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ABSTRACT

The fluorinated trimethylsilyl enol ethers 3a�c were synthesized, and the kinetics of their reactions with the benzhydrylium ions 4 was studied by
UV�vis spectroscopy in dichloromethane. Comparison with nonfluorinated analogues shows that replacement of CH3 by CF3 reduces the
nucleophilic reactivity by 8 orders of magnitude, while the exchange of C6H5 by C6F5 retards the reactions by 4.5 orders of magnitude.

Owing to its high electronegativity and lipophilicity,
the introduction of fluorine into organic molecules sig-
nificantly changes chemical, physical, and biological
properties.1 Approximately 20% of all presently used
pharmaceuticals and 30%of agrochemicals contain one or
more fluorine atoms. Due to this importance we started an
investigation of silyl enol ethers bearing perfluoroalkyl
substituents that should be interesting building blocks for
the synthesis of many fluorinated products, including
donor�acceptor-substituted cyclopropanes.2

Although silyl enol ethers are widely used in synthetic
chemistry,3 studies on the preparation and reactivity of
fluoroalkyl substituted silyl enol ethers are very limited.4,5

In order to investigate the effect of fluorine substitution
on the nucleophilic reactivity of CC-double bonds, we
prepared three different silyl enol ethers: 3awith a trifluoro-
methyl group, 3b bearing the longer perfluoropentyl
substituent, and the pentafluorophenyl substituted com-
pound 3c (Scheme 1).

Trifluoroacetone (2a) and pentafluoroacetophenone
(2c) were obtained from commercial sources, and 2b

6

was prepared in analogy to other methyl perfluoroalkyl
ketones by treatment of the corresponding carboxylic acid
1bwithMeMgBr.7 The moderate yield of 2b (64%) results
from the formation of a tertiary alcohol by addition of
MeMgBr to the ketone. The enol ethers 3a�c where
synthesized by treatment of the methyl ketones 2a�c with
triethylamine and trimethylsilyl chloride.Due to the strong
electron-withdrawing effect of the perfluoroalkyl groups,

Scheme 1. Synthesis of Fluorinated Silyl Enol Ethers 3
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the conversions of 2a and 2b into 3a and 3b, respectively,
proceeded already at 0 �C, while elevated temperatures
were necessary for the preparation of the perfluorophenyl
substituted product 3c.8 Enol ethers 3b and 3c were
isolated in yields of 87% and 75%, respectively. We
attribute the lower yield of 66% for 3a to its higher
volatility.
In order to quantify the influence of the electron-with-

drawing substituents on the nucleophilic reactivities of the
corresponding trimethylsilyl enol ethers 3a�c, the benzhy-
drylium method9 was employed, which allowed us to
compare the data with those of previously investigated
silyl enol ethers.9a,b,10

Benzhydrylium ionswith variable p- andm-substituents,
which cover a broad range of reactivity while the steric
shielding of the reaction center is kept constant, have
been used as reference electrophiles for the construc-
tion of a comprehensive nucleophilicity scale based
on eq 1, where electrophiles are characterized by one
parameter (E) and nucleophiles are characterized by
the solvent-dependent parameters sN (slope) and N
(nucleophilicity).9a

log k(20�C) ¼ sN(N þE) ð1Þ
The benzhydrylium ions 4a�f (Table 1) with electro-

philicity parameters E ranging from 0 to þ5.47 reacted

with the silyl enol ethers 3a�c with conveniently measur-
able rates.

The fluorinated enol ethers 3a�c gave analogous reac-
tion products as previously investigated silylated enol
ethers,10 as demonstrated by the formation of 6a and 6b

from 4a-GaCl4 and 3a or 3b, respectively, and of 6c from
4f-GaCl4 and 3c (Scheme 2).
As the intermediates 5 and the products 6 are colorless,

the nucleophilic attack at the electrophilic center was
followed spectrophotometrically. Addition of at least
8 equiv of the trimethylsilyl enol ethers 3 to solutions of
the colored benzhydrylium tetrachlorogallates 4-GaCl4 in
CH2Cl2 led tomonoexponential decays of the absorbances
of the benzhydrylium ions (Figure 1). As previous studies
have shown that the rates of the reactions are only slightly
affected by the counterion and the desilylations to prod-
ucts 6 are fast,10 the measured reaction rates correspond
to the formation of the C�C bonds.

The reactions with the highly electrophilic benzhy-
drylium ions 4a�d were studied between �70 and �10 �C.

Table 1. Reference Electrophiles Utilized for Quantifying the
Nucleophilicities of 3a�c

aEmpirical electrophilicities E from ref 9a. bThe electrophilicities of
4a and 4b in ref 9a have been revised in ref 11.

Scheme 2. Reactions of 3with the Benzhydrylium Salts 4-GaCl4
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For electrophiles 4a,b a shift of the absorption maximum
(�14 nm for 4a and �5 nm for 4b) was observed at
conversions above 80%. As the origin of this shift is
not clear, the corresponding measurements were eval-
uated until this shift occurred (when evaluating over the
whole time period, kobs changes by up to 10%). The
resulting first-order rate constants kobs were divided
by the corresponding mean nucleophile concentrations

[3]av = [3]0 � 0.5[4-GaCl4]0 to give the second-order rate
constants k2 at the specific temperature. The values of k2 at
20 �C (given in Table 2) were calculated from the linear
Eyring plot of ln(k2/T) versus 1/T (Figure 1).

The reactions of the benzhydrylium ions 4e and 4f with
3c were studied at 20 �C. As the resulting first-order rate
constants kobs correlated linearly with the concentrations

of 3c (Supporting Information, p S16 f), the second-order
rate constants given in Table 2 could be derived from the
slopes of these linear correlations.
Plots of log k2 for the reactions of the fluorinated silyl

enol ethers 3 with the reference electrophiles 4 versus their

Figure 1. Exponential decay of the absorbance at 452 nm dur-
ing the reaction of 3b (c= 6.27 � 10�4 M) with 4a-GaCl4 (c =
4.69 � 10�5 M) at �29.8 �C in CH2Cl2. Insert: Correlation of
ln(k2/T) vs 1/T allows the computation of the second-order rate
constant k2 (20 �C)=181M�1 s�1 by using the Eyring equation.

Table 2. Second-Order Rate Constants k2 and Eyring Activa-
tion Parameters for the Reactions of the Enol Ethers 3 with the
Benzhydrylium Ions 4

Scheme 3. NucleophilicitiesN of Fluorinated Silyl Enol Ethers 3
Compared to Those ofOtherπ-Nucleophiles9f (sNValuesGiven
in Parentheses)

Figure 2. Plots of log k2 for the reactions of the silyl enol ethers 3
and 7a,c,d (from ref 9a) with benzhydrylium ions in CH2Cl2 at
20 �C versus the electrophilicity parameters E of the benzhy-
drylium ions used as reference electrophiles.
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empirical electrophilicity parametersE gave linear correla-
tions (Figure 2) and allowed us to calculate the N and sN
parameters for compounds 3 according to eq 1.
Scheme 3 compares the reactivities of 3a�cwith those of

otherπ-systems9f and shows that substitution of themethyl
groupof 7aattached to thedeveloping carbeniumcenter by
a trifluoromethyl group (compound 3a) reduces the nu-
cleophilic reactivity by more than 8 orders of magnitude.
As the activating effects of triisopropylsiloxy and tri-

methylsiloxy have been shown to be comparable,10a the
comparison of 3a with triisopropylsiloxyethylene (7d)
demonstrates a deactivation of more than 6 orders of
magnitude by the trifluoromethyl group relative to hydro-
gen. Elongation of the perfluorinated alkyl chain to un-
decafluoropentyl (compound 3b) results in a further
decrease in nucleophilicity by a factor of 3�4 (Table 2,
Scheme 3).
Comparison of compounds 7c and 3c demonstrates that

replacement of the phenyl group by a pentafluorophenyl
substituent reduces the reactivity by approximately 4.5
orders of magnitude, showing that perfluorination of the
phenyl group has a slightly smaller deactivating effect than
perfluorination of an alkyl group. A comparable deactiva-
tion was observed when the three phenyl groups in 8 were
perfluorinated (f9, Scheme 3).10c

In summary, Scheme 3 demonstrates that the nucleo-
philic reactivities of silyl enol ethers are so strongly reduced
by the introduction of perfluorinated alkyl and phenyl
groups that compounds 3a�c show nucleophilicities
comparable to those of alkyl substituted ethylenes
(e.g., isobutylene (10)9a or hex-1-ene (11)9a,11). With
N-parameters around �3, the perfluoroalkyl substituted
enol ethers 3a,b can be expected only to react with
electrophiles of E > �2; i.e., they should be accessible to
Mukaiyama-type aldol reactions (for E-parameters for
carbonyl Lewis acid complexes, see ref 12) but not to
iminiumactivated reactions (forE-parameters for iminium
ions, see ref 13).
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