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ABSTRACT

The oxidative conversion of silyl enol ethers to R,β-unsaturated ketones using a less-hindered class of oxoammonium salts (AZADOþBF4
�) is

described. The reaction proceeds via the ene-like addition of oxoammonium salts to silyl enol ethers.

Oxoammonium salts are attractive oxidants whose use
continuously expands in contemporary organic chemistry.1

They enable efficient alcohol oxidation either catalytically
or stoichiometrically2 and effect particular oxidative trans-
formations such as the R-aminooxylation of ketone and
enol ethers,3 the ene-like addition to alkenes to form allylic
alkoxyl amines,4 the oxidative rearrangement of tertiary
allylic alcohols,5 and others.6�9

We have recently disclosed that a less-hindered class of
oxoammonium salts, generated from the corresponding
nitroxyl radicals, namely, 2-azaadamantaneN-oxyls (AZADO
and 1-Me-AZADO),10a,f 9-azabicyclo-[3.3.1]nonaneN-oxyl
(ABNO),10b and 9-aza-noradamantane N-oxyl (Nor-
AZADO),10g exhibit superior catalytic activity to that

derived from 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO)
and the related derivatives in alcohol oxidation10,11

(Figure 1). During our continuous investigation of the

chemistry of oxoammonium salts/nitroxyl radicals, we

encountered an unprecedented reaction of oxoammo-

nium salts with silyl enol ethers.
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Herein, we report a facile and metal-free oxidative
conversion of silyl enol ethers to R,β-unsaturated ketones
employing oxoammonium salts, which can be a useful
alternative to current methods,12�16 such as the Pd(II)-
based Saegusa�Ito reaction,12 selenylation�selenoxide
elimination method,13 Mukaiyama reaction,14 and a hy-
pervalent-iodine-based method.15

Oxoammonium salts derived from TEMPO react with
enol ethers to give R-aminooxy ketones.3 Thus, we exam-
ined an R-aminooxylation reaction of silyl enol ether 5

employing the azaadamantane-derived oxoammonium
salts 2�4

10 and surprisingly confirmed that R,β-unsatu-
rated ketone 6 was generated along with the anticipated
R-aminooxy ketone 7a (Scheme 1).

Prompted by the promising use of the side reaction, we
sought optimal conditions to enhance the yield of the R,β-
unsaturated ketone 6 (Table 1). It was found that the yield
and chemoselectivity were improved by carrying out the

reaction at low temperatures (entries 1, 2). The chemos-
electivity for the R,β-unsaturated ketone was further im-
proved by switching the TMS group to the TBS group
(entries 2, 3).17Wenext screened a panel of oxoammonium
salts and found that the chemoselectivity is sensitive to
the structure of the oxoammonium salt (entries 3�6),
for which the best result was obtained in the case of
AZADOþBF4

� (entry 3). It is interesting to point out that
TEMPOþBF4

� (1) gave the R-aminooxy ketone 7d as the
major product, showing an interesting contrast to less-
hindered oxoammonium salts (entry 6).

To explore the effect of counteranion of oxoammonium
salts, we screened the various salts (Table 2). Although
there were no significant differences in the reactivity,
apparent differences were observed in the chemoselectivity

Figure 1. Structures of oxoammonium salts.

Table 1. Optimization of Reaction Conditions for R,β-Unsatu-
rated Ketone 6

Scheme 1. Formation of R,β-Unsaturated Ketone through
Treatment of Silyl Enol Ether with Oxoammonium Salt
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depending on the type of counteranion, in which the best
result was obtained in the case of BF4 salt (entry 1).
During the experiments,weobserveda transient intermedi-

ate on analytical TLC, which was ultimately isolated upon
careful quench/workup of the reaction and determined to be
themixed acetal 9 or 10 (Scheme 2) (see Supporting Informa-
tion, SI). The treatment of 9 with 0.1 M HCl in CH2Cl2
afforded the R,β-unsaturated ketone 6 and AZADOH.

Table 2. Optimization of Reaction Conditions: Effect of
Counteranion of Oxoammonium Salts

aProduct ratio was determined by 1H NMR of the crude product.

Scheme 2. Isolation of Mixed Acetal Intermediates and Their
Conversion to R,β-Unsaturated Ketone

Figure 2. Plausible reaction pathway.

Table 3. Scope of the Reactiona

aAll reactions were carried out using 1 equiv of AZADOþBF4
� in

CH2Cl2 at �78 �C for 1 h, followed by treatment with sat. aqueous
NaHCO3 at rt. bThe corresponding R-aminooxylated ketone was
obtained in 80% yield.
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The plausible reaction pathway of this novel transfor-
mation is shown inFigure 2.Themixed acetal intermediate
(9, 10) may be formed through the ene-like addition4c of
the oxoammonium salt onto the carbon�carbon π-bond
of the silyl enol ether, the hydrolysis ofwhich in theworkup
leads to the R,β-unsaturated ketone 6. The difference in
steric hindrancebetweenTEMPOandAZADOprovides a
reasonable rationale for the selectivity of these radicals: the
NdO double bond of less-hindered AZADOþ can ap-
proach and attack the CdC;C;H moiety of the silyl
enol ether,which induces an ene-like reaction.On the other
hand, a similar approach byTEMPOþ is disfavored owing
to the steric hindrance of four bulky methyl groups. As a
result, TEMPO-derived oxoammonium ion attacks the π-
electrons of silyl enol ether to give anR-aminooxy ketone.3

The scope and limitations of this reaction are demon-
strated in Table 3.18 Six- and five-membered ring sub-
strates, which have aryl, alkyl, and alkenyl substituents,
were smoothly converted to the corresponding products in

high yield (entries 1�11). Unfortunately, a seven-mem-

bered substrate, namely, 3-phenylcyclohept-1-enyl

tert-butyldimethylsilyl ether, only gave the R-aminooxy-

lated ketone (see SI). The reaction of tetrasubstituted

acyclic silyl enol ethers proceeded in moderate to high

yield except 24a having an electron-withdrawing group on

the aromatic ring (entries 12�15), whichwere converted to

R,β-unsaturated ketones stereoselectively. E isomers were

obtained as a single isomer (entries 12�14). Meanwhile,

the trisubstituted acyclic substrate (26a) resulted in low

yields because of predominant R-aminooxylation

(entry 16). It should be stressed that AZADOH is

facilely recovered after conventional workup and sim-

ple recrystallization and used to regenerate AZADOþBF4
�

(see SI).
In summary, we disclose a oxidative conversion of silyl

enol ethers to R,β-unsaturated ketones by employing a
less-hindered class of oxoammonium salts, the operational
simplicity of which offers a useful option for the synthesis
ofR,β-unsaturated ketones from ketones. This study high-
lights the critical difference in chemoselectivity between
less-hindered oxoammonium ions and TEMPO-derived
ones, which should inspire the development of useful
chemistry based on oxoammonium salts.
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