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Asymmetric radical carbon�carbon bond forming reactions in
chiral amides and imides under sulfonyl groups stereocontrol
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Abstract—Asymmetric radical carbon–carbon bond formation was achieved in chiral amide and imide systems under sulfonyl
group stereocontrol, providing high diastereoselectivity. The stereochemistry of the products was determined and the mechanism
of the stereochemical pathways is rationalized by the formation of chelates of Lewis acid metals between oxygens of acetyl, amide,
and imide carbonyls, or sulfonyl groups.
© 2003 Elsevier Ltd. All rights reserved.

There have been numerous methods reported for the
asymmetric synthesis of biologically active chiral com-
pounds,1 on which much interest has been placed for
the development of new drugs in the pharmaceutical
area. Of these, asymmetric radical reactions have
received much attention in recent years,2 particularly
for creating carbon–carbon bonds enantioselectively.3

However, there are only a few reports of enantioselec-
tive radical reactions using a stoichiometric4 or catalytic
amounts5 of Lewis acids as chiral catalysts. For
instance, currently we have been developing a new
asymmetric radical reaction with Lewis acids coordi-
nated by chiral sulfoxide ligands.6

Use of Lewis acids in radical reactions is of
importance7 for increasing the reactivity and the
stereoselectivity in some cases, owing to the stereocon-
trol of the conformation of the reaction substrates by
the coordination to Lewis acids employed.

We wish to communicate herein a diastereoselective
radical carbon–carbon bond forming reaction in chiral
amides and imides, and demonstrate the high
diastereomeric efficiency resulting from the stereocon-
trol by coordination of oxygens of ketone, amide, and
imide carbonyls or sulfonyl functions involved to Lewis
acids.

The radical allylation of 2-bromopropionic acid (S)-
proline methyl ester amide, (S)-1, with allyltri-n-butyl-

stannane was carried out at −78°C in CH2Cl2 for 3 h in
the presence of MgBr2·OEt2 (3 equiv.) and triethylbo-
rane (10 equiv.) to give (2R)-2 in 97% yield with 38.8%
d.e. The allylation of an imide (S)-3 under similar
reaction conditions (−78°C, for 3 h) provided slightly
higher diastereoselectivity of (2S)-4 (ZnCl2·OEt2: 45.5%
d.e., 91% yield and MgBr2·OEt2: 61.8% d.e., 91% yield).
No reaction occurred without Lewis acids or with
methylaluminum bis(2,6-di-tert-butyl-4-methylphenox-
ide) (MAD) as a Lewis acid in the above reaction of
(S)-1 and (S)-3 (Scheme 1).
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bonyl groups, respectively. The attack of the allylstan-
nane would occur, as shown in 10 and 11, from the
back side of the ester groups at the stereogenic centers
to afford (2R)-6, and (2S)-8, respectively (Scheme 3).

Introduction of sulfonyl functions into reactive sites
improved the reactivity of the radicals generated with
unusually higher stereoselectivity. The reactivity of �-
sulfonyl radicals depends on the Lewis acids used.
Radical allylations of 3-bromo-3-p-toluenesulfonyl-2-
butanone with allyltri-n-butylstannane were studied in
CH2Cl2 at −78°C in the presence of triethylborane (3.0
equiv.) using various Lewis acids (1.0 equiv.). Use of
ZnCl2·OEt2, Zn(OTf)2, MgBr2·OEt2, Mg(OTf)2, or
Ti(Oi-Pr)4 as a Lewis acid provided an allylated ketone,
3-methyl-3-p-toluenesulfonyl-5-hexen-2-one, in moder-
ate chemical yields. An aluminum Lewis acid, MAD,
was found to be the most effective for increasing the
reactivity of the radical resulted, providing an excellent
chemical yield (81%).

The allylations of �-sulfonyl imides (S)-12a,b with allyl-
tri-n-butylstannane were studied in CH2Cl2 at −78°C
for 5 h in the presence of triethylborane (2.0 equiv.) and
various Lewis acids (l.0 equiv.) such as ZnCl2·OEt2,
Zn(OTf)2, MgBr2·OEt2, Mg(OTf)2, Ti(Oi-Pr)4, or
MAD. The results obtained are listed in Table 1. The
reactions without a Lewis acid provided lower chemical
yields with extremely poor d.e. Use of Lewis acids in
the above reaction resulted in smooth conversion of
(S)-12a,b into (2R)-13a,b with moderate d.e. Surpris-
ingly, however, use of an aluminum Lewis acid, MAD,
provided excellent chemical yields and extremely high
diastereoselectivity, as listed in Table 1. Contrary to

The stereocontrol by the �-keto carbonyl groups was
observed in the radical allylation of the corresponding
�-acetoacetic amide 5 or imide 7. The radical reactions
of an amide 5 with allyl-tri-n-butylstannane were car-
ried out at −78°C in CH2Cl2 for 3 h under the same
reaction conditions as mentioned above to give (2R)-6
with 39.1% d.e. (ZnCl2·OEt2, 48% yield) and 38.5% d.e.
(MgBr2·OEt2, 51% yield). The reaction of an imide 7a
was conducted under similar reaction conditions to
provide (2S)-8a with 32.8% d.e. (ZnCl2·OEt2, 81%
yield) and 54.2% d.e. (MgBr2·OEt2, 82% yield).
Replacement of the methyl ester in 7a with t-butyl ester
7b provided excellent diastereoselectivity: 89.2% d.e.
(MgBr2OEt2, at −78°C, 91% yield) and 82.1% d.e.
(MgBr2·OEt2, at 0°C, 87% yield). The absolute configu-
rations of newly created asymmetric carbon centers in
the products 2, 4, 6, and 8a,b were determined by
chemical correlation to (S)-2-methyl-4-pentenoic acid8

and (S)-(−)-2-acetyl-2-methyl-4-pentenoic acid9 of
known absolute configuration (Scheme 2).

These stereochemical results can be rationalized by
stereocontrol with coordination of the functional
groups involved to Lewis acids. A six-membered chelate
9 would be formed by coordination of the two carbonyl
oxygens of the imide in (S)-3 to Lewis acids. The
allylstannane attacks the reactive site in 9 from the
back side of the ester group at the stereogenic center to
give (2S)-4. In the case of an �-acetoacetamide 5 and
an imide 7, however, participation of the �-keto group
for chelation would be preferred to give conformation-
ally favored six-membered chelates 10 and 11, due to
the effects of the dipole–dipole repulsion betweeen the
ester and the amide carbonyl groups or two imide-car-

Scheme 2.

Scheme 3.
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Table 1. Asymmetric induction in radical carbon–carbon bond forming reactions of (S)-12a,ba

Lewis acid Reaction time (h)Substrate Reaction temp. (°C) Yield (%) of 13a,b D.e. (%) of (R)-13a,bb

12a None 10 −78 27 4
ZnCl2·OEt2 5 0 73 20
Zn(OTf)2 5 −78 63 8
MgBr2·OEt2 5 −78 76 24
Mg(OTf)2 5 −78 86 27
Ti(Oi-Pr)4 5 −78 72 46
MAD 5 −78 78 81

12b None 10 −78 33 3
ZnCl2·OEt2 5 0 52 25
Zn(OTf)2 5 −78 58 32
MgBr2·OEt2 5 −78 52 25
Mg(OTf)2 5 −78 47 64
MAD 5 −78 77 83

a The reactions of (S)-12a,b with allyltri-n-butylstannane (2.0 equiv.) were carried out in CH2Cl2 at −78°C in the presense of Lewis acids (1.0
equiv.) and triethylborane (2.0 equiv.).

b The diastereomeric excess (d.e.) of 13a,b was determined by HPLC analysis with ODS.

our expectation, the steric bulk of the ester groups was
not effective in achieving high stereoselectivity.

The absolute configuration of a newly created stereo-
genic carbon centers in 13a,b was determined by chem-
ical correlation to (S)-(−)-2-methyl-2-p-toluenesulfonyl-
4-pentenoic acid10 of known absolute configuration
(Scheme 4).

The rationalization of the stereochemical results
obtained is as follows. The preferred formation of a
chelate 14 between the two oxygens of the imide car-
bonyl group, followed by the radical allylation from the
backside of the ester group, provides (2S)-13, which is
not coincident with the experimental result. The forma-
tion of a chelate 15 betweeen the oxygens of the imide
carbonyl and the sulfonyl group would be due to the
dipole–dipole repulsion between the two imide-car-
bonyls, generating a new stereogenic sulfur atom by
selecting one of the sulfonyl oxygens with the steric
effect of the ester group. The allylation from the back

side of a bulky tolyl group on the newly created stereo-
genic sulfur atom provides (2S)-13, which is not coinci-
dent with the results obtained above. So, finally it is
certainly rationalized by the formation of a chelate 16
between one of the imide carbonyl and an oxygen of
the sulfonyl group, owing to the dipole–dipole repul-
sion between one of the imide carbonyl and the ester
group, in which one of the two oxygens of the sulfonyl
group is sterically preferred to generate a stereogenic
sulfur atom by the effect of the original stereogenic
center with the ester group. The allylatannane attacks
the reactive site from the less crowded sulfur-oxygen
side in 16 by circumventing the steric interference of the
p-tolyl group on a newly generated stereogenic sulfur
atom, affording (2R)-13 (Scheme 5).

In the case of a monodentate Lewis acid (MAD),
coordination of one of the two oxygens of the sulfonyl
group to an aluminum atom of MAD, as shown in 17,
would be crucial for achieving high diastereoselectivity.
A new stereogenic sulfur atom generated by the effect
of the original stereogenic center affected asymmetric
induction in the radical allylation to give (2R)-13 with
high diastereoselectivity by the attack of the allylstan-
nane from the less crowded sulfur-oxygen side (Scheme
6).

Thus, an �-sulfonyl radical provided high reactivity and
diastereoselectivity on the use of an aluminum Lewis
acid (MAD), presumably by formation of an aluminum

Scheme 4.

Scheme 5.
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chelate between the amide carbonyl and the sulfonyl
oxygens, in which one of the oxygens would be steri-
cally selected by the effect of the original stereogenic
center with an ester group to create a stereogenic
sulfonyl sulfur atom, providing high diastereoselectivity
by the effect of the new chirality.
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