound 11 was employed as a model

substrate. We reasoned that the cyclic nature of this material
would help simplify the forming diene geometry. Moreover,
compound 11 was easily synthesized in just two steps from
commercially available 1,2-dione 9, which was subjected to
regioselective silylation with a mixture of TBSCl and imidazole,
followed by addition of 2-propenylmagnesium bromide to the
resulting ketone 10. We initially screened several Lewis and
Brønsted acids to ionize starting material 11. As indicated in
entry 4, we discovered that the use of catalytic pyridinium
triflate and indole in toluene at room temperature cleanly
produced the corresponding γ-functionalized silyldienol ether
12 in a quantitative yield.
There were two notable observations from these experi-

ments: (1) as hypothesized, the addition of indole occurred
solely at the γ-position; (2) surprisingly, the newly formed
tetrasubstituted double bond in silyldienol ether 12 was
produced exclusively as the Z isomer. This result is particularly
intriguing, as the construction of tetrasubstituted alkenes in
stereoselective manner is a formidable synthetic challenge.8 The
exquisite control of selectivity in this reaction did not originate
from the free pyridine liberated upon proton transfer. As
indicated in entry 5, a control experiment using catalytic triflic
acid afforded silyldienol ether 12 also as a single isomer, along
with the protodesilylated α,β-unsaturated ketone byproduct 13,
presumably generated due to the strongly acidic reaction
conditions.

As shown in Scheme 3, the high regioselectivity in the γ-
functionalization of divinyl alcohol 11 with catalytic pyridinium

triflate appeared to be universal across various substituted
indoles that were subjected to our studies. For example,
sterically encumbered 2-phenylindole, halogen-containing 5-
bromoindole, and electron-rich 5-methoxyindole generated
silyldienol ethers 14a−14c in excellent yields. Electron-
deficient indoles, such as those containing methyl-5-carbox-
ylate, 4-carbonitrile, and 4-carboxaldehyde groups, cleanly
produced the corresponding adducts 14d−14f in excellent
yields. The tetrasubstituted alkenes in all of these products were
produced exclusively with Z geometry.
To identify the controlling elements for the observed

regioselectivity and alkene geometry in the above nucleophilic
addition reactions, we prepared a series of starting materials 15
with various substitution patterns at the α′-, β-, and γ-positions
and exposed them to our standard indoylation conditions
(Table 1). As shown in entries 1−3, we began by modulating
the β-position via substituted divinyl alcohols 15a−15c and
discovered its importance in dictating the forming alkene
geometry. For instance, replacement of the β-methyl
substituent with a sterically more demanding phenyl group in
substrate 15a afforded γ-indole adduct 16a in 75% yield;
however, we observed a significant erosion in the double bond
selectivity (up to 3:1 when the reaction was carried out at −15
°C). Interestingly, removal of the β-substituent in starting
materials 15b and 15c fully reversed the resulting olefin
geometry, as these compounds produced their respective
adducts 16b and 16c as the E isomer.
We then probed the role of α′-substituents. As shown in

Table 1, entries 4−6, treatment of α′-phenyl and α′-thiophene
substituted starting materials 15d and 15e with catalytic
pyridinium triflate and indole produced their respective γ-
functionalized silyldienol ethers 16d and 16e in good yields as a
single regioisomer. These results supported our original
hypothesis, in which nucleophilic additions to the putative 2-
silyloxypentaldienyl cations would preferably occur at the least
substituted electrophilic carbon. Nevertheless, we learned that
nucleophilic addition at the α′-position, leading to formation of

Scheme 2. Proof of Concept Studies

aThe double bond geometry was determined by NOE. bProtodesi-
lylation product 13 was isolated in 48% yield.

Scheme 3. Scope of Indolesa

aThe double bond geometry was determined by NOE. bThe structural
assignment of these products was confirmed by X-ray crystallography.9
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a presumed thermodynamically more favorable silyldienol ether
isomer, became considerably much more competitive when the
degree of substitution at both α′- and γ-positions was identical.
For example, activation of substrate 15f with our standard
reaction conditions predominantly afforded α′-indole product
16f in 57% yield.
Table 2 depicts our exploration in the compatibility of

various nucleophiles in this methodology beyond substituted
indoles. We commenced by employing heteroatom-centered
nucleophiles (Table 2, entries 1−4). Attempts to functionalize
starting material 11 with tert-butylaniline and thiophenol under
catalytic pyridinium triflate afforded the corresponding
silyldienol ethers 17a and 17b in good yields, however as a
1:1 mixture of double bond isomers. Surprisingly, the use of
methanol and 3-phenyl-1-propanol produced the respective
products 17c and 17d with a complete reversal of selectivity, in

which the tetrasubstituted alkene geometry was observed
exclusively as the E isomer. We also examined the utility of
other aromatic nucleophiles. For instance, 1,3,5-trimethox-
ybenzene and pyrrole afforded the corresponding γ-function-
alized silyldienol ethers 17e and 17f in high yields. As
anticipated, these products were isolated as the Z-isomer
(Table 2, entries 5−6).
The exact mechanism by which heteroatom nucleophiles

eroded or even reversed the double bond selectivity from Z to
E geometry is currently under investigation. However, at this
stage, we speculated that stereoselective formation of the (E)
double bond in products 17c and 17d was perhaps driven by
thermodynamics, as the generation of these compounds from
their corresponding 2-silyloxypentadienyl cation intermediates
should be reversible under the reaction conditions. The
hypothesis was readily supported by an experiment depicted
in Scheme 2, in which activation of compound 17c, as an E-
isomer, with catalytic pyridinium triflate and indole generated
γ-indole silyldienol ether 12 with a complete inversion of the
tetrasubstituted double bond to the Z geometry (Scheme 4).10

In summary, we have developed a rational design to generate
2-silyloxypentadienyl cations under mild Brønsted acid catalysis
and uncovered their unprecedented reactivity toward direct
nucleophilic additions. Furthermore, our ability to control
regioselectivity between the α′- and the γ-positions has enabled

Table 1. Scope of Substrates

aThe double bond geometry was determined by NOE. bProduct 16a
was isolated in 67% yield with E/Z ratio =1.7:1 when the reaction was
performed at room temperature. cThe product of indole addition at γ-
position was isolated in 7% yield.

Table 2. Scope of Nucleophiles

aThe double bond geometry was determined by NOE.
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us to exploit their useful synthetic utility toward the
construction of highly functionalized silyldienol ethers bearing
geometrically defined tetrasubstituted alkenes. We are currently
pursuing detailed mechanistic studies and further applications
of these chemistries.
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