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Free radical addition to carbon—carbon double bonds is one
of the most important reactions in organic chemistry. Many
polymers of commercial interest are formed by free radical
addition, and within the last decade, this reaction has been used
extensively in organic synthesis. The control of stereochemistry
in free radical reactions has been substantially advanced in recent
years, and today there is a good understanding of factors that
are important in determining the configuration of stereogenic
centers formed in diastereoselective free radical additions.’
Auxiliary groups have been developed that exhibit good control
for additions of acyclic radicals, and many “substrate-controlled”
reactions have been reported as well. The underlying theme
for these developments in stereocontrol has been to fix the
configuration of resident chiral groups in the auxiliary or in
the substrate relative to the new stereogenic center being formed
from the free radical. This strategy, which was modeled on
the powerful approaches developed in carbanion and cycload-
dition chemistry,? works successfully for chiral groups attached
to the free radical as well as to the alkene undergoing addition.
While many of the problems associated with auxiliary and
substrate-controlled diastereoselective free radical reactions have
been solved and successful examples of these reaction types
are now common,’ it is of some note that enantioselective free
radical reactions, including additions, have been elusive.

Free radical additions are subject to polar effects, and Lewis
acids are known to catalyze some polymerizations.* Lewis acids
have also been used to conformationally fix resident chiral
centers through chelation in free radical auxiliary and substrate-
controlled reactions.® Chiral Lewis acids have been used with
modest success in atom transfer reactions of cyclic substrates,’
but no examples of substantial control of stereochemistry by
chiral Lewis acids have been reported for acyclic radicals in
free radical addition reactions. We report here that zinc ion as
a Lewis acid, used in conjunction with chiral bidentate ligands,
promotes free radical addition to a suitably substituted acryla-
mide. We further note that the addition reactions of the
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acrylamide-derived free radical occur with good to excellent
enantioselectivity.

The reaction of alkyl iodides, electron-deficient alkenes, and
allyltributylstannane has been used extensively to test the
efficacy of auxiliary groups in free radical additions.! This
reaction propagates well at room temperature or above for most
alkenes, but the reaction can be sluggish at low temperatures.
Indeed, the rate of addition of free radicals to allyltributylstan-
nane is borderline at room temperature, and at low temperatures
this step in the chain sequence apparently slows to the extent
that chain propagation does not occur for many alkenes.5 We
envisioned the possibility of activating appropriately substituted
electron-deficient alkenes by complexation of a chiral Lewis
acid promoter. The resulting reactivity difference would provide
the possibility for enantioselection since the chiral radical would
then propagate preferentially.
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Reaction of 17 (20 mM) in methylene chloride with cyclo-
hexyl iodide and allyltributylstannane at —78 °C in the presence
of zinc triflate (1 equiv) and the chiral bidentate ligand 3a® (1
equiv) gives a clean conversion to adduct 2 with isolated yields
of between 55 and 90% if triethylborane® is used as a low-
temperature initiator, see eq 1. rert-Butyl iodide has also been
used in the addition sequence, and excellent yields of the fert-
butyl (1:1:1) adduct are obtained under reaction conditions that
include zinc triflate and the chiral ligand.'0

Without the chiral ligand and zinc triflate or without the
initiator, the reaction gives only low conversion to adduct 2 at
—78 °C. Temperatures above 0 °C and a 5—10-fold excess of
allylstannane are required to give (1:1:1) adduct 2 as the major
product without the Lewis acid. Lower allylstannane:alkene
ratios give substantially more telomeric products that incorporate
two or three acrylamides per chain under these conditions.!!
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Table 1. Reactions of Alkene 1 with Alkyl lodides, Zn(OTf), and Allyltributylstannane’

entry R (equiv of RI)” ligand (L¥*) LM:L* ¢ solvent isolated yield (%) R:S ee
| c-hexyl (10) a(s.s) 1:1:1 CH,Cl, 62 25:75 50

2 c-hexyl (10) a(S.5) kI | ether 90 18:82 64

3 c-hexyl (10) a(s.s) 1:2:2 ether 61 10:90 80

4 c-hexyl (1.5) a(R.R) 1:1:1:2 d 62 84:16 68

5 c-hexyl (1.5) a(R.R) 1:2:2.4 d 92 86:14 72

6 tert-butyl (5) a5 1:1:1.2 d 78 6:94 88

7 tert-butyl (5) a(R.R) 1:1:1.2 d 92 95:5 90

8 tert-butyl (5) a(R.R) 1:2:2.1 ether 55 94:6 88

9 c-hexyl (10) b (S.5) 13121 CH-Cl» 60 50:50 0
10 c-hexyl (10) c(S.S) 55 CH-Cl» 63 33:67 34

“ Reaction at —78 °C initiated by triethylborane with 20 mM 1, 1.5—10-fold equivalents of alkyl iodide and allyltributylstannane. ” Equivalents
of RI and allylstannane used. ¢« M = Zn(OTf),. ¢ Pentane/CH-Cl, solvent mixture, 40:60.

Analysis of adducts 2 by chiral capillary gas chromatogra-
phy' indicates substantial enantiomeric enrichment of the
product of the addition sequence under some reaction conditions.
Product enantiomer ratios as high as 95:5 are obtained (90%
enantiomeric excess, Table 1, entry 7) with enantioselectivity
depending critically on the chiral ligand, the solvent, the Lewis
acid, and the radical undergoing the addition reaction. Use of
ligand 3b gives racemic product (entry 9) while 3¢ gives product
with somewhat lower enantioselectivity (entry 10) than reactions
utilizing 3a. Selectivities obtained are lower when the ligand
and zinc 1on equivalents are reduced compared to 1. Excess
ligand and zinc ion improve the selectivity in the reaction of
cyclohexyl radicals (entries 2 and 3) while this effect is not as
substantial for additions of terr-butyl radicals. Zinc chloride
and magnesium triflate chiral complexes give racemic products
under conditions identical with those used for zinc triflate
although these Lewis acids appear to promote the addition
sequence. Scandium triflate gives low selectivity (<10%) when
used under our best conditions. It is of some synthetic interest
that the reaction proceeds well with only 1.5 equiv of alkyl
iodide and allyltributylstannane (Table 1, entries 4 and 5)
compared to the alkene, if zinc triflate and 3a are present.

Reaction of alkene 1 in methylene chloride at temperatures
above 0 °C with Lewis acid, allylstannane, and chiral ligand
gives a complex product mixture that includes product 4, a (3
+ 2) adduct of allylstannane and 1.'* This cycloaddition
becomes important at above room temperature even in the
presence of cyclohexyl iodide and radical initiator.

Chiral (1:1:1) adduct 2 is hydrolyzed with LiOOH under
standard conditions,” and the product acid is converted to the
corresponding methyl ester with diazomethane. Analysis of this
methyl ester by chiral capillary gas chromatography indicates
that the major enantiomer formed in the addition sequence has
the § configuration if ligand 3a or 3¢ have the $.,S configura-
tion.

The Lewis acid complexation of alkene 1 with zinc triflate
and ligand 3a may activate the alkene toward addition by
nucleophilic radicals such as cyclohexyl and rert-butyl, but the
stereoselective step in the sequence is, nevertheless, the
subsequent addition—fragmentation reaction of the intermediate
radical 5 with allyltributylstannane. It therefore seems likely
that the bis(oxazoline), the sole source of chirality in the
reaction, and zinc ion are associated with the radical at the stage
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of the allyl addition reaction. A model similar to that proposed
for Lewis acid catalyzed Diels—Alder reactions'” can be used
to rationalize the configuration of product 2. Both the chiral
S.S bis(oxazoline) and the acryloyl oxazolidinone are bidentate
ligands which are coordinated to a central tetrahedral zinc ion'®
in a 1:1:1 complex in this model. Chelation of the bis-
(oxazoline) ensures a C> symmetric conformation. The ZZ
conformation of the acryloyl oxazolidinone is fixed by chelation
of the carbonyls; the s-cis conformation of the a-amidy] radical
is preferred for steric reasons.' In this model, the back face of
the prostereogenic radical is protected from reaction by one of
the phenyls of the ligand while the other phenyl of the ligand
is remote from the open face of the radical. Addition occurs to
the front face of the radical shown in the model, the S product
being formed in reactions utilizing the S,S ligand.

The enantioselective addition allyl transfer sequence of 1
utilizing zinc triflate and chiral ligand 3 may prove to be useful
as a guide for the development of catalytic enantioselective free
radical carbon—carbon bond forming reactions.'” Furthermore,
it may be useful in its own right as a practical route to chiral
organic substructures.
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