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ABSTRACT: We report herein a general method for synthesizing a diverse array of silyl dienol ethers via the Peterson olefination
of aldehydes using 3-silyl-substituted siloxyallylpotassium species. The reaction proceeds cleanly at —78 °C and tolerates a wide
range of functional groups on aldehyde substrates (OMe, NMe,, F, Cl, Br, CN, CO,'Bu, CF3, and epoxide). Under our conditions,
organolithium bases are ineffective, underscoring the critical role of potassium carbanions. The resulting silyl dienol ethers are
readily converted to P,y-unsaturated ketones. This two-step sequence thus constitutes a formal [B-olefination of ketones.

Metal homoenolates are valuable nucleophiles for introduc-
ing functional groups at the B-position of carbonyl com-
pounds.! In recent years, metal-mediated ring opening of cy-
clopropanols has emerged as an efficient approach for generat-
ing metal homoenolates and has been applied to the synthesis
of B-functionalized ketones. This strategy has enabled a broad
range of P-functionalization reactions, including arylation,
alkylation, allylation, alkynylation, fluorination, trifluoro-
methylation, trifluoromethylthiolation, acylation, cyanation,
amination, amidation, and sulfonylation.? However, while
acid-mediated  transformations of  2-(1-hydroxyalkyl)-
substituted cyclopropanols to [,y-unsaturated ketones have
been reported,’ the B-olefination of ketones via metal homoe-
nolates has not yet been achieved (Scheme 1a). To address this
challenge, we recently developed an efficient protocol for
generating siloxyallylpotassium species from o-substituted
allyloxysilanes using (trimethylsilyl)methylpotassium
(TMSCH:K) as the base.* These species serve as potassium
homoenolate equivalents and react readily with a variety of
electrophiles to afford 3-functionalized (Z)-silyl enol ethers,
which can be further converted to a,B-difunctionalized ke-
tones (Scheme 1b).> Guided by these results, we envisioned
that  siloxyallylpotassium species derived from -
silylallyloxysilanes would undergo nucleophilic addition to
carbonyl compounds to give adduct A, in which the proximity
of the silyl substituent to the potassium alkoxide moiety would
promote a Peterson olefination,® thereby furnishing silyl dienol
ethers (Scheme 1c). The resulting silyl dienol ethers can then
be transformed into B,y-unsaturated ketones by desilylation or
into  o-substituted  P,y-unsaturated ketones by o-
functionalization. Thus, this sequence can be regarded as a
formal B-olefination of ketones.

Scheme 1. Strategies for B-Functionalization and f-
Olefination of Ketones
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To demonstrate the feasibility of our strategy, 7v-
silylallyloxysilane 1a was treated with various bases in THF,
and the resulting siloxyallyl anion was trapped with benzo-
phenone (Table 1). Substrate 1a was prepared in three steps:
(1) addition of trimethylsilylacetylene to benzaldehyde, (ii) E-
selective reduction of the resulting propargylic alcohol with
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Red-Al and (iii) silylation of the corresponding allylic alcohol.

When TMSCH,K, which we previously demonstrated to be
effective for the deprotonation of a-arylallyloxysilanes,” was
employed, the desired silyl dienol ether 2aa was formed in
72% NMR vyield (entry 1). Increasing the amount of base to
2.0 equiv led to complete consumption of 1a and improved the
yield of 2aa to 87% (entry 2). Reducing the amount of benzo-
phenone from 1.5 to 1.3 equiv had no detrimental effect, and
2aa was isolated in 92% yield (entry 3). In this reaction, a
small amount of silyl enol ether 3a was also detected, presum-
ably formed by protonation of the siloxyallylpotassium inter-
mediate rather than by trapping with benzophenone. Increas-
ing the amount of benzophenone to 2.0 equiv did not suppress
the formation of 3a (entry 4). In contrast, with ‘BuLi as the
base, 2aa was not observed, and 1a was fully recovered (entry
5).” Addition of hexamethylphosphoramide (HMPA) to en-
hance the reactivity of ‘BuLi decreased the recovery of 1a to
28%; however, 2aa was not detected, and 3a became the ma-
jor product (entry 6). Raising the reaction temperature from —
78 °C to 0 °C, in an attempt to promote the reaction of the
putative siloxyallyllithium species with benzophenone, result-
ed in a complex mixture with no formation of 2aa (entry 7).
These results indicate that potassium carbanions are essential
for the success of this transformation.

Table 1. Optimization of the Reaction Conditions”

oTBS THEa_S%)fé qﬂ;v,lﬂn; QTBS o oTBS
Ph P TMs | PRCOPh (Yequw) o PN Y " b SN is
1a —78°C, 10 min 223 Ph 3a
entry 1 base X Y yield (%)
1a 2aa 3a
1 la TMSCH:K 1.5 15 14 72 7
2 la TMSCH:K 20 15 <1 87 5
3 1a TMSCH:K 20 13 <1 8992 6
4 1a TMSCH:K 20 20 <1 90 6
5 1a ‘BuLi 20 13 95 0 0
6 1a ‘BuLi/HMPA 20 1.3 28 0 48
74 1a ‘BuLi/HMPA 20 1.3 19 0 5

“Reaction conditions: 1a (80.2 mg, 0.25 mmol), base, and additive
in THF (3 mL) at —78 °C for 10 min, followed by addition of
benzophenone at —78 °C for 10 min. “Determined by 'H NMR
analysis of the crude reaction mixture. ‘Isolated yield. “The reac-
tion with benzophenone was conducted at 0 °C.

We next examined the influence of the siloxy substituent on
the reaction outcome (Scheme 2). When triethylsilyl (TES)
derivative 1a’" was used, the reaction proceeded efficiently;
however, partial desilylation occurred, affording 2aa’ in 38%
yield together with f3,y-unsaturated ketone 4 in 51% yield. In
contrast, triisopropylsilyl (TIPS) derivative 1a” underwent
complete conversion to provide 2aa” in 90% isolated yield,
despite the steric bulk of the TIPS group.

Scheme 2. Influence of the Siloxy Substituent on the Reac-
tion Outcome
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The substrate scope of allyloxysilanes was examined using
benzophenone as the electrophile (Scheme 3). Allyloxysilanes
1b—1h were readily converted into the corresponding silyl
dienol ethers 2ba—2ha in 61-84% yields with excellent Z-
selectivity, regardless of the electronic properties of the aryl
substituents. Ortho-substituted aryl substrates were also inves-
tigated. As a result, 1-naphthyl derivative 1i furnished 2ia in
96% yield, whereas ortho-anisyl derivative 1j gave no desired
product and was recovered unchanged, likely due to steric
congestion at the a position. The reaction was also applicable
to substrates bearing heteroaryl groups, affording 2ka and 2la
in high yields, although the Z/E ratio of 2la decreased slightly
to 93:7. Unfortunately, no reaction was observed with alkyl-
substituted allyloxysilane 1m, as the alkyl substituent renders
the C1-H bond less acidic, preventing the initial deprotonation.

Scheme 3. Scope of y-Silylallyloxysilanes”
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“Conditions: 1 (0.25 mmol) and TMSCHK (63.2 mg, 0.50 mmol)
in THF (3 mL) at —78 °C for 10 min, followed by addition of
benzophenone (59.2 mg, 0.325 mmol) at —78 °C for 10 min.
Yields of isolated products are shown.

Substrate 1i, which gave the highest yield in Scheme 3, was
reacted with benzaldehyde, and the yield and 3E/3Z ratio of
Sia were determined (Scheme 4). The reaction provided Sia in
81% yield with a 3E/3Z ratio of 1.9:1. Replacing the TMS
group on the vinylsilane unit with TBS (1i’) decreased the
3E/3Z ratio slightly to 1.7:1. Substitution with TIPS (1i")
caused a significant drop in both the yield (45%) and the
3E/3Z ratio (1.4:1). To rationalize the diastereoselectivity and
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the effect of the silyl substituent in this transformation, we
propose the stereochemical models shown in Scheme 4. Ac-
cording to our previous computational study,® the E-
configured siloxyallylpotassium isomer is considered less sta-
ble than the Z-configured isomer owing to steric repulsion
between the Cl1 aryl substituent and the C3 hydrogen atom.
The addition to benzaldehyde is therefore proposed to proceed
via the Z-isomer, yielding a Z-configured double bond at C1.
As benzaldehyde approaches this Z-configured organopotassi-
um species, the phenyl group is oriented anti to the bulky silyl
group. In conformer A, the principal steric repulsions are be-
tween the phenyl group and the silyl enol ether moiety, and
between the carbonyl oxygen and the silyl group. In contrast,
conformer B involves these interactions as well as an addi-
tional repulsion between the carbonyl oxygen and the silyl
enol ether moiety. Consequently, addition via conformer A is
favored, affording (1Z,3E)-5ia as the major product. However,
increasing the steric bulk of the silyl substituent enhances the
repulsion between the silyl group and the carbonyl oxygen and
diminishes the relative contribution of other steric interactions.
As a result, the energy gap between A and B narrows, explain-
ing the observed decrease in the 3£/3Z ratio.

Scheme 4. Effect of the Vinylsilane Substituent on Dia-
stereoselectivity and Proposed Stereochemical Models

oTBS TMSCHZIS (2 eqmy) oTBS
THF, =78 °C, 10 min )\/\HJPh
= .
Np Si PhCHO (1.5 equiv) NPT Y5
—78 °C, 10 min 5ia

1i (Si=TMS) 81% (3E/3Z=1.9:1) from 1i
1i" (Si=TBS) 87% (3E/3Z = 1.7:1) from 1i"
1i” (Si=TIPS) 45% (3E/3Z = 1.4:1) from 1i”

K+ OTBS TBSO

were also suitable electrophiles, affording Sio—Siq in 66-83%
yields. In addition to the synthesis of silyl dienol ethers, this
reaction was applicable to the preparation of 1-siloxy-1,3,5-
hexatriene Sir by employing trans-cinnamaldehyde as the
electrophile. No reaction was observed with aliphatic alde-
hydes.

Scheme 5. Scope of Aldehydes™®
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The scope of aldehydes was examined using allyloxysilane
1i as the model substrate (Scheme 5).® Because generation of
the siloxyallylpotassium species from an allyloxysilane re-
quires a highly reactive potassium carbanion, the al-
lyloxysilane component exhibited limited functional-group
tolerance. In contrast, addition of the siloxyallylpotassium
species to aldehydes, followed by Peterson olefination, pro-
ceeded rapidly even at cryogenic temperatures, thereby allow-
ing broad functional-group tolerance on the aldehyde compo-
nent. Indeed, aldehydes bearing methoxy, amino, fluoro, chlo-
ro, bromo, cyano, ester, and trifluoromethyl groups were well
tolerated (5ib—5ij). Notably, even an epoxide group, typically
susceptible to nucleophilic ring opening, was tolerated (5ik)
under the reaction conditions.” Ortho-substituted aldehydes
were compatible, providing 5il-5in in 84-88% yields; howev-
er, with 2,6-dimethylbenzaldehyde, the 3Z isomer was ob-
tained as the major product (5in). Heteroaromatic aldehydes

5ik 5il 5im
55%¢ (76%)° 87% 88%
(3E13Z=1.7:1) (3E/3Z=1.8:1) (3E/3Z=2.3:1)
OoTBS OoTBS
1Np)\/§ R @ NG
Me Me X
Tyt e ¢
5in 8%'% 5ip
84% _aa 72%
(3E/3Z =1:1.6) (BE/3Z=3.3:1) (3E/3Z = 1:1.3)
OTBS
OTBS M Ny NN OTBS t
N NS N g NS BU
5iq sir  Ph 5is
66% 58% N.D.
(3E/3Z=1.3:1) (12,3E,5E/12,32,5E = 1:3.0)

“Conditions: 1i (92.7 mg, 0.25 mmol) and TMSCH,K (63.2 mg,
0.50 mmol) in THF (3 mL) at —78 °C for 10 min, followed by
addition of aldehyde (0.375 mmol) at —78 °C for 10 min. *The
3E/3Z ratios were determined by '"H NMR analysis of the crude
reaction mixtures. “Purified by gel permeation chromatography.
@Purified by column chromatography on amino-modified silica gel.
Determined by 'H NMR analysis of the crude reaction mixture.
The reaction mixture was diluted with hexane (3 mL) prior to
aldehyde addition.

Finally, we demonstrated the conversion of the silyl dienol
ethers to [,y-unsaturated ketones (Scheme 6). Silyl dienol
ether 2aa was converted to B,y-unsaturated ketone 4 in 98%
yield by protodesilylation with tetrabutylammonium fluoride
(TBAF) and acetic acid (AcOH). In addition, Rubottom oxida-
tion of 2aa afforded the corresponding o-siloxy-p,y-
unsaturated ketone 6 in 77% yield.'” Thus, this transformation
not only constitutes a formal -olefination of ketones but also
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enables sequential o-functionalization,
substituted 3,y-unsaturated ketones.

leading to a-

Scheme 6. Transformations of Product 2aa

protodesilylation
TBAF (1.2 equiv) o)
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In conclusion, we have developed an efficient method for
synthesizing a variety of silyl dienol ethers via the Peterson
olefination of aldehydes and benzophenone with siloxyallylpo-
tassium species, generated by TMSCH,K-mediated deprotona-
tion of y-silylallyloxysilanes. The reaction proceeds smoothly
at =78 °C and exhibits broad functional-group tolerance to-
ward aldehyde substrates, accommodating methoxy, amino,
halogen, ester, trifluoromethyl, and epoxide functionalities.
Moreover, the resulting silyl dienol ethers serve as valuable
synthetic intermediates, as they can be readily transformed
into ,y-unsaturated ketones and a-substituted f,y-unsaturated
ketones.
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) 5ik decomposed during column chromatography on silica (10)  Brook, A. G.; Macrae, D. M. 1,4-Silyl Rearrangements of
gel. Thus, it was purified by column chromatography on amino- Siloxyalkenes to Siloxyketones during Peroxidation. J. Organomet.
modified silica gel. Chem. 1974, 77, C19-C21.
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