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a b-alkoxy leaving group: regioselective preparation and evaluation

of enolate stability towards b-elimination
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Abstract—Deprotonation of a ())-quinic acid-derived ketone {(2S,3S,4aR,8R,8aS)-8-[(tert-butyl(dimethyl)silyl)oxy]-2,3-dimethoxy-
2,3-dimethylhexahydro-1,4-benzodioxin-6(5H)-one} using lithium hexamethyldisilazide (LHMDS) at )78 �C gave one regioisomeric
enolate. The regiocontrol is governed by the axial b-silyloxy substituent and the resulting lithium enolate is stable towards b-
elimination at temperatures up to )40 �C. It was found that the axial b-silyloxy group could be conveniently eliminated using
2.1 equiv of LHMDS at 0 �C for 1 h and that an equatorial b-alkoxy group was much more resistant to b-elimination. A chiral
lithium amide base was used to overturn the inherent regioselectivity of ketone deprotonation with LHMDS.
� 2004 Elsevier Ltd. All rights reserved.
())-Quinic acid is a very useful and versatile chiral pool
starting material for natural product synthesis1 and
many groups have developed elegant syntheses based on
stereoselective reactions of ())-quinic acid derivatives.2

Highlights over the last few years include the prepara-
tion of some gabosines by Shinada et al.3 and the total
synthesis of ())-brunsvigine by Sha et al.4 Recently, we
reported a range of highly stereoselective reactions of
enone 1 (prepared in three steps from ())-quinic acid)
culminating in a new entry to the core of scyphostatin,5

an inhibitor of neutral sphingomyelinase.
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In our previous work, it was shown that the lithium
enolate generated from 1 (by deprotonation with
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LHMDS) did not eliminate the potential b-alkoxy
leaving group (equatorial orientation due to the con-
formational lock imparted by the Ley bis-ketal)6 at
)78 �C over 30min. In a related study, we decided to
investigate the deprotonation and subsequent elimina-
tion of ketone 2, also prepared from ())-quinic acid.
Several interesting features are presented by studying
ketone 2: (i) being unsymmetrical, the regioselectivity of
deprotonation needed to be determined and for regio-
control, we imagined making use of chiral lithium amide
bases;7;8 (ii) the enolates generated from 2 possess either
an axial b-silyloxy group or an equatorial b-alkoxy
group allowing us to investigate stereoelectronic pref-
erences for elimination in the same substrate and (iii)
it was hoped that ketone 2 could itself become an
established and useful synthetic intermediate if regio
and stereoselective functionalisation processes could be
developed. In this paper, we report our findings on the
deprotonation and subsequent elimination of ketone 2.

During the course of our work, full details of the
preparation and characterisation of ketone 2 were
reported by Whitehead and co-workers.9 Based on their
route, we modified our own methods and optimised a
very convenient way of preparing multi-gram quantities
of ketone 2. First of all, ())-quinic acid was converted
into bis-ketal 3 (with concomitant methyl ester forma-
tion) in 99% yield (after chromatography). Then, methyl
ester reduction using NaBH4 in MeOH at room tem-
perature (18 h) gave a 1,2-diol that was cleaved (without
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isolation or work-up) to hydroxy ketone 4 after adding
water and NaIO4 (5.5 equiv) and stirring at room tem-
perature for 3 h. Work-up generated crude hydroxy
ketone 4 of high purity (as judged by 1H NMR spec-
troscopy), which was TBS protected under standard
conditions to give the desired ketone 2 {½a�20D +99.6 (c
1.0, CH2Cl2) (lit.,

9 ½a�D +93.5 (c 0.86, CH2Cl2))} in 67%
yield (after purification by column chromatography)
over the three steps from bis-ketal 3. Instead of TBS
protecting, crude hydroxy ketone 4 was also eliminated
(using well documented conditions)10 to give known5;10

enone 1 {½a�20D +70.4 (c 1.0, CH2Cl2) (lit.,
10 ½a�D +64.4 (c

0.39, CH2Cl2))} in 90% overall yield from bis-ketal 3.
These protocols for preparing enone 1 and ketone 2 are
the most convenient synthetic routes reported to date11

and, by using Whitehead�s NaBH4 reduction of 3,
avoid the use of a problematic DIBAL-H reduction
step.5;10
Table 1. Study on the deprotonation–elimination of ketone 2
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T (˚C) time (min)

Entry LHMDS (equiv) T (�C)a Time (min)a 1:2b

1 1.05 )78 60 0:100

2 1.05 )40 60 15:85

3 1.05 0 60 45:55

4 2.10 )78 60 2:98

5 2.10 )40 60 65:35

6 2.20 )40 90 75:25

7 2.20 )40 120 85:15

8 2.10 0 60 90:10

9 0.90 0 180 70:30

a The lithium enolate derived from ketone 2 was formed at )78 �C
using LHMDS (equivalent indicated) and it was then stirred at T (�C)
for a given time (min).

b The ratio of 1:2 was determined by 1H NMR spectroscopy on the

crude product mixture (essentially quantitative yield in each case).
Initially, the regioselectivity of deprotonation of ketone
2 using LHMDS was determined. Treatment of a THF
solution of ketone 2 with LHMDS at )78 �C for 30min
followed by enolate trapping with Me3SiCl furnished a
single silyl enol ether 5 in quantitative crude yield. The
identity of 5 was established from its 1H NMR spectrum
(vide infra) and none of the regioisomeric silyl enol ether
was generated under these conditions. The regioselec-
tivity is presumably controlled by the acidifying effect on
the C-2 proton Hax by the axially disposed b-silyloxy
group (antiperiplanar arrangement of the axial rC–H
and axial r*C–O orbitals). We have found one previous
report of the use of an axial b-alkoxy group controlling
the regioselectivity of deprotonation in a cyclohexanone
(although not commented on by the authors): an axial b-
silyloxy group led to complete regiocontrol of silyl enol
ether formation in a route from DD-glucose to (+)-caly-
stegine B2.

12 In this example, and in the generation of
silyl enol ether 5, it is notable that no elimination of the
axial b-silyloxy group occurred. Similar results have
been obtained by a number of groups using chiral bases
at )78 �C in related systems.7;13 However, of particular
interest, Wipf et al. have reported that the enolates
of cyclohexenones with a b-N-CO2R group are only
susceptible to elimination at temperatures above
)20 �C.14
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The regioselective preparation of a lithium enolate with
an axial b-silyloxy group enabled a detailed investiga-
tion of the elimination process. Thus, we generated the
lithium enolate by deprotonation of ketone 2 using
LHMDS at )78 �C over 30min.15 The solution was then
stirred at a particular temperature for a given length of
time and quenched with saturated NH4ClðaqÞ. After
work-up, the crude reaction mixture was analysed by 1H
NMR spectroscopy to determine the amount of ketone
2 and enone 1 (elimination product). The full results are
presented in Table 1. In all cases, the crude product
mixture was obtained in essentially quantitative yield.

Initially, reactions were conducted using 1.05 equiv of
LHMDS (entries 1–3). At )78 �C, the lithium enolate
from 2 was stable to elimination of the b-silyloxy group
for 1 h and probably much longer (entry 1). On raising
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the temperature (entries 2 and 3), we observed some b-
elimination (up to 45% at 0 �C over 1 h, entry 3). Much
more surprising was our observation when 2.10 or
2.20 equiv of LHMDS were utilised, as this led to con-
siderably more b-elimination under otherwise identical
conditions (compare entries 2 with 5 and 3 with 8). The
highest amount of b-elimination (90%) was achieved
with 2.10 equiv of LHMDS at 0 �C for 1 h (entry 8).
Surprisingly, we were not able to force the b-elimination
to completion using extended reaction times: some
ketone 2 (up to 5–10%) always remained unaffected.

The conditions reported in entry 8 (2.10 equiv LHMDS,
THF, 0 �C, 1 h) represent a new set of conditions for the
elimination of an alkoxy group b to the carbonyl in a
cyclohexanone and this could have synthetic utility.16

Once the b-elimination has occurred, it seems likely that
the excess LHMDS will deprotonate the enone 1 to give
an enolate that appears to be resistant to further b-
elimination at 0 �C. To verify this interesting result,
enone 1 was deprotonated at )78 �C with LHMDS15

(1.1 equiv, 30min) and then stirred at 0 �C for 1 h. After
quench and work-up, enone 1 was recovered unchanged
in quantitative yield confirming that the lithium enolate
from 1 is indeed stable to b-elimination under these
conditions.

With ketone 2, it is interesting that 2.10 equiv of
LHMDS gives far more elimination compared to the use
of 1.05 equiv. This may be due to the formation of an
aggregate (e.g., a dimer between the lithium enolate and
LHMDS)17 in solution that favours b-elimination.18

Speculating that the 0.05 equiv excess of LHMDS in the
1.05 equiv conditions (entries 2 and 3) may be catalysing
the b-elimination process, we carried out a reaction with
a deficiency of LHMDS (0.9 equiv) at 0 �C for an ex-
tended time of 180min. In this case, 70% elimination
occurred (entry 9) indicating that the lithium enolate
from 2 is prone to b-elimination of the axial OTBS
group at 0 �C even without an additional equivalent of
LHMDS present. As described above, this is in contrast
to the lithium enolate from 1, which did not undergo
elimination of the equatorial-alkoxy group at 0 �C.

In order to overturn the inherent regioselectivity of
deprotonation presented by ketone 2, our attention
switched to the use of chiral bases. The regioselective
preparation of silyl enol ethers using chiral lithium
amide bases has previously been reported by Koga
and co-workers8a and Simpkins and co-workers8b We
selected chiral base (S)-6, originally introduced by Aoki
and Koga,19 as it is easy to synthesise the amine pre-
cursor,20;21 it does not require the use of HMPA for high
enantioselectivity and it performs well (up to 89% ee)
even at )78 �C. In addition, based on Koga�s results,19

chiral base (S)-6 should exhibit the required regioselec-
tivity for removal of proton HA (Fig. 1).

The deprotonation of ketone 2 using chiral base (S)-6
was carried out under external and internal quench
conditions. For externally quenched reactions, Simpkins
and Majewski recommend the use of LiCl as an addi-
tive.22 Thus, ketone 2 was deprotonated in THF at
)78 �C with 1.2 equiv of chiral base (S)-6/LiCl (gener-
ated from 1.2 equiv of the amine hydrochloride salt and
2.4 equiv of n-BuLi) for 30min. Subsequent trapping
with Me3SiCl gave a 90:10 mixture of silyl enol ethers
723 and 5 (by 1H NMR spectroscopy) in crude quanti-
tative yield, that is, a virtually complete reversal of
regioselectivity was achieved. Essentially the same result
(87:13 of 7 and 5) was obtained under internal quench
conditions.24 In order to obtain silyl enol ethers 7 and 5
free from the chiral amine precursor to (S)-6, it was
necessary to purify by column chromatography resulting
in a 41% isolated yield of a 90:10 mixture of 7 and 5.
Thus, by using LHMDS or chiral base (S)-6 regio-
selective access to synthetically useful silyl enol ethers
5 and 7, respectively, was accomplished.
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In summary, we have described different conditions for
the regioselective generation of silyl enol ethers 5 and 7
from unsymmetrical ())-quinic acid-derived ketone 2.
For example, chiral lithium amide base (S)-6 was used
to preferentially prepare silyl enol ether 7 from ketone 2.
In contrast, LHMDS deprotonation-trapping of 2 gave
silyl enol ether 5 exclusively, presumably due to an
activating effect of the b-silyloxy group. The lithium
enolate derived from 2 and LHMDS (1.05 equiv) was
completely stable to elimination of the b-silyloxy group
at )78 �C for 1 h. However, at elevated temperatures
some b-elimination was observed (e.g., 15 % at )40 �C
and 45% at 0 �C; both over 1 h) and this process
occurred to a much greater extent in the presence of
2.10 equiv of LHMDS. In contrast, the lithium enolate
derived from enone 1 and 1.1 equiv of LHMDS did not
eliminate the equatorial b-alkoxy group at 0 �C. These
observations should prove useful for other researchers
utilising b-functionalised cyclohexanones in organic
synthesis.
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