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Abstract—The catalytic asymmetric rearrangement of functionalised cyclohexene and cyclopentene oxides has been studied using
sub-stoichiometric amounts of a chiral lithium amide in combination with a stoichiometric amount of three different lithiated imid-
azoles. 1-Methylimidazole that had been lithiated at the C-2 aryl position gave the highest enantioselectivity (82% ee). With 1,2-
dimethylimidazole that had been lithiated at the C-2 methyl group, epoxide ring opening occurred as an unexpected and competing
process. Ultimately, ring opening was suppressed using a more sterically hindered imidazole. In all catalytic examples, a racemic
background reaction (presumably due to rearrangement by the lithiated imidazoles) was observed.
� 2005 Elsevier Ltd. All rights reserved.
Chiral lithium amide bases are well established as useful,
stoichiometric reagents for asymmetric deprotonation.1

In contrast, the use of sub-stoichiometric amounts of
these chiral bases together with achiral, regenerating
(or bulk) bases is somewhat less successful.2,3 The excep-
tion is found with the rearrangement of epoxides to
allylic alcohols2 for which a catalytic asymmetric version
was first reported by Asami et al. in 1994.4 Since then,
further work by the Asami group5 has been supple-
mented by the efforts of Alexakis,6 Andersson,7 Ahl-
berg8 and Malhotra9 and co-workers so that several
catalytic systems capable of delivering allylic alcohols
in high enantiomeric excess are now available. The
Andersson system typically comprises 5 mol % of a chi-
ral lithium amide together with stoichiometric LDA
(1.5 equiv) and excess DBU (5 equiv) and is the most
successful in terms of scope and enantioselectivity.7b,d

However, since excess DBU is essential for the high
enantioselectivity, we became interested in applying
the more �simple� catalytic systems (i.e., those that do
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not require the use of DBU as an additive) developed
by Alexakis,6 Ahlberg8 and Malhotra9 and co-workers
for our own ongoing studies.10 Of particular interest
to us was the Ahlberg protocol using lithiated imida-
zoles since it utilised a norephedrine-derived chiral base
that we had originally introduced.11,12

In 2001, Ahlberg and co-workers. reported the conver-
sion of cyclohexene oxide 1 into allylic alcohol (S)-2
(93% ee) using 0.2 equiv of the lithium amide base
generated from diamine (1R,2S)-3 and 2.0 equiv of lithi-
ated imidazole 5 (generated from 4 that had been lithi-
ated in situ at the C-2 position)8a or 2.0 equiv of
lithiated imidazole 7 (produced from 6 by in situ lithia-
tion at the C-2 methyl group)8b (Scheme 1). Perhaps sur-
prisingly, these two quite different lithiated imidazoles
gave identical results in terms of yield and enantioselec-
tivity for the synthesis of (S)-2. However, with imidazole
4, it took 198 h for the reaction to reach completion, 15
times longer than the reaction with imidazole 6. Ahlberg
provided NMR spectroscopic evidence for the forma-
tion of lithiated imidazoles 5 and 7 and suggested that
a mixed dimer of lithium amide base from (1R,2S)-3
and the appropriate lithiated imidazole was the reactive
species.8a,b,e

mailto:paob1@york.ac.uk


Scheme 1.

Scheme 2.

8316 S. J. Oxenford et al. / Tetrahedron Letters 46 (2005) 8315–8318
Our plan was to extend Ahlberg�s sub-stoichiometric
chiral base conditions with imidazoles 4 and 6 to more
functionalised epoxides such as trans-8, cis-8, trans-9
and cis-9. Due to unexpected epoxide ring opening using
imidazole 6 with epoxides 8 and 9 (vide infra), we elected
to modify the structure of the imidazoles. In this letter,
we report the scope and limitations of the catalytic
asymmetric rearrangement of these epoxides using the
lithium amide base from (1R,2S)-3 and three different
lithiated imidazoles.
Epoxides trans-8,10b cis-8,10b trans-913 and cis-9,13 to-
gether with diamine (1R,2S)-3,12 were prepared accord-
ing to the literature procedures; 1-methylimidazole 4
and 1,2-dimethylimidazole 6 are commercially available.
To start with, we reacted each of the four epoxides
under standard Ahlberg conditions using imidazoles 4
and 6. Typical reaction conditions involved lithiation
of 0.2 equiv of diamine (1R,2S)-3 and 1.8 equiv of imid-
azole 4 or 6 using 2.0 equiv of n-BuLi in THF at 0 �C.
Then, the epoxide was added and the solution was
allowed to warm to room temperature over 2 or 4 h.
The reactions were then stirred at room temperature
to give total reaction times of 18–64 h. The results of
these reactions are summarised in Schemes 2 and 3.

Using imidazole 4, epoxides cis-8, trans-9 and cis-9 did
not generate any of the expected allylic alcohols and
only high yields of recovered starting epoxides were
obtained. In contrast, epoxide trans-8 was successfully
transformed into allylic alcohol 10 in 95% yield and
82% ee (Scheme 2). This catalytic reaction proceeds with
lower enantioselectivity than the corresponding stoichio-
metric version (P95% ee using 2 equiv of (1R,2S)-
3).10c A competing background racemic rearrangement
reaction could be invoked to explain the lower enantio-
selectivity since reaction of epoxide trans-8 with 2 equiv
of imidazole 4/n-BuLi alone gave a 43% yield of allylic
alcohol 10 (with 52% recovered starting material) under
otherwise identical conditions. Such a background reac-
tion was not observed with cyclohexene oxide and has
not been commented on previously.8a

The results obtained using imidazole 6 with epoxides
trans-8, cis-8, trans-9 and cis-9 are shown in Scheme 3.
With epoxide trans-8, allylic alcohol 10 was produced
in 77% yield and 66% ee for the catalytic reaction. The
mass balance was accounted for by 5% recovered epox-
ide trans-8 and a 10% yield of essentially racemic hydro-
xy imidazole 11 resulting from nucleophilic ring opening
of the epoxide by the lithiated imidazole. As observed
with imidazole 4, the reduced % ee compared to the stoi-
chiometric reaction appears to be the result of a compet-
ing background racemic reaction: treatment of epoxide
trans-8 with 2 equiv of imidazole 6/n-BuLi afforded
allylic alcohol 10 (24% yield) and hydroxy imidazole
11 (66% yield). The other three epoxides were far more
susceptible to the ring opening process and hydroxy imi-
dazoles 12 (98% yield), 14 (53% yield) and 15 (59% yield)
were the main or only products (Scheme 3).14,15

Full characterisation of 11, 12, 14 and 15 identified that
they were products of substitution at the C-2 methyl
group of 6. This was important since lithiation of imid-
azole 6 and subsequent trapping (e.g., with ketones) has
been reported to give products functionalised at the C-2
methyl group or at the conjugated C-5 position on the
ring.16 The epoxide ring opening reaction that we ob-
serve is precedented in one isolated example with ethyl-
ene oxide.17 No allylic alcohols were detected from the
reactions of epoxides cis-8 and cis-9.

Although allylic alcohol 13 was obtained as the minor
product (15% yield), we were encouraged that it was
generated with 72% ee since reaction with 2 equiv of
(1R,2S)-3 gave 13 of 78% ee (62% yield) and these are
comparable with the best enantioselectivity for such
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substituted trans-cyclopentene oxides.10a,13 Indeed, the
similar % ee of allylic alcohol 13 for the stoichiometric
and catalytic reactions suggested that there was no back-
ground reaction. This was verified using 2 equiv of imid-
azole 6/n-BuLi with epoxide trans-9 which gave hydroxy
imidazole 14 only (54% yield).

At this stage, a direct comparison of the results with
epoxides trans-8, cis-8, trans-9 and cis-9 with those
obtained using cyclohexene and cyclopentene oxide
was carried out. For reactions in the absence of diamine
(1R,2S)-3, we found that lithiated 1,2-dimethylimidazole
6 ring-opened cyclohexene and cyclopentene oxides to
give the corresponding hydroxy imidazoles in 49% and
45% isolated yields, respectively. With cyclopentene
oxide under typical catalytic conditions using diamine
(1R,2S)-3 and 1,2-dimethylimidazole 6, a 20% yield of
the hydroxy imidazole was obtained; for cyclohexene
oxide, under identical conditions, a 7% yield of the
hydroxy imidazole was isolated. Thus, even with these
simple epoxides, some ring opening by the lithiated
imidazole does occur under the catalytic conditions.

Surprised by the observation of a background reaction
for epoxide trans-8 and epoxide ring opening for all four
epoxides trans-8, cis-8, trans-9 and cis-9, we turned our
attention to the use of an alternative lithiated imidazole.
With the idea that increased steric hindrance in the imid-
azole would reduce the amount of ring opening (and
hence improve the yield of allylic alcohol), the use of
substituted imidazole 16 in the rearrangement of epox-
ides trans-8 and trans-9 was investigated (Scheme 4).
Imidazole 16 is known18 (although not fully character-
ised) and was prepared by N-alkylation of the parent
NH imidazole using the literature conditions.18b
To our delight, use of imidazole 16 in place of imidazole
6 led to improved yields of allylic alcohols 10 and 13 and
no epoxide ring opening. Thus, epoxide trans-8 gave
allylic alcohol 10 in 86% yield and 73% ee and epoxide
trans-9 gave allylic alcohol 13 in 43% yield and 68% ee
(Scheme 4). As with imidazole 6, there was no back-
ground racemic rearrangement with the cyclopentene
oxide trans-9 and the enantioselectivity was similar to
the stoichiometric result. In contrast, reaction of epox-
ide trans-8 with 2 equiv of imidazole 6/n-BuLi alone
gave an 11% yield of allylic alcohol 10 suggesting the
presence of a background racemic rearrangement.

In summary, the results presented here show that rear-
rangement of functionalised cyclopentene and cyclohex-
ene oxides such as trans-8, cis-8, trans-9 and cis-9 to
allylic alcohols is accompanied by other reaction mani-
folds, not previously noted for cyclohexene oxide.8b,d

These include epoxide ring opening to give hydroxy
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imidazoles with imidazole 6 and racemic rearrangement
as a background reaction for cyclohexene oxide trans-8
with imidazoles 4, 6 and 16. By modifying the imidazole
structure, we have shown that epoxide ring opening for
both epoxides trans-8 and trans-9 can be minimised
whilst maintaining satisfactory enantioselectivity. Thus,
using imidazole 16, trans-8 gave allylic alcohol 10 in 86%
yield and 73% ee whereas trans-9 gave allylic alcohol 13
in 43% yield and 68% ee. For the catalytic rearrange-
ment of epoxide trans-8, the use of imidazole 4 was opti-
mal: allylic alcohol 10 was obtained in 95% yield and
82% ee in a relatively short reaction time (18 h). Unfor-
tunately, we were unable to extend the use of this imid-
azole to other epoxides. Our results indicate the
importance of imidazole structure on the yield and
enantioselectivity of epoxide rearrangement under Ahl-
berg�s catalytic conditions.
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