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ABSTRACT

Trifluoromethanesulfonic acid catalyzed isomerization of kinetic enol derivatives to the thermodynamically favored isomers was developed.
Under the present conditions, kinetic enol phosphates, enol acetates and benzoates, and enol sulfonates were smoothly isomerized to produce
the corresponding thermodynamically favored isomers in good to excellent yields.

Considerable attention has been focused on the selective
synthesis of enol derivatives due to their usefulness in

various synthetic transformations.1 An early, and still
frequently used, route to enol derivatives is the trapping
of ketone or aldehyde enolates generated in situ under
either kinetic- or equilibrium-controlled conditions.2 The
major issue in these transformations is selectivity (kinetic
vs. thermodynamic). In particular, the more substituted
thermodynamic enol derivatives from unsymmetrical ke-
tones normally predominate under thermodynamic con-
ditions but do not form exclusively, which is a serious
problem in the regioselective alkylation of unsymmetrical
ketones.3Moreover, hydrolysis of labile enol derivatives to
carbonyl compounds provokes another problem. Thus,
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the preparation of thermodynamic enol derivatives with
high selectivity is of synthetic importance and a longstand-
ing problem to be solved.4 In recent years, Brønsted acids
have been reported to be versatile in catalyzing a wide
variety of organic transformations.5 Herein, we report
trifluoromethanesulfonic acid catalyzed isomerization of
kinetic enol derivatives to the much less accessible thermo-
dynamically favored isomers (Scheme 1).6

In order to examine the feasibility of isomerization of
kinetic enol phosphates to the thermodynamically favored
isomers, we began our studywith a wide range of Brønsted
acid catalysts and found that the present reaction was very
sensitive to acid (Table 1). When the isomerization
was carried out with kinetic enol phosphate 1a derived
from 2-methylcyclohexen-1-one using AcOH, TFA, and
p-TsOH, the reaction didnot proceed to give anobservable
amount of the thermodynamic enol phosphate 2a (entries
1�5), whereas the reaction with TfOH and Tf2NH af-
forded the thermodynamically favored 2a. Treatment of1a
with 5 mol% TfOH in CH2Cl2 at 60 �C for 15 h produced
2a in 90% yield (1a:2a = 1:12, entry 7). Isomerization
reaction in toluene did not occur at 40 �C (entry 6) but
proceeded smoothly at 60 �C. Toluene gave the better
selectivity (93%,1a:2a=1:22, entry8) thanCH2Cl2 (entry7).
10 mol % TfOH in toluene gave similar results to
5 mol % (entries 8 and 9). DCE afforded 2a in 94% yield
(1a:2a=1:25, entry 10). Because chloroform gave the best
result among the solvents tested, isomerization reactions
were carried out with an NMR tube with a J Young valve
using CDCl3 as a solvent and p-xylene (1 equiv) as an

internal standard. Subjecting 1a with 5 mol % TfOH in
CDCl3 at 60 �C for 9 h gave 2a in 96% yield (1a:2a=1:26,
entry 11).When the amountofTfOHcatalystwas reduced,
the conversion yield of 1a and selectivity was decreased
(entries 11�13). The catalytic activity of Tf2NH was
slightly lower than that of TfOH (91%, 1a:2a = 1:19,
entry 14).

To demonstrate the efficiency and scope of the present

method, we applied this catalytic system to the isomeriza-

tion of a wide range of kinetic enol derivatives 1 to the

thermodynamically favored isomers 2, and the results are

summarized in Table 2. The kinetic enol phosphate 1b

derived from trapping lithium enolate generated in situ

from 2-methylcyclopenten-1-one and LDA with diethyl

chlorophosphatewas subjected to5mol%TfOHinCDCl3
at 25 �C for 12 h, producing the thermodynamically

favored isomer 2b in 98% yield (entry 1). The present

method worked equally well with enol diphenylphosphate

(1c), leading to selective formation of thermodynamic enol

phosphate 2c in 97% yield (entry 2). Several acyclic kinetic

enol phosphates were isomerized well under the standard

conditions (entries 3�6). Kinetic enol phosphate 1d

obtained from cyclohexyl methyl ketone was isomerized

to 2d in 98% yield catalyzed by 5 mol % TfOH in CDCl3
at 25 �C for 3 h (entry 3). Enol phosphate 1e containing

a3,4-dimethylphenoxygroupsmoothly reactedwith5mol%

TfOH to provide the desired product 2e in 97% yield

(dr = 1:2, entry 4). A chloro group was tolerated under

the present reaction conditions (entry6), and a cyanogroup

gave a somewhat lower yield (75%, dr=1:4, 1f:2f=1:3.3)

Scheme 1. Isomerization of Kinetic Enol Derivatives to the
Thermodynamically Favored Isomers

Table 1. Optimization of Isomerization

entry cat solvent temp (�C) time (h) yield (%)a

1 5 mol % AcOH CDCl3 60 24 0 (98)b

2 5 mol % TFA CDCl3 60 24 0 (96)b

3 5 mol % TFA toluene 100 24 0 (96)b

4 5 mol % p-TsOH CDCl3 60 24 0 (98)b

5 5 mol % p-TsOH toluene 100 24 0 (97)b

6 5 mol % TfOH toluene 40 4 0 (93)b

7 5 mol % TfOH CH2Cl2 60 15 90 (1:12)

8 5 mol % TfOH toluene 60 14 93 (1:22)

9 10 mol % TfOH toluene 60 12 91 (1:17)

10 5 mol % TfOH DCE 60 9 94 (1:25)

11 5 mol % TfOH CDCl3 60 9 96 (1:26)

12 3 mol % TfOH CDCl3 60 18 95 (1:21)

13 1 mol % TfOH CDCl3 60 24 75 (1:3)

14 5 mol % Tf2NH CDCl3 60 9 91 (1:19)

aRatios in parentheses indicate ratio of 1a to 2a. NMR yield.
p-Xylene (1 equiv) was used as an internal standard. NMR tube with
J Young valve was used. bNMR yield of 1a.
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(entry 5). The geometric structure (E:Z = 1:2) of 2g was
determined from NOSEY measurement.
Isomerization of vinyl benzoates proceeded cleanly and

rapidly at room temperature andwas complete within 0.5 h.
Exposure of chloro vinyl benzoate 1i to 1 mol % TfOH
afforded 2i in 86% yield (dr = 1:4) for 30 min (entry 8).
Treatment of kinetic enol benzoate 1jwith 5 mol%TfOH
produced thermodynamic enol benzoate 2j in quantitative

yield (dr = 1:3) for 15 min due to the conjugation effect
(entry 9). The vinyl acetate 1lwas easily isomerized to 2l in
80% yield (dr = 1:3) with 1 mol % TfOH (entry 11).
Kinetic enol acetates 1k and 1mworkedwell with 1mol%
TfOH, but the corresponding ketones were slightly con-
taminated through hydrolysis (entries 10 and 12). Reactive
enol trifluoroacetate 1n did not cause any problem, yield-
ing the thermodynamically favored isomer 2n in 95%yield

Table 2. TfOH-Catalyzed Isomerization of Kinetic Enol Derivatives to the Thermodynamically Favored Isomersa

aReactions were carried out at room temperature unless otherwise noted. bNMR yield. p-Xylene (1 equiv) was used as an internal standard. NMR tube
with J Young valve was used. Diastereomeric ratio. cRatios of 1 and 2 after reaction. dReactions were carried out at 60 �C. eE/Z ratio. f1 mol%TfOHwas
used. gRatios of 1, 2, and ketone after reaction. hReactions were carried out at 80 �C. iMixture (1:1) of kinetic and thermodynamic enol tosylate was used.
jMixture (2:1) of kinetic and thermodynamic enol tosylate was used. kMixture (3.7:1) of kinetic and thermodynamic enol mesylate was used.
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(dr= 1:2.9, entry 13). When enol derivatives (1o and 1p)7

derived from cinnamic acid and phenyl propiolic acid were
treated with 5 mol % TfOH, the reaction required longer
reaction times (24 h) to yield the thermodynamically
favored isomers 2o and 2p (entries 14 and 15).
Similarly, the isomerization of enol tosylates under the

present conditions proceeded cleanly at room temperature.
When a mixture (1:1) of kinetic and thermodynamic enol
tosylate 1q was treated with 5 mol % TfOH, the thermo-
dynamically favored isomer 2q was obtained in quantita-
tive yield (entry 16). Therefore, the present method is very
meaningful, when preparation of thermodynamic sulfo-
nates is not selective (entries 16�18). Moreover, we were
pleased to obtain the thermodynamically favoredmesylate
2t in 87% yield from kinetic enol derivative 1t in the
presenceof 5mol%TfOHat room temperature (entry 19).
However, this method reaches a limit with more elec-

tron-rich enol ethers. When kinetic methyl vinyl ether 1u
was treated with 5 mol%TfOH, methyl phenethyl ketone
was produced through hydrolysis (Scheme 2). 1 mol % or
0.1mol%TfOH led even to decomposition of 1u. The enol
phosphate 1v decomposed under the present conditions.
Subjecting 1w to 5 mol % TfOH in the presence of a 4 Å
molecular sieve gave thermodynamically favored isomer
2u (64%) together with 1w (21%) and 2-methylcyclohex-
en-1-one (3) (11%).
In summary, we have developed trifluoromethanesulfo-

nic acid catalyzed isomerization of kinetic enol derivatives
to the thermodynamically favored isomers. Under the
present conditions, kinetic enol phosphates, enol acetates

andbenzoates, and enol sulfonateswere cleanly isomerized
to produce the corresponding thermodynamically favored
isomers in good to excellent yields. Various functional
groups including cyano, chloro, dimethylphenoxy, alke-
nyl, and alkynyl were tolerated under the present reaction
conditions.
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