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The stereochemistry of 1,2-additions of allylmagnesium,
allylindium, and allylbismuth to cyclohexenones
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Abstract—Allylmagnesium, allylindium, and allylbismuth generally showed a preference for axial addition to cyclohexenones. Allyl-
magnesium was the most stereoselective. Reactions with an a-methylated enone (carvone) were the most selective, except that allyl-
bismuth was unreactive with this substrate.
� 2006 Elsevier Ltd. All rights reserved.
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The transition structure for the axial 1,2-addition of a
metalated nucleophile to a cyclohexenone is inherently
lower in energy than the transition structure for the
equatorial addition. Houk and co-workers1 ascribed this
difference to both torsional strain in the equatorial tran-
sition structure and maintenance of a nearly coplanar
geometry of the enone moiety in the axial transition
structure. However, the nature of the metal has been
shown to be important with simple cyclohexenones2

and with a-heterosubstituted cyclohexenones.3,4 The
former might be explained by differences in the geo-
metries about the metals;1 the latter might be complicated
by electrostatic, chelation3 and additional steric consi-
derations. Also, significant differences in the mechanism
have been discovered, depending on a number of para-
meters including the metal.5

In connection with ongoing synthetic efforts, we wished
to assess the stereoselectivity of additions of allylindium
to cyclohexenones. This is because allylindium species
were reported to add to a conformationally restricted
ketone, such as 4-tert-butylcyclohexanone, to give epi-
meric alcohols in a ratio of better than 1:4, favoring
the equatorial-addition product, whereas allylmagne-
sium chloride added to the same, saturated ketone to
give the epimeric alcohols in a 1.2:1 ratio, very slightly
favoring the axial-addition product.6,7 In addition, allyl-
indium is tolerant of alcohol functions in the substrate.
Indeed, allylindium reactions can be conducted in an
aqueous medium,8,9 but the diastereoselectivity of allyl-
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indium additions was reported to be better in THF than
in water, although reaction times in THF were very
much longer than in water.9

The reaction of allylmagnesium bromide with 4-tert-
butylcyclohex-2-enone in ether at room temperature
gave a 5:1 mixture of the epimers 1 and 2,10 respectively,
in a combined yield of 83%. The Grignard reaction in
THF gave the same ratio of epimers.
The stereochemistry at the carbinol center was initially
assigned based on the relative chemical shifts of the
carbinol centers in the 13C NMR spectra. The carbinol
signal further downfield should belong to the axial-addi-
tion product.2,4,11 Attempts to corroborate this assign-
ment by measurement of NOE enhancements led to
inconclusive results, so each epimer was hydrogenated
catalytically. The 13C NMR data and melting point of
the saturated tertiary alcohol derived from the minor
epimer matched the data for 4 in the literature.10,12

Thus, the saturated tertiary alcohol derived from the
major epimer was 3.
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An allylindium reagent was prepared in DMF,13 and
this was reacted with 4-tert-butylcyclohex-2-enone at
room temperature for 6 h. A 1:1 mixture of 1 and 2
was obtained in a combined yield of 85%. No change
in the ratio of the epimers was seen when allylindium
reagents were prepared in different solvents, although the
reaction rate was affected: DMF/H2O 1:1 (1 day), H2O
(2 days), and dry THF (incomplete after 7 days).
Paquette and Lobben9 had seen the same trend in the
rates. That the ratio of epimers did not change was
unexpected, as it is known that the nature of the indium
reagent is not the same in aqueous7 and non-aqueous
solutions,6,14 and some changes in stereoselectivity had
been observed in different solvents with 4-tert-
butylcyclohexanone.7

Allylbismuth15,16 is a nucleophile that has received only
scant attention. The stereoselectivity of its additions to
enones was unknown. Allylbismuth reacted with 4-
tert-butylcyclohex-2-enone in THF under reflux to pro-
vide a mixture of 1 and 2 in a ratio of 2.2:1, respectively.

Cholest-4-en-3-one presents facial alternatives that are
very similar to those of 4-tert-butylcyclohex-2-enone.
Allylmagnesium bromide reacted with this enone to give
a 6.3:1 mixture of the epimeric alcohols 5 and 6.17 The
relative positions of the carbinol signals in their 13C
NMR spectra indicated that the major isomer was 5,
the product of axial addition. The allylindium reagent
in DMF provided a 4.5:1 ratio of 5 and 6, respectively.
The allylbismuth reagent in THF under reflux gave 5
and 6 in a ratio of 4.2:1, respectively.
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Carvone is a cyclohex-2-enone with a significant confor-
mational bias but with additional steric bulk in the plane
of the carbonyl by virtue of the methyl group. This
feature was expected to hinder equatorial addition more
than axial addition. Addition of allylmagnesium
bromide to (R)-carvone in ether produced only one
product. In DMF, the allylindium reagent reacted with
(R)-carvone to give the same product18 exclusively. On
the other hand, the allylbismuth reagent in THF showed
no sign of reaction with (R)-carvone, even after
many days under reflux. The stereochemistry of the
single product could not be assigned by comparison of
13C NMR shifts, and overlap in the 1H NMR spectrum
led to ambiguous NOE data. In an initial attempt to
determine the structure chemically, a solution of the
product in CH2Cl2 was stirred with a catalytic amount
of Grubbs’ ‘second generation’ ruthenium catalyst.19

The idea was that the relative stereochemistry of 8, but
not 7, might make the molecule amenable to ring-closing
metathesis. However, the only product (93%) was the
result of intermolecular, cross-metathesis (9).20 A survey
of derivatives of the addition product led to the (b-naph-
thyl)methyl ether (10),20 which had a fortuitously dis-
persed 1H NMR spectrum that allowed unambiguous
assignment of the relative stereochemistry by measure-
ment of the NOE enhancements shown above. There-
fore, the structure of the addition product was 7,20 the
result of axial addition to the carbonyl. This result was
consistent with a significant attenuation of the rate of
equatorial attack by the sterically hindering methyl
group. The allylindium reagent in DMF would not react
with the even more hindered enone 11, to which allyl-
magnesium added with reluctance.21
At the moment, any interpretation of these results can
only be simplistic as the structures of the allylindium
reagent (in DMF) and of allylbismuth are not well
understood, and the mechanisms by which all three
organometallics react may not be similar. Cyclohexa-
none has an inherent tendency to be attacked by nucleo-
philes axially, but other considerations, including steric
effects, may disfavor axial attack. In the reaction of
cyclohexanone with allylmagnesium, any axial-addition
tendency must be almost exactly balanced by other
forces because the axial:equatorial ratio was reported
to be almost 1:1.6,7 The inherent tendency for axial
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addition with cyclohexanone must be overcome by the
other considerations with the allylindium reagent,
because the equatorial-addition product was reported
to predominate.7 The inherent tendency for axial attack
is greater for cyclohexenone than for cyclohexanone.1 In
our hands, in the reactions with the cyclohexenones,
allylmagnesium gave highest proportion of the axial-
addition products, whereas in additions of the allyl-
indium reagent and allylbismuth, the proportions of
axial-addition products were less. Indeed, with the
simplest case, 4-tert-butylcyclohex-2-enone, the allyl-
indium reagent returned a 1:1 mixture of the axial-
and equatorial-addition products.
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