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ABSTRACT: An umpolung strategy to synthesize α,α′-substituted cyclic ketones through the nucleophilic addition of
organoboronates to α-hydroxyl silyl enol ethers is described. The reaction proceeds via the trapping of in situ generated oxyallyl
cations via the electrophilic deborylation of C(sp2) and C(sp) borates. This efficient and straightforward method provides direct
access to α-substituted silyl enol ethers in high yield with complete regioselectivity. Desilylation in a one-pot procedure provides
the corresponding α,α′-disubstituted ketones with high diastereoselectivity.

The carbonyl is among the most utilized functional groups
for C−C bond formation in organic synthesis. The α-

functionalization of carbonyls has long been pursued through
the pregeneration or in situ formation of nucleophilic enols,
enolates, or alkyl/silyl enol ethers and the subsequent reaction
with carbon electrophiles (Scheme 1, eq 1). However,
unsaturated electrophiles (alkenyl and aryl) are not viable in
this approach. The transition-metal-catalyzed α-arylation of
ketones offers an alternative to enolate alkylation (Scheme 1,
eq 2).1 However, these reactions require inert conditions and/
or expensive ligands, and they often lack functional group
tolerance for halogens and heterocycles. Herein is reported a
robust strategy catalyzed by cationic lithium that is orthogonal
to enolate alkylation and metal-based catalysis to effect the α-
functionalization of α-hydroxy enol ethers with a wide range of
sp2 and sp carbon nucleophiles to access α,α′-disubstituted
ketones.
Oxyallyl cations have recently been electrophilic partners in

several C−C bond-forming strategies. These 2π-electron
species have been used in (4 + 3) cycloadditions with dienes,2

(3 + 2) cycloadditions with alkenes or alkynes,3 and (3 + 3)
cycloadditions with azides or nitrones,4 providing diverse
strategies for the construction of complex structures. Addi-
tionally, oxyallyl cations are intermediates in Nazarov
cyclizations that have been intercepted by electron-rich π-
nucleophiles both inter- and intramolecularly.5 Recently, this
umpolung reactivity has been utilized to synthesize α-
functionalized ketones that are not accessible by traditional
strategies. Elegant examples exist of the base-promoted in situ
generation of oxyallyl cations from α-halo ketones or α-
tosyloxyl ketones,6 with an enantioselective process reported
for the latter (Scheme 1, eq 3).6c Nonetheless, these seminal
works solely utilized symmetric ketones. Unsymmetrical

oxyallyl cations would be problematic due to the competitive
addition at the α and α′ positions. The use of α-hydroxyl silyl
enol ethers developed by Kartika and coworkers enabled the
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Scheme 1. Strategies for α-Functionalization of Ketones
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regioselective addition of various carbon nucleophiles to
generate α,α′-disubstituted silyl enol ethers, which could be
subsequently converted into ketones (Scheme 1, eq 4).7

Despite the advances mentioned above, the construction of
ketones with unsaturated α-substitution via oxyallyl cation
capture is still challenging, especially for ketones bearing α-
alkene and α-alkyne substituents, even though such products
are highly desirable for their synthetic utility. Moreover, acid-
promoted reactions would offer orthogonality to the previously
described base-promoted reactions.
This study was driven by our long-standing interest8 in

organotrifluoroborate nucleophiles9 due to their bench
stability, low toxicity, and wide functional group tolerance.
An underutilized feature of unsaturated organoboronates is
their reaction as electron-rich π-nucleophiles with cationic
intermediates via electrophilic deborylation (comparative to
protodeborylation). We have been enabling new C−C bond-
forming transformations from organoboronates in combination
with a variety of electrophiles. Inspired by the above work, we
envisioned that electrophilic oxyallyl cations generated from α-
hydroxyl silyl enol ethers could be trapped by nucleophilic
organoborates at the α-carbon with complete regioselectivity,
affording unsaturated α,α′-substituted silyl enol ethers as
masked ketones (Scheme 1, eq 5). The success of this strategy
would provide a robust way for synthesizing ketones bearing
unsaturated substituents at the α-positions.
Our investigation began with α-hydroxyl silyl enol ether 1a

reacting with 4-methoxyphenyl trifluoroborate (2). The
success of this reaction critically depended on finding a
catalyst that could ionize 1a without negatively affecting the
organotrifluoroborate. The performance of various Brønsted
and Lewis acids was first examined. No significant conversion
of enol ether 1a to arylated adduct 3a was observed when
using Py·TfOH in CH2Cl2 at room temperature7 (Table 1,

entry 1). Theoretically, polar solvents would facilitate the
formation of the charged oxyallyl cations. However, the
replacement of CH2Cl2 with MeCN7d in the presence of Py·
TfOH did not improve the reaction outcome (Table 1, entry
2). Other Brønsted acids such as TFAA, TfOH, or (+)-CSA
also failed to afford a substantial amount of product 3a (Table
1, entry 3). Encouragingly, the use of (n-Bu)4NHSO4

8b in
MeCN provided 3a in 41% yield. A screening of various Lewis

acids was then carried out, and we observed the formation of
enol 3a in almost all cases.10 The yield of 3a increased to 65%
when Sc(OTf)3 (20 mol %) was employed (Table 1, entry 5).
Notably, lithium salts gave higher yields and cleaner reactions
(Table 1, entries 6−8), although they required a higher loading
(0.5 equiv).8e Cationic lithium is a cheap, highly functional
group-tolerant and benign reagent.11 LiPF6 appeared to be the
most effective catalyst, as it afforded 3a in 79% yield (Table 1,
entry 8). It should be noted that the product 3a was not
observed in nonpolar solvents such as CH2Cl2 or PhMe,
supporting the formation of a charged oxyallyl cation
intermediate.
With optimized conditions in hand, we then explored the

substrate scope using a variety of α-hydroxyl silyl enol ethers.
Various substituents at the α-carbon of the cyclic silyl enol
ethers were incorporated for testing (Scheme 2). The results

showed that the α-substituents did not significantly affect the
reaction outcomes. The nucleophilic addition of organo-
trifluoroborates unsurprisingly occurred at the less substituted
α′-carbon, providing the silyl enol ether products with
complete regioselectivity and in high yield in every case (see
3b−k). Substrates bearing aryl substituents afforded products
3b and 3c in >90% yield. More weakly activating substituents,
such as vinyl or allyl groups, furnished adducts 3d and 3e in 88
and 83% yield, respectively. An alkynyl-substituted substrate
gave product 3f in 85% yield without any problems. Substrates
with aliphatic α-substituents also afforded products 3g and 3h
in good yield. Unfortunately, products from acyclic substrates
or substrates without α-substituents have not yet been
observed, indicating that the generated oxyallyl cations require
resonance stabilization from π-donating groups, inductive
stabilization from alkyl groups, or the rigidity of a ring system.
We then turned our attention to five-membered ring
substrates. The reactions proceeded at a high rate, providing
3i−k within 5 min.

Table 1. Identifying Effective Reaction Conditionsa

entry catalyst equiv solvent yieldb

1 Py·TfOH 1 CH2Cl2 -
2 Py·TfOH 1 MeCN -
3 Brønsted acidsc 1 CH2Cl2 <10
4 (n-Bu)4NHSO4 0.5 MeCN 41
5 Sc(OTf)3 0.2 MeCN 65
6 LiOTf 0.5 MeCN 67
7 LiClO4 0.5 MeCN 71
8 LiPF6 0.5 MeCN 79d

aReaction conditions: 1a (0.2 mmol), 4-MeO-C6H4-BF3K (0.4
mmol), and catalyst in solvent (2 mL) at room temperature (23
°C). bVia 1H NMR peak integration relative to 4-nitrobenzoate.
cBrønsted acids = TFAA, TfOH, and (+)-CSA. dIsolated in 78% yield.

Scheme 2. Oxyallyl Cation Substitution Effectsa

aReaction conditions: 1 (0.2 mmol), styrenyltrifluoroborate (0.4
mmol), and LiPF6 (0.5 equiv) in MeCN (2 mL) at room temperature.
bIsolated in 82% yield when running on a 5.0 mmol scale. cReaction
completed in 5 min.
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Silyl enol ethers 3j,k were obtained as expected. However, if
the reaction forming 3j was continued for more than 5 min,
then a mixture of diastereomers was obtained due to olefin
isomerization. The same phenomenon was seen in 3i, where
the conjugation to the added styrene results in only the
isomerized product isolated. The greater facility for isomer-
ization in the cyclopentane products is currently under
investigation.12

Next, we examined a variety of trifluoroborate π-
nucleophiles. A wide range of alkenyl-, alkynyl-, and aryl/
heteroaryl trifluoroborates was found to perform well with
these reaction conditions (Scheme 3). Styrenyl nucleophiles

afforded products in excellent yield (4a,b). The addition of an
electron withdrawing group at the para position in the phenyl
ring did not significantly affect the reactivity. A less reactive
nucleophile, such as pentenyl trifluoroborate, provided product
4c, but in a lower yield. Although alkynyl boronates are often
sensitive to acidic conditions, they were competent in the
reaction to give alkynyl α-substituted silyl enol ethers (5a−f),
which would be quite challenging to synthesize via other
methods. Phenylethynyl trifluoroborate afforded 5a in 90%
yield. The use of a more electron-rich alkynyl borate
surprisingly gave a lower yield (5b), assumingly due to an
increased rate of product decomposition.13 Ethynyltrimethylsi-
lane trifluoroborate reacted to afford 5d in 61% yield. The less
reactive aliphatic alkynyl borates were also viable in the
reaction to give 5e and 5f in useful yield. Aryl and heteroaryl
borates were next tested. In general, LiPF6 was able to promote
the addition of electron-rich aromatic borates in moderate to
high yield (3a, 6, and 7).

A methylthioether group was compatible with the reaction
conditions, and 6a was provided in 75% yield. A similar yield
was obtained when using 3,4-(methylenedioxy)phenyl boro-
nate (6b). The steric hindrance of the o,o′-disubstitution on
mesitylene trifluoroborate was not a problem (6c). Sensitive
heteroaryl borates like 2-thiophene and 2-furan afforded
products 6d and 6e in acceptable yield,14 whereas
benzothiophene and protected indole nucleophiles gave
products 6f and 6g in higher yield. Organoborate nucleophiles
were also tested with cyclopentyl substrates. As was previously
the case, alkenyl, alkynyl, and aryl borates were all reactive in
good yield (3i−k, 7a,b).
To gain insight into the hypothesized reaction mechanism, a

control reaction between enol 1a and styrene or phenyl-
acetylene under the same conditions was run (Scheme 4, eq 1).

Neither product 3b nor 5a was observed, suggesting the
essential activating role of the borate in the carbon
nucleophiles. Furthermore, the replacement of the hydroxyl
leaving group with a silyl ether in 8 did not significantly affect
the reaction outcome, although we cannot exclude Li-
promoted hydroxyl deprotection (Scheme 4, eq 2). This result
favors an intermolecular addition of organoboronates to
discrete oxyallyl cations rather than an intramolecular process
via the coordination between the hydroxyl group and the
nucleophile, followed by concerted C−C bond formation with
C−O bond cleavage.15 More detailed investigations into the
mechanism of ionization to the oxyallyl cation and the C−C
bond formation have been initiated.
To highlight the practicality and versatility of this strategy,

reactions of 1 with several organoboronate nucleophiles were
conducted on a larger scale (Scheme 5). A variety of highly
useful transformations are available from silyl enol ethers.16 To
fulfill the primary purpose of this methodology, the substituted
silyl enol ether products were converted to the corresponding
ketones by adding 4 N HCl directly to the reaction mixtures.
cis-Disubstituted ketones 9−12 (d.r. ≥ 5:1) were obtained as
the major diastereomers from cyclohexanol substrates, whereas
cyclopentenols provided trans-disubstituted ketones 13 (d.r. =
6:1) and 14 (d.r. = 3.4:1). Both ring sizes show
thermodynamic control in the outcomes, and the stereo-
chemical assignment was confirmed by crystal structures for 9
and 13. To maintain the integrity of the alkyne, a solid-
supported Brønsted acid was necessary. These results illustrate
that diverse α,α′-disubstituted ketones can be efficiently
synthesized by this method in a single step.
In conclusion, a general procedure for capturing oxyallyl

cations by a wide range of alkenyl, alkynyl, and aryl/heteroaryl
organotrifluoroborates via electrophilic deborylation was
developed. This method afforded unsaturated α,α′-disubsti-
tuted silyl enol ethers as masked ketones in high yield with

Scheme 3. Scope of Organoborate π-Nucleophilesa

aReactions were carried out with silyl enol ethers 1 (0.2 mmol),
organotrifluoroborates (0.4 mmol), and LiPF6 (0.5 equiv) in MeCN
(2 mL) at room temperature. bIsolated in 82% yield when running on
a 5.0 mmol scale. cIsolated in 83% yield when running on a 3.0 mmol
scale. dReaction completed in 5 min.

Scheme 4. Control Experiments
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complete regioselectivities. The silyl enol ether products can be
easily transformed into the corresponding α,α′-disubstituted
ketones in the same reaction.
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Scheme 5. One-Pot Synthesis of Disubstituted Ketones

aPMA/SiO2 = phosphomolybdic acid supported on silica gel.17
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