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ABSTRACT: The potential of Song’s chiral oligoethylene glycols (oligoEGs) as catalysts was explored in the enantioselective
protonation of trimethylsilyl enol ethers in combination with alkali metal fluoride (KF and CsF) and in the presence of a proton
source. Highly enantioselective protonations of various silyl enol ethers of α-substituted tetralones were achieved, producing
chiral α-substituted tetralones in full conversion and with up to 99% ee. The established protocol was successfully extended to
the synthesis of biologically relevant chiral α-substituted chromanone and thiochromanone derivatives.

The proton is the smallest constituent in organic synthesis,
and it is extremely challenging to control it in terms of

enantioselectivity. Nevertheless, in nature, enzymes such as
esterases and decarboxylases catalyze the enantioselective
protonation of prochiral enolates for the construction of
optically active α-tertiary carbonyl compounds.1 Consequently,
chiral α-carbonyl tertiary carbon stereocenters are common
functionalities present in huge numbers of bioactive natural
products. In contrast, the enantioselective introduction of
protons into carbanions via synthetic routes is still challenging
due to the small size of the proton. Furthermore, protonation
reactions are among the most rapid, often diffusion-controlled
reactions.1,2

During the past decade, several research groups have
developed a number of strategies, especially catalytic methods,
for the enantioselective protonation of enolate derivatives.1−4 A
significant number of organocatalytic methods5 were developed
for the asymmetric protonation of silyl enol ethers.4 However,
successful applications of chiral fluoride ions for enantiose-
lective protonation reaction have been rare,4a,c possibly because
of the high reactivity of such nascent fluoride ions, resulting in
product racemization.2a

Recently, we reported easily accessible Song’s chiral oligoEGs
(Figure 1A), which bear phenols and polyether units, as
organocatalysts for asymmetric cation-binding catalysis.6,7 The
ether oxygens act as a Lewis base to coordinate alkali metal
fluorides, such as KF and CsF, thus generating a soluble
fluoride anion in a confined chiral space. The terminal phenol
groups are capable of simultaneously activating the electrophile

via hydrogen bonding interaction, resulting in a well-organized
transitions state leading to excellent stereoinduction in
asymmetric catalysis.
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Figure 1. (A) Song’s oligoEG catalysts. (B) Hypothesis for the
mechanism of enantioselective protonation of silyl enol ethers
catalyzed by Song’s chiral oligoEGs.
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We envisioned that our cation-binding catalyst system would
be ideally suited for the enantioselective protonation reaction of
silyl enol ethers 2. As shown in Figure 1B, the soluble chiral
fluoride anion was generated in situ upon the activation of MF
by the chiral cation-binding catalyst. Subsequently, it can
promote desilylation of silyl enol ethers, producing the enol
intermediate, which can then be protonated enantiomerically
by the phenolic proton of the catalyst, affording the desired
enantio-enriched α-substituted ketone product. The metal salt
of the catalyst can then be regenerated by means of an
additional proton source. The chiral cage, in situ formed by the
incorporation of alkali metal fluoride salt, creates an ideal active
site architecture, in which the reactive fluoride and the silyl enol
ether can be brought into proximity, consequently enhancing
the reactivity as well as efficiently transferring the stereo-
chemical information (Figure 1B).
Here, we report highly enantioselective organocatalytic

protonation of trimethylsilyl enol ethers of cyclic ketones
using cesium fluoride and Song’s chiral oligoEGs as a cation-
binding catalyst in the presence of a suitable proton source.
In general, enantioselective protonation is a kinetically

controlled process, which requires a balance of acidity between
the chiral protonating catalyst, the stoichiometric proton
source, and the substrate.2a This must be achieved in order
to obtain an optimized rate of protonation through the
catalyzed pathway by avoiding undesired background reactions.
The desired protonation is required to be as complete as
possible, as otherwise nonselective protonation reactions will
occur during workup. With this in mind, we have conducted a
systematic study by carefully choosing catalysts as well as
proton sources in order to find optimal conditions for the
enantioselective protonation reaction of silyl enol ether 2a as
the model substrate. The catalytic results are summarized in
Table 1.
As shown in Table 1, the ether chain length is critical for the

catalytic performance in this reaction (entries 1−5 vs entries 6−
13). Although the catalyst (R)-1a in combination with KF
showed promising enantioselectivity (up to 94% ee), the
observed activity was unsatisfactory, regardless of the type of
proton source (9−75% conversion even after 100 h) (entries
1−5). These observed slow reaction rates can be attributed to
the low concentration of soluble fluoride anion in the reaction
mixture. However, to our delight, the same reaction using (R)-
1b in combination with more soluble cesium fluoride
proceeded much faster (>99% conversion) than those observed
with 1a and KF (entries 6−13). In particular, when using 4-
nitrocatechol or (R)-3,3′-diiodo-BINOL as the proton source
(see Supporting Information for more detailed proton source
screening), almost full conversion even at 0 °C and quantitative
enantioselectivity were observed. These results indicate that the
proper combination of chiral cage size, fluoride source, and
proton source is critical for effective catalytic performance. In
further experiments performed with (R)-1b as the optimal
catalyst and 4-nitrocatechol as the proton source, different
solvents were examined (see Supporting Information for
solvent screening).
However, all tested solvents, nonpolar and polar, led to lower

yields and asymmetric induction (see Supporting Information).
In summary, the combination of catalyst 1b, CsF as fluoride
source, (R)-3,3′-diiodo-BINOL as proton donor, and CH2Cl2
as solvent provided the best result.
To further support our hypothesized reaction mechanism, we

performed the reaction of 2a with CsF using a stoichiometric

amount of catalyst (R)-1b in the absence of an additional
proton source, where catalyst regeneration is not required
(entry 13, Table 1). As expected, full conversion of 2a (>99%)
was observed within 12 h, affording 3a with 99% ee.
Having optimized the reaction conditions (entry 12, Table

1), we then examined the generality of the reaction by
subjecting various silyl enol ethers (2a−2p) derived from cyclic
ketones, which are summarized in Scheme 1. Silyl enol ethers of
tetralones (2a−2l) with different substituted alkyl and benzyl
chains were smoothly protonated to the corresponding chiral α-
substituted tetralones (3a−3l) in high chemical yields and
excellent enantioselectivities (up to 99% yield and 99% ee).8

Using commercially available 4-nitrocatechol as a proton
source, similar conversions were obtained, albeit with slightly
lower enantioselectivity (3a, 3d, and 3i). To our delight, the
present reaction conditions for the enantioselective protonation
are also applicable to the synthesis of chiral α-substituted
chromanone and thiochromanone derivatives 3m−3p, which
constitute the basic structure of natural products9 possessing
diverse biological activities such as antimutagenic10 and anti-
inflammatory11 properties. The palladium-catalyzed enantiose-
lective decarboxylative protonation was also applied to the
synthesis of 3-substituted 4-chromanones by Muzart and co-
workers. However, very low enantioselectivities were obtained
(22−60% ee).12

This method was also suitable for the synthesis of chiral α-
allyl and ethyl acetate substituted tetralones, chromanones, and
thiochromanone derivatives 2q−2z with excellent yields and
enantioselectivities (up to 99% yield and 97% ee, Scheme 2).
Chiral α-allyl and ethyl acetate substituted tetralones,
chromanones, and thiochromanone derivatives were previously

Table 1. Optimization of Reaction Conditionsa

entry condition proton source
time
(h)

conversion
(%)b

ee
(%)c

1 A catechol 48 75 84
2 A 4-nitro-catechol 100 39 70
3 A Amberlite CG 50 100 65 91
4 A rac-BINOL 72 55 94
5 A (S)-3,3′-I2-BINOL 72 9 93
6 B catechol 72 92 90
7 B 4-nitro-catechol 24 >99 90
8d B 4-nitro-catechol 96 99 96
9 B Amberlite CG 50 96 92 92
10 B (S)-3,3′-I2-BINOL 48 80 94
11 B (R)-3,3′-I2-

BINOL
48 >99 94

12d B (R)-3,3′-I2-
BINOL

48 99 99

13d,e B no proton source 12 >99 99
aCondition A: 2a (0.05 mmol), (R)-1a (10 mol %), KF (0.1 mmol),
and the proton source (0.06 mmol) in CH2Cl2 (0.05 M) at 20 °C.
Condition B: 2a (0.05 mmol), (R)-1b (10 mol %), CsF (0.1 mmol),
and the proton source (0.06 mmol) in CH2Cl2 (0.05 M) at 20 °C.
bConversion was determined by 1H NMR analysis of the unpurified
reaction mixture. cEnantiomeric excess was determined by HPLC
analysis using a chiral stationary phase. dReaction was performed at 0
°C. eUsing 100 mol % (R)-1b. (S)/(R)-3,3′-I2-BINOL: (S)/(R)-3,3′-
diiodo-1,1′-bi-2-naphthol.
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prepared by a palladium catalyzed decarboxylative asymmetric
allylic alkylation reaction13 and N-heterocyclic carbene-
catalyzed enantioselective intramolecular Stetter reaction,14

respectively.
In summary, we developed a method for the highly

enantioselective protonation of trimethylsilyl enol ethers of
cyclic ketones by using a highly accessible Song’s chiral
oligoethylene glycol (oligoEG) as the cation binding catalyst
and CsF as the base in the presence of a proton source.
Excellent enantioselectivities were obtained with a variety of α-
substituted tetralones. This protocol was also successfully
extended to the synthesis of biologically relevant chiral α-
substituted chromanone and thiochromanone derivatives. The
salient features of this process include (a) a transition-metal-
free and operationally simple procedure, (b) a broad substrate
scope, and (c) excellent enantioselectivity with up to 99% ee.
The extension of this strategy to an extremely challenging α-

substituted acyclic ketone system is currently underway in our
laboratory.
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Scheme 1. Enantioselective Protonation of Trimethylsilyl
Enol Ethers of α-Alkyl Substituted Tetralones, Chromanone,
and Thiochromanonesa

aUnless otherwise indicated, the reactions were performed with 2
(0.05 mmol), (R)-1b (10 mol %), CsF (0.1 mmol), and (R)-3,3′-
diiodo BINOL (0.06 mmol) as proton source in CH2Cl2 (0.05 M) at 0
°C. bThe reaction was carried out on 1 mmol scale. cUsing 4-
nitrocatechol (0.06 mmol) as the proton source.

Scheme 2. Enantioselective Synthesis of α-Allyl and α-Ethyl
acetate Tetralones, Chromanones, and Thiochromanones by
Organocatalytic Enantioselective Protonationa

aUnless otherwise indicated, the reactions were performed with 2
(0.05 mmol), (R)-1b (10 mol %), CsF (0.1 mmol), and (R)-3,3′-
diiodo BINOL (0.06 mmol) as proton source in CH2Cl2 (0.05 M) at 0
°C.
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