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Abstract—Methylation of a-disubstituted cyclopentanone 1 with Me3Al in CH2Cl2 at 0 �C for 30 min gave diastereoselectively a
mixture of (1R*,2S*)-2 and (1R*,2R*)-2 in a 96:4 ratio and 83% total yield. When the same methylation was carried out at 0 �C
for 1 h and then at room temperature for 120 h, a diastereomeric mixture of (1R*,2S*)-2 and (1R*,2R*)-2 was obtained in a
12:88 ratio and in 88% total yield. The stereochemistry of the two diastereomers was determined by the results of acetalization
of their diol derivatives 3 and 5. Isomerization between the Me2Al-alkoxides of (1R*,2S*)-2 and (1R*,2R*)-2 and its possible mech-
anism were investigated by HPLC analysis of the methylation reaction process at 0 �C for 1 h and then at room temperature for 56 h
and also by their mutual epimerization reactions.
� 2005 Elsevier Ltd. All rights reserved.
We have established facile syntheses of conjugated alle-
nyl esters by retro-Dieckmann-type ring-opening reac-
tions of a-alkynyl-a-ethoxycarbonyl cyclopentanone
and cyclohexanone derivatives using 1 N KOH or n-
Bu4N

+OEt�.1 Then, in order to investigate other mild
syntheses (vide infra) of the conjugated allenyl esters
based on the retro-aldol-type ring-opening of ethyl 2-al-
kyl-2-hydroxy-1-(p-tolylethynyl)-cyclopentane-1-carbox-
ylates, some alkylations of ethyl 2-oxo-1-(p-tolylethyn-
yl)-cyclopentane-1-carboxylate 11 with organometallic
reagents were attempted. Through the alkylation reac-
tions, we observed diastereoselective methylation onto
a-disubstituted cyclopentanone 1 with trimethylalumin-
ium and an interesting isomerization between the two
Me2Al-alkoxide products, which will be described here.

The attempt to react cyclopentanone 1 with diethylzinc,
methylmagnesium bromide, n-butyllithium, or methyl-
lithium in THF at 0 or �78 �C resulted in recovery or
decomposition of 1. However, the nucleophilic methyl-
ation reaction of 1 with 2 mol equiv of trimethylalumini-
um (Me3Al)2,3 in CH2Cl2 at 0 �C for 30 min afforded
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diastereoselectively a mixture of (1R*,2S*)-2 and
(1R*,2R*)-2 in a 96:4 ratio (HPLC analysis)4 and 83%
total yield (entry 1), as shown in Scheme 1 and Table
1. When the same methylation with Me3Al onto 1 was
carried out at 0 �C for 1 h, the diastereomeric ratio
changed to 89:11 (Table 1, entry 2), giving the diastereo-
meric mixture in 72% total yield. In the same methyl-
ation reaction of 1 with Me3Al, the mixture was first
stirred at 0 �C for 1 h and then at room temperature
for 120 h. Surprisingly, the diastereomeric ratio between
(1R*,2S*)-2 and (1R*,2R*)-2 was markedly changed to
12:88, giving the diastereomeric mixture in 88% total
yield (Table 1, entry 3). In these reactions, no conju-
gated allenyl ester and methylketone formation due
to ring-opening occurred. Each pure compound,
(1R*,2S*)-2 or (1R*,2R*)-2, was obtained by chromato-
graphic separation of the diastereomeric mixture (entries
1 and 3) on a silica gel column with n-hexane–AcOEt
(85:15).5

The stereochemistries of (1R*,2S*)-2 and (1R*,2R*)-2
were precisely determined by their chemical conversion
to methoxymethyloxymethylcyclopentanol 4 and acetal
6,6 respectively, as shown in Scheme 2. That is, reduc-
tion of (1R*,2S*)-2 with 4.8 mol equiv of diisobutyl-
aluminiumhydride (DIBAL) in CH2Cl2 at �78 �C for
1 h and then at room temperature for 2 h gave diol 3
in 83% yield. A similar reduction of (1R*,2R*)-2 with

mailto:ynagao@ph.tokushima-u.ac.jp


0 10 20 30 40 50 60
0

20

40

60

80

100

Reaction time (h)

b

a

Product
ratio (%)

Figure 1. Reaction diagram of methylation onto 1 using Me3Al

(reaction conditions: Me3Al (2 mol equiv), CH2Cl2, 0 �C (1 h)! rt

(56 h)). (a) (1R*,2S*)-2; (b) (1R*,2R*)-2; HPLC-analytical conditions:

see Ref. 4.
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Table 1. Diastereoselective methylation of 1 with Me3Al

Entry Conditions Yielda (%) (1R*,2S*)-2:

(1R*,2R*)-2b

1 0 �C, 30 min 83 96:4

2 0 �C, 1 h 72 89:11

3 0 �C, 1 h ! rt, 120 h 88 12:88

a Total isolation yield of (1R*,2S*)-2 and (1R*,2R*)-2.
b Determined by HPLC analysis.4
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3 mol equiv of DIBAL gave another diol 5 in 52% yield.
Diol 3 or 5 was allowed to react with dimethoxymethane
as a solvent in the presence of 2 mol equiv of trimethyl-
silyltrifluoromethanesulfonate (CF3SO3SiMe3) and
2 mol equiv of 2,6-lutidine at room temperature.
Although the reaction of the former afforded methoxy-
methyloxymethylcyclopentanol 4 in 48% yield, the latter
furnished acetal 6 in 83% yield. In compound 6, 1H–1H
NOE was observed between ortho-protons of the tolyl
moiety and methyl protons of the cyclopentane moiety.
Because no acetalization occurred, the relationship
between the C1-hydoxy group and C2-hydroxymethyl
group in the diol 3 should be a trans-configuration. On
the other hand, the relationship of the corresponding
both groups in the diol 5 should be a cis-configuration,
because of its acetalization giving 6. Based on the chem-
ical conversions described above, determination of the
stereochemistry of (1R*,2S*)-2 and (1R*,2R*)-2, pre-
cursors of diols 3 and 5, could be rationalized.

Subsequently, we monitored the methylation reaction of
cyclopentanone 1 with 2 mol equiv of Me3Al in CH2Cl2
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Scheme 2.
at 0 �C for 1 h and then at room temperature for 56 h by
utilizing the HPLC analytical method,4 as illustrated in
Figure 1. In the early stages (0–8 h) of the reaction,
(1R*,2S*)-2 was the major product and (1R*,2R*)-2
was the minor product. It was revealed that the produc-
tion of (1R*,2S*)-2 gradually decreased but, in a com-
plementary manner, the production of (1R*,2R*)-2
gradually increased, with both reaching a plateau level
at approximately the same time. This reaction diagram
(Fig. 1) supports the outcome of Table 1 and indicates
that (1R*,2S*)-2 is a kinetically favourable product
and (1R*,2R*)-2 is a thermodynamically favourable
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product. We also envisaged isomerization of Me2Al-alk-
oxide of (1R*,2S*)-2 into Me2Al-alkoxide of (1R*,2R*)-
2 via an epimerization reaction of the Me2Al-alkoxy
group involving retro-aldol-type ring-opening followed
by aldol-type cyclization through the methylation reac-
tion of 1 with Me3Al for longer reaction times. Of the
two possible equilibrium conformers ‘‘1A’’ and ‘‘1B’’ of
the cyclopentanone 1 possessing both ethoxycarbonyl
and p-tolylethynyl groups at the geminal position, more
preferential conformer would seem to be ‘‘1A’’, since ‘‘1B’’
is characterized by the steric repulsion between the axial-
ethoxycarbonyl group and protons on the cyclopenta-
none ring (Fig. 2). The conformer ‘‘1A’’ may be fixed
by weak chelation among the equatorial-CO2Et group,
Me3Al and the C@O group of cyclopentanone.7 Thus,
the kinetically preferential formation of Me2Al-alkoxide
of (1R*,2S*)-2 can be rationalized in terms of the
favourable sterically controlled approach of dimeric or
monomeric Me3Al from the less hindered b face onto
the ketone carbonyl group of ‘‘1A’’ and/or ‘‘Fixed 1A’’,
as shown in Figure 2.2,3,7 Formation of Me2Al-alkoxide
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Figure 2. Possible mechanism for kinetically controlled methylation onto 1
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Scheme 3.
of (1R*,2R*)-2 via a sterically controlled approach of di-
meric or monomeric Me3Al from the less hindered a
face onto the ketone carbonyl group of ‘‘1B’’ may be
almost negligible during the early stages in the reaction
diagram (Fig. 1).

Finally, in order to understand the isomerization
between the Me2Al-alkoxides of (1R*,2S*)-2 and
(1R*,2R*)-2 in the methylation reaction of 1 with
Me3Al, the following reactions were examined. Treat-
ment of a diastereomeric mixture of (1R*,2S*)-2 and
(1R*,2R*)-2 (95:5)4 with 1 mol equiv of Me3Al in
CH2Cl2 at 0 �C for 1 h and then at room temperature
for 120 h followed by quenching with 1 N HCl gave a
7:93 ratio4 of the same diastereomeric mixture with
78% total recovery (Scheme 3 and Table 2, entry 1), as
we anticipated. When pure (1R*,2R*)-2 was subjected
to the same treatment, the diastereomeric mixture
of (1R*,2S*)-2 and (1R*,2R*)-2 was obtained in
90% recovery and in a 7:93 ratio4 (Table 2, entry 2).
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Figure 3. Possible epimerization mechanism between the Me2Al-alkoxides of (1R*,2S*)-2 and (1R*,2R*)-2.

Table 2. Epimerization reaction between the Me2Al-alkoxides of (1R*,2S*)-2 and (1R*,2R*)-2a

Entry Ratiob before reaction Ratiob after reaction Recoveryc (%)

(1R*,2S*)-2:(1R*,2R*)-2 (1R*,2S*)-2:(1R*,2R*)-2

1 95:5 7:93 78

2 0:100 7:93 90

a Reaction conditions: see Scheme 3.
b Determined by HPLC analysis: see Ref. 4.
c Total recovery of (1R*,2S*)-2 and (1R*,2R*)-2.
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1 mol equiv of 1 N KOH in THF at 0 �C for 10 min
furnished the same conjugated allenyl ester 7 in 67%
or 68% yield,8 respectively (Scheme 3).1,9,10 Thus, we real-
ized a new type of epimerization reaction between the
Me2Al-alkoxides of (1R*,2S*)-2 and (1R*,2R*)-2 via
retro-aldol-type ring-opening followed by aldol-type
cyclization and ring-conversion after rotation of the
methylketone moiety around the r-bond between C2
and C3 under equilibrium conditions, as depicted in
Figure 3 [see �Major (A! B ! C) and Minor (A 0 !
B 0 ! C 0) routes�]. This remarkable epimerization reac-
tion must be governed by the following factors. (1) A
stereoelectronic requirement for maximum overlap of
the C1–C2 r-bond with the p-bond of the ester carbonyl
group is satisfied for easy cleavage of the C1–C2 r-
bond. (2) Two types of six-membered Al� � �O chelations
in the Me2Al-alkoxides of both (1R*,2S*)-2 and
(1R*,2R*)-2 and both Me2Al-enolates promote readily
retro-aldol-type ring-opening followed by aldol-type
cyclization. Due to these Al� � �O chelations, generation
of the ring-opened compound 7 may be effectively
retarded. (3) The Me2Al-alkoxide of (1R*,2R*)-2 is
more stable than the Me2Al-alkoxide of (1R*,2S*)-2,
since the latter is characterized by steric repulsion be-
tween the axial-C2-methyl group and protons on the
cyclopentanone ring. Although weak alkaline-induced
epimerization reactions of diterpene b-alkoxyester and
b-alkoxylactone bicyclic moieties via generation of form-
yl were reported by Fujita and Nagao and other
groups,11–17 to our knowledge this is the first example
of an Al-promoted epimerization reaction of the b-alu-
miniumalkoxyester monocyclic moiety via transient gen-
eration of ketone.
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