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ABSTRACT

N-Heterocyclic carbenes (NHCs) were found to catalyze the silyl transfer from trialkylsilyl ketene acetals to ketones. In the presence of a
catalytic amount of NHC 3 (IAd, 0.1 to 5 mol %), a series of enolizable ketones as well as cyclohexanecarboxaldehyde were efficiently converted
into the corresponding silyl enol ethers at 23 °C in THF.

In recent years, there has been considerable interest in the
use of N-heterocyclic carbenes (NHCs) as organocatalysts
and they have been successfully employed to mediate a wide
variety of organic reactions.1 These NHC-catalyzed trans-
formations were made possible by taking advantage of either
the strong nucleophilicity (e.g., in Benzoin- and Stetter-type
reactions2) or the Brønsted basicity of various NHCs (e.g.,
in transesterification and acylation reactions3,4).

Recent work from our own laboratories has shown that
NHCs are also capable of activating certain silicon-carbon
bonds, such as in TMSCN and TMSCF3, for nucleophilic
addition reactions. For example, imidazolylidenes were found
to catalyze trifluoromethylation and cyanosilylation of car-
bonyl compounds at low catalyst loadings (0.01-1 mol

%).5-8 The mildness of these conditions was evident by the
successful application of this method to the trifluoromethyl-
ation of a complex cyclodextrin substrate where the tradi-
tional TBAF-mediated protocol failed.9 Most recently, we
reported that NHCs can catalyze Mukaiyama aldol reactions
with catalyst loadings as little as 0.05-0.5 mol %.10 During
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this study, it was found that regular ketones, such asp-methyl
acetophenone (1a, Figure 1) did not undergo a Mukaiyama

aldol reaction with trimethylsilyl ketene acetal2 under NHC
catalysis in THF. The starting ketone was always recovered
from these reactions after aqueous workup. Later, careful
analysis of the recovered ketone by1H NMR revealed that
a very small amount of the unexpected silyl enol ether5a
was present, indicating that silyl transfer from the silyl ketene
acetal2 to ketone1a occurred during these experiments.

We report in this letter that silyl enol ethers11 can be
cleanly formed from reactions between enolizable ketones
and silyl ketene acetals in good to excellent yields under
the catalysis of only 0.1-5 mol % NHC.

Following our initial lead shown in Figure 1, a series of
experiments were carried out to define the optimal reaction

conditions for silyl enol ether formation from ketones. With
1 mol % IAd (3),12 the reaction betweenp-methyl aceto-
phenone (1a) and trimethylsilyl ketene acetal2 in THF
reached 99% molar conversion within 2.5 h (entry 1, Table
1). Reactions using 0.5 mol % or even 0.1 mol % IAd

proceeded smoothly to 99% molar conversions in 8.5 and
24 h, respectively (entries 2-3). ItBu-catalyzed reaction was
slightly slower, requiring 24 h to achieve 99% molar
conversion at 0.5 mol % catalyst level (entry 4). Reaction
using IMes (0.5 mol %) progressed to a 96% molar
conversion after 24 h (entry 5).

It was found that the much bulkiertert-butyldimethylsilyl
(TBS) enol ethers could also be formed in a similar manner.
Reaction between acetophenone (1b) and TBS ketene acetal
6 with 1 mol % IAd gave a 95% molar conversion after 24
h (entry 6). When 0.5 mol % IAd was employed, an 87%
molar conversion was achieved after 1 day at 23°C (entry
7). Finally, control experiments showed that no reaction
occurred between1aand2 or 1b and6 after 24 h at ambient
temperature in the absence of the carbene catalyst (entries
8-9).

The scope of the NHC-catalyzed silyl enol ether formation
was explored as summarized in Table 2. On the basis of the
results from Table 1, our standard conditions were defined
to involve the use of 1 mol % IAd (3) in THF at 23°C,
except for two substrates (vide infra). After the reaction was
complete (judged by HPLC or GC), the volatiles were
directly removed by evaporation without the need for
aqueous workup. The residue was then distilled under
vacuum to give the desired silyl enol ethers.

In addition to compound5a (entry 1, Table 2),13 the
trimethylsilyl enol ethers ofR-tetralone and cyclododecanone
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Figure 1. Unexpected silyl enol ether formation

Table 1. Defining Reaction Conditions

molar convn (%)a
starting

materials NHC
loading
(mol %) 2.5 h 8.5 h 24 h

assay yield
(%)b

1 1a + 2 IAd 1 99 - - 98
2 1a + 2 IAd 0.5 98 99 - 98
3 1a + 2 IAd 0.1 74 96 99 97
4 1a + 2 ItBu 0.5 82 96 99 95
5 1a + 2 IMes 0.5 44 70 96 91
6 1b + 6 IAd 1 66 85 95 92
7 1b + 6 IAd 0.5 50 71 87 84
8 1a + 2 no - - - NR -
9 1b + 6 no - - - NR -

a Molar conversion by HPLC.b Assay yield by HPLC.
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were efficiently prepared (entries 2-3).14,15 Silylation of
isophorone (1e) gave the kinetically favored exocyclic diene

5e in 79% yield (entry 4).16 Interestingly, the NaH-catalyzed
silylation of isophorone was reported to afford the comple-
mentary endocyclic diene resulting from the silylation of the
thermodynamic enolate.11c

Simple acetophenone derivatives were smoothly converted
into the corresponding TBS enol ethers in high yields (entries
5-7).17,18 Reaction between TBS ketene acetal6 and
propiophenone1h afforded the (Z)-silyl enol ether5h with
>95:5 selectivity (entry 8).19 This selectivity also held true
for reaction with 3-pentanone (Z/E ) 95:5, 76% yield, entry
9).11h It should be noted that silylation of 3-pentanone using
1 mol % IAd was sluggish and eventually required 5 mol %
catalyst and 3 days for complete conversion.

TBS enol ethers of both cyclopentanone and cyclohex-
anone were obtained uneventfully in high yields under the
standard conditions (entries 10-11).11h,20In contrast, methyl
cyclohexanone proved to be a challenging substrate (entry
12). The reaction required 4 mol % IAd (3) to proceed at a
reasonable rate to give a mixture of two isomers (5m:5 m′
) 2:1, 46% yield), again favoring the kinetic silyl enol ether
5m.21 Last, cyclohexanecarboxaldehyde was effectively
converted into its TBS enol ether5n in 70% isolated yield.22

Since we have previously demonstrated that Mukaiyama
aldol reactions with trimethylsilyl enol ether7 (Table 3)

could also be catalyzed by IAd (3),10 we investigated the

(13) Van der Vecht, J. R.; Steinberg, H.; De Boer, T. J.Recl. TraV. Chim.
Pays-Bas1976,95, 149.

(14) Olah, G. A.; Gupta, B. G. B.; Narang, S. C.; Malhotra, R.J. Org.
Chem.1979,44, 4272.

(15) Cazeau, P.; Duboudin, F.; Moulines, F.; Babot, O.; Dunogues, J.
Tetrahedron1987,43, 2075.

(16) Emde, H.; Gootz, A.; Hofmann, K.; Simchen, G.Liebigs Ann. Chem.
1981, 1643.

(17) Petasis, N. A.; Lu, S.-P.Tetrahedron Lett.1995,36, 2393.
(18) Raynolds, P. W.; DeLoach, J. A.J. Am. Chem. Soc.1984, 106,

4566.

Table 2. NHC-Catalyzed Silyl Enol Ether Formation

Table 3. NHC-Catalyzed Tandem Silyl Transfer and
Mukaiyama Aldol
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possibility of carrying out the silyl enol ether formation and
the subsequent aldol reaction in one pot, thereby using the
same catalyst to mediate both transformations. To demon-
strate this process, we treated acetophenone with silyl ketene
acetal2 in the presence of 2 mol % IAd (3) at 23°C for 2
h to complete the silyl enol ether formation. Thenp-
tolylaldehyde (8a) was added directly into the reaction vessel
at 0°C. After 65 h at that temperature, the reaction mixture
was treated with aqueous HCl to give the free aldol product
9a in 75% yield (entry 1).10 Two additional examples using
p-chlorobenzaldehyde (8b) and 2,2,2-trifluoroacetophenone
(8c) were provided in Table 3 to further illustrate this one-
pot protocol (entries 2 and 3).10 This method avoided the
need to isolate and handle the potentially labile trimethylsilyl
enol ether intermediate.

We propose that, for the silyl enol ether formation reaction,
NHC functions like a carbon-centered base.4 NHCs are
known to possess strong basicities. For example, the pKa of
ItBu was determined to be 20 in THF and 22.7 in DMSO.23

The silyl enol ether formation reaction is possibly initiated
with NHC deprotonating the ketone to form enolateA
(Figure 2). Subsequent silyl transfer from the silyl ketene
acetal occurs to generate an ester enolate/imidazolium ion
pair B. The ester enolate, which has a pKa of ∼25, will then
deprotonate the imidazolium to regenerate the free carbene
and complete the catalytic cycle.

In summary, we have discovered a mild, NHC-catalyzed
silyl enol ether formation reaction. A series of enolizable
ketones were readily converted into the corresponding silyl
enol ethers at room temperature under the influence of a
catalytic amount (0.1-5 mol %) of IAd. Formation of the
TBS enol ether from cyclohexanecarboxaldehyde was also
successful. Furthermore, based on this new method and our
previously reported NHC-catalyzed Mukaiyama aldol pro-

tocol,10 a one-pot aldol coupling of acetephenone and
aldehydes as well as 2,2,2-trifluoroacetophenone was achieved.
These new conditions are metal-free, mild, and operationally
simple.24 Considering the broad synthetic utility of silyl enol
ethers, we believe that this new methodology will find future
applications in organic synthesis. Efforts to further explore
potential NHC catalysis for other fundamental organic
transformations continue in our laboratories.

Supporting Information Available: Experimental pro-
cedures and spectral data for compounds5a-k, 5m,n, and
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Figure 2. Proposed reaction pathway
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