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ABSTRACT

Conjugate addition of lithium enolates onto terminal alkynyl- and allenyl-sulfoxides furnishes the corresponding allylic sulfoxides. The latter readily
undergo a Mislow�Braverman�Evans rearrangement to yield the targeted R-keto vinyl carbinols. This two-step procedure does not require
purification of the intermediates and constitutes the shortest approach to R-keto vinyl carbinols.

R-Keto vinyl carbinols are polyfunctional compounds
bearing three of the most essential functionalities in
organic synthesis: a ketone, an alkene, and an alcohol.
Not surprisingly they are important synthetic intermedi-
ates that can be further elaborated into 1,4-diketones,1

heterocycles,2 or R,β-unsaturated ketones.3 They have
also been exploited in total syntheses4 and are present in
some biologically active compounds.5 Their chemistry
has nevertheless remained underexplored due to the lack
of general methods for their preparation. Indeed, the main
routes to R-keto vinyl carbinols exploit the addition
of vinylmetal reagents to symmetric or monoprotected

1,2-diones,6 the addition of acyl anions to enones,7 or the
rearrangement of R-epoxy enones.4d,8 These established
routes generally require over three steps and are often
limited by the use of elaborate building blocks, some of
which are quite tedious to prepare.9

We recently reported that allylic sulfoxides obtained
in three steps from xanthates and ethyl vinyl sulfide are
readily converted intoR-keto vinyl carbinols underMislow�
Braverman�Evans (MBE) conditions.10,11 Herein, we
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report that R-keto vinyl carbinols 5 may similarly be
obtained from allylic arylsulfoxides 4, which are obtained
in a single step fromterminal alkynyl-sulfoxide2orallenyl-
sulfoxide 3 and simple ketones 1 (Scheme 1). This method
relies on the use of sulfoxides 2 and 3 that are readily
made on gram scale from commercially available starting
materials.12

Our investigationbeganby examining the reactionof the
enolate derived from R-tetralone 1a with excess alkynyl-
sulfoxide 2 in THF. We thus evaluated different bases
for this transformation (Table 1). In our first attempt, the
use of LDA gave a moderate but promising 50% isolated
yield (entry 1). The compound corresponding to the direct
addition of diisopropylamine onto acceptor sulfoxide 2

was identified as a byproduct and isolated in 25% yield.
Such a reaction is known13 and hinges on the relative
nucleophilicity of the starting amine. We thus considered
the use of a more hindered base such as LiTMP (entry 2).
A very similar result was nevertheless obtained in this
case, and the formation of the desired allylic sulfoxide 4a
was again accompanied by the enamine derived from
the addition of tetramethylpiperidine to sulfoxide 2. The
choice of a traceless base such as NaH proved disappoint-
ing, as a quick degradation of the substrate was observed
upon addition of the Michael acceptor 2 (entry 3).
To our relief, treatment ofR-tetralone 1awith LiHMDS

followed by addition of sulfoxide 2 furnished the desired
allylic sulfoxide 4a in 80% isolated yield (entry 4). Substitut-
ing LiHMDS for KHMDS was found to be detrimental
resulting in a diminished 35% yield (entry 5). Finally,
running the reaction with excess ketone and LiHMDS or
excess sulfoxide gave comparable yields (entry 6 vs 4).
With these two sets of conditions in hand, we proceeded

to probe the substrate scope of the methodology. Various
unsymmetrical functionalized ketones were found to be
competent substrates in this transformation (1b, 1c, 1d,
and 1f, Table 2). The best results were obtained in the case

of androstanone derivatives 1b and 1c. Cyclohexanone
derived ketones 1d, 1e, and 1f also gave satisfactory results,
and adducts were isolated in somewhat decreased yields
compared with cyclopentenones 4b and 4c. Symmetrical
ketones 1g�j were finally evaluated, and in this situation,
the reaction yield strongly depended on the structure of
the starting material. Overall, the desired allylic sulfoxides
4 were obtained in fair to good yield and as mixtures
of geometric isomers in favor of the E isomer. Further-
more, in all cases, the reaction proceeded to full conversion
in sulfoxide 2, which allowed for straightforward product
isolation.
Although higher yields were generally obtained using

excess sulfoxide 2 (examples 4a and 4b), running the
reaction with excess enolate turned out to be beneficial in
the case of functionalized cyclohexanone 1d. Moreover, a
larger enolate excess was required in the case of symmetric
ketones 1g�jwith two enolizable sites in order tominimize
side reactions.
As illustrated by examples 4b, 4c, and 4d, the process is

tolerant of various functional groups including acid sensi-
tive silyl or enol ether moieties. Interestingly, examples 4c
and 4d highlight the possibility to selectively transform
substrates bearing various carbonyls by preliminary mono-
protection of one of these functional groups (Table 2).
The Mislow�Braverman�Evans rearrangement of

allylic sulfoxides 4 was subsequently examined. Surpris-
ingly, our previously reported conditions10 for the rearran-
gement of ethyl-allylsulfoxides (PPh3, 2 equiv in refluxing
toluene) proved ineffective in the case of phenyl-allylsulf-
oxides 4a, and under these conditions, a rapid degradation
of the substrate was observed.We then examined THF as a
more basic and lower boiling solvent, with the eventual
prospect of developing a one-pot procedure. THF proved
to be effective in some cases (carbinols 4a and 4b), but
unfortunately the reaction was not general in this solvent.
For instance, sulfoxide 4d remained intact upon prolonged
exposure to triphenylphosphine in refluxing THF. After a

Scheme 1. Strategy for the Rapid Assembly of R-Keto Vinyl
Carbinols

Table 1. Optimization of the Reaction Conditionsa

entry base conv 1ab conv 2b yield 4ac E/Zd

1 LDA 50% 80% 50% 85:15

2 LiTMP 55% 100% 50%b 83:17b

3 NaHe <5% 100% � �
4 LiHMDS 90% >90% 80% 85:15

5 KHMDS 38% 100% 35%b g90:10b

6f LiHMDS 77% g90% 75% 90:10

aReactions were carried out on a 0.5 mmol scale. bEstimated by
analysis of the crude 1H NMR. c Isolated yields. dRatio based on 1H
NMRanalysis of purified allylic sulfoxide. e 1.1 equiv ofNaHwere used.
fThe reaction was run using 1.3 equiv of ketone 1a and LiHMDS and
1 equiv of sulfoxide 2.
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screen, we found that isopropanol was the best solvent for
this transformation, as it allowed quick conversion of the
starting sulfoxides and obtention of high yields (Table 2,
carbinols5c, 5d, and 5g�j).Unfortunately, carbinols5e and
5f could not be obtained using this approach. Indeed, the
starting sulfoxides 4e and 4f proved rather unreactive or
unstable in isopropanol or other higher boiling alcohols
such as n-butanol.
With these results in hand, we attempted preparing the

desiredR-keto vinyl carbinols in a one potmanner. All our
efforts to develop such a sequence with our model sub-
strate 1a failed and a quick degradation of allylic sulfoxide
4a was generally observed upon heating in the presence of
excess triphenylphosphine. We were, however, able to
demonstrate that a simple workup of the conjugate addi-
tion reaction followed by treatment of the crude mixture

with triphenylphosphine in refluxing isopropanol afforded
sulfoxide 5a in a good 80% isolated yield (Scheme 2). This
sequence was repeated for the preparation of previously
synthesized R-keto vinyl carbinols 5b and 5d as well as
some others (Scheme 2). In particular, the rearrangement
of sulfoxides 4a and 4b proved bothmuch faster andmuch
more efficient in isopropanol than in THF, furnishing the
corresponding carbinols 5a and 5b in overall better yields
(Table 2 vs Scheme 2). This sequence proceeds under mild
reaction conditions and gives access to the desired R-keto
vinyl carbinol motif in useful yields.

The results obtained with alkynyl-sulfoxide 2 encouraged
us to evaluate the use of alkynyl-sulfoxide 7 and allenyl-
sulfoxide 3 for the preparation of R-keto vinyl carbinols
bearing a synthetically useful isopropenyl moiety. The reac-
tion of R-tetralone 1awith sulfoxide 7 furnished an equimo-
lar mixture of enone 4n and β,γ-unsaturated ketone 6n in a
combined48%isolatedyield (Table 3).Thepresenceof 10%
of allene 3 in the crude mixture indicated that the lack
of efficiency of the reaction is likely due to the deprotonation
of the propargylic position in 7.
To our delight, substituting sulfoxide 7 for allene 3 pro-

vided a 78% isolated yield of Michael adduct, albeit as
a 1:1 mixture of regioisomers 4n and 6n. Noteworthy, in
this case, the mechanism of the reaction is different and
compound 6n is derived from protonation of the allylic
anion generated after conjugate addition.14

Sulfoxide 4n and 6n were then separately subjected to
theMislow�Braverman�Evans rearrangement. Enone 4n
smoothly rearranged in THF to give carbinol 5n in good
yieldwhile β,γ-unsaturated ketone 6nproved to be surpris-
ingly rather unreactive in either THF or isopropanol
(Scheme 3).
In contradistinction, submitting androsterone deriva-

tive 1b and 1c to the reaction gave the corresponding
R,β-unsaturated ketones 4o and 4p as the sole products.

Scheme 2. Direct Synthesis of R-Keto Vinyl Carbinols

Table 2. Scope of the Conjugate Addition onto Sulfoxide 2

aReaction conditions: ketone 1 (1 equiv), LiHMDS (1 equiv), sulf-
oxide 2 (1.3 equiv). bReaction conditions: ketone 1 (1.3 equiv), LiHMDS
(1.3 equiv), sulfoxide2 (1 equiv). cReaction conditions: ketone1 (2 equiv),
LiHMDS (2 equiv), sulfoxide 2 (1 equiv). d 4fwas obtained as amixture of
allylic and vinylic sulfoxides. e 4jwas obtained as a 85:15mixture of allylic
and vinylic sulfoxides.

(14) Protonation of allylic anions generally give mixtures of regio-
siomers; however, in our case, enone 4n probably arises from the
isomerization of the vinylic sulfoxide upon aqueous workup.
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These, in turn, provided the desired R-keto vinyl carbinols
5o and 5p in good yields and good diastereoselectivities
upon treatment with triphenylphosphine in refluxing iso-
propanol (Scheme 4).
We next studied symmetrical ketones possessing two

enolizable centers. Reacting 8-pentadecanone 1g with
sulfoxide 3 gave rise to the desired adduct in good yield
(Scheme 5). This product was however obtained as a
65:35 mixture of inseparable β,γ-unsaturated ketone 6q

and enone 4q. Unexpectedly, subjecting this mixture to
the Mislow�Braverman�Evans rearrangement furnished
allylic alcohol 8 as amajor product (Scheme 5). The forma-
tionof suchaproduct is synthetically interestingbutnarrows
somewhat the scope of our method.
In summary, we have developed a new, operationally

simple method for the rapid construction of R-keto vinyl
carbinols from simple starting materials by combining the

conjugate addition of enolates to alkynyl- and allenyl-
sulfoxide acceptors with the well-knownMislow�Braver-
man�Evans rearrangement. Extension of the process
to stabilized anions other than enolates are currently
under study and will be reported in due course. It is finally
interesting to note that an asymmetric version of this
transformation is in principle possible, since the chiral
sulfoxide reagents 2 and 3 can be easily obtained,15 and
the stereospecific rearrangement of chiral allylic sulfoxides
has been documented.16
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Table 3. Evaluation of Sulfoxides 7 and 3a

aReactions were carried out on a 0.5 mmol scale. bEstimated
by analysis of the crude 1H NMR. c Isolated yields. dRatio based on
1H NMR analysis of purified allylic sulfoxide.

Scheme 3. Rearrangement of Sulfoxides 4n and 6n

Scheme 4. Preparation ofR-Keto Vinyl Carbinols from Steroids

Scheme 5. Case of Symmetric Ketones
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