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Achievement of high enantioselectivity in carbon—
carbon bond formation using catalytic amounts of chiral
Lewis acid at practical temperatures is still a formidable
challenge.! Enantioselective carbon—carbon bond con-
struction using free-radical intermediates has begun to
emerge,>® and the first example of chiral Lewis acid-
mediated conjugate radical additions was recently re-
ported.* The use of bisoxazoline (box) ligands® in con-
junction with magnesium and zinc Lewis acids provided
moderate enantiomeric excess (ee) in the conjugate
additions. Key features of this methodology were the
formation of enantiomeric products by changing the
nature of the C4-substituent in the box ligands and the
use of substoichiometric amounts of the Lewis acid. The
enantioselectivity using catalytic amounts of the chiral
Lewis acids, however, was very low (57% ee with 20 mol
% of the catalyst and 50% chemical yield). We surmised
that improvements in enantioselectivity should be pos-
sible by the use of (box) ligands that incorporated two
structural features, (1) a different bite angle® and (2) a
change in the dihedral angle of the box C4-substituent,
i.e., ring constraint. In this paper, we report outstanding
levels of enantioselectivity using catalytic amounts of
chiral Lewis acids in conjugate radical additions. Ad-
ditionally, high levels of enantioselectivity at room tem-
perature using substoichiometric amounts of chiral Lewis
acid are also reported.

The results from isopropyl radical addition to the
cinnamoyl oxazolidinone 1 using magnesium iodide as a
Lewis acid” (eq 1) are tabulated in Table 1.8 Three types

o 0
Lewis acid, Ligand O)LN Ph (1)
\J/

i-Prl, BuzSnH
Et3B/Oj, CH,Cl,

33R1 =H, R2=R3=CH3

3b Ry = H, Ry, Rg = (CH2CHy)
3cR; = CH3, Ro = H3 = CHS

3d Ry = CHj, Ry, Rg = (CHaCHy)

3eRy = R2 = CH3
3f Ry, Ry = (CHaCHy)
39 Ry, Ro = (CHchchg)

3h Ry, Ry = (CH2CH2CHLCH2)

(1) (a) Catalytic Asymmetric Synthesis; Ojima, I., Ed.; VCH: Wein-
heim, 1993. (b) Noyori, R. Asymmetric Catalysis in Organic Synthesis;
Wiley: New York, 1994.

(2) (@) Wu, J. H.; Radinov, R.; Porter, N. A. J. Am. Chem. Soc. 1995,
117, 11029. (b) Urabe, H.; Yamashita, K.; Suzuki, K.; Kobayashi, K.;
Sato, F. J. Org. Chem. 1995, 60, 3576. (c) Murakata, M.; Tsutsui, H.;
Hoshino, O. J. Chem. Soc., Chem. Commun. 1995, 481. (d) Nanni, D.;
Curran, D. P. Tetrahedron: Asymmetry 1996, 7, 2417. (e) Haque, M.
B.; Roberts, B. P. Tetrahedron Lett. 1996, 37, 9123.

(3) For discussion on acyclic diastereoselection in radical reactions
see: (a) Curran, D. P.; Porter, N. A,; Giese, B. Stereochemistry of
Radical Reactions; VCH: Weinheim, 1995. (b) Porter, N. A.; Giese,
B.; Curran, D. P. Acc. Chem. Res. 1991, 24, 296. (c) Smadja, W. Synlett
1994, 1. (d) For early work on conjugate radical addition see: Stack,
J. G.; Curran, D. P.; Geib, S. V.; Rebek, J., Jr.; Ballester, P. 3. Am.
Chem. Soc. 1992, 114, 7007. (e) Sibi, M. P.; Jasperse, C. P.; Ji, J. J.
Am. Chem. Soc. 1995, 117, 10779 and references cited therein.
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Table 1. Enantioselective Radical Additions Using Mgl
as Lewis Acid. Effect of Ligand Structure?

ligand
entry (stereochem) yield® (%) % ee (er)>d stereochemistry®
1 3a (SS) 88 47 (2.8:1) S
2 3b (SS) 87 37 (2.1:1) S
3 3c (4S,5R) 79 31(2.0:1) S
4 3d (4S,5R) 88 36 (2.1:1) S
5 3e (4S,5R) 88 89 (17:1) R
6 3f (4S,5R) 88 93 (28:1) R
7 39 (4S,5R) 90 82 (10:1) R
8 3h (4S,5R) 92 82 (10:1) R

a For experimental conditions see the Supporting Information.
One equiv of the chiral Lewis acid was used in all the experiments.
b Yields are for isolated and purified materials. ¢ Ee’s were deter-
mined by chiral HPLC analysis using a Chiralcel OD column.
d Enantiomeric ratios above 10:1 are rounded off to the nearest
integer. ¢ The absolute stereochemistry of the product was estab-
lished by hydrolysis to the known carboxylic acid and comparison
of the sign of its rotation.

of (box) ligands were chosen for structural modification
to examine the effect of bite angle and ring constraint
on enantioselectivity. Variation in bite angle®® was
carried out by modifying the bridge carbon and introduc-
ing a spiro ring (3a to 3b; 3c to 3d; 3e to 3f). A
progression from a flexible C4-phenyl substituent (as in
3a and 3b) to a moderately restricted one (as in 3c and
3d) to a fully constrained analog (3e and 3f) provided
ligands to examine the effect of dihedral angle (Cs—C4—
Cy—Cy; for numbering see structure in eq 1) changes on
enantioselectivity.® An increase in the bite angle of the
phenylglycine-derived ligand (3a vs 3b) led to a decrease
in enantioselectivity (compare entries 1 and 2, Table 1).
A similar structural change in the 1-amino-1-phenyl-2-
propanol-derived ligands (3c vs 3d) showed a small
increase in selectivity (compare entries 3 and 4, Table
1). The absolute stereochemistry of the product using
3a—3d was identical.!® Thus, variation of the bite angle
and/or the dihedral angle of the C4 substituent in the
flexible models did not lead to high enantioselectivity.
In contrast, complete restriction of the C4-Ph substituent
by formation of a ring, as in ligands derived from amino

(4) Sibi, M. P.; Ji, J.; Wu, J. H.; Gurtler, S.; Porter, N. A. 3. Am.
Chem. Soc. 1996, 118, 9200.

(5) Bisoxazolines have been used as a ligand for a variety of
reactions. For a review see: Pfaltz, A. Acc. Chem. Res. 1993, 26, 339.
For leading references on selective aldol and Diels—Alder reactions
with bisoxazolines see: Evans, D. A.; Murry, J. A.; von Matt, P.;
Norcross, R. D.; Miller, S. J. Angew. Chem., Int. Ed. Engl. 1995, 34,
798. Evans, D. A.; Murry, J. A.; Kozlowski, M. C. J. Am. Chem. Soc.
1996, 118, 5814. Evans, D. A.; Kozlowski, M. C.; Tedrow, J. S.
Tetrahedron Lett. 1996, 37, 7481.

(6) (a) Davies, I. W.; Gerena, L.; Castonguay, L.; Senanayake, C.
H.; Larsen, R. D.; Verhoeven, T. R.; Reider, P. J. J. Chem. Soc., Chem.
Commun. 1996, 1753. (b) Trost, B. M.; Van Vranken, D. L.; Bingel, C.
J. Am. Chem. Soc. 1992, 114, 9327.

(7) For selected recent examples on the use of Lewis acids in radical
reactions see: (a) Renaud, P.; Gerster, M. J. Am. Chem. Soc. 1995,
117, 6607. (b) Curran, D. P.; Kuo, L. H. J. Org. Chem. 1994, 59, 3259.
(c) Renaud, P.; Moufid, N.; Kuo, L. H.; Curran, D. P. J. Org. Chem.
1994, 59, 3547. (d) Toru, T.; Watanabe, Y.; Tsusaka, M.; Ueno, Y. J.
Am. Chem. Soc. 1993, 115, 10464. (e) Guindon, Y.; Guérin, B.; Chabot,
C.; Ogilvie, W. W. J. Am. Chem. Soc. 1996, 118, 12528. (f) Andrus, M.
B.; Argade, A. B.; Chen, X.; Pamment, M. G. Tetrahedron Lett. 1995,
36, 2945. (g) Sibi, M. P.; Ji, J. J. Org. Chem. 1996, 61, 6090. (h) Sibi,
M. P.; Ji, J. Angew. Chem., Int. Ed. Engl. 1996, 35, 190. (i) Nishida,
M.; Ueyama, E.; Hayashi, H.; Ohtake, Y.; Yamaura, Y.; Yanaginuma,
E.; Yonemitsu, O.; Nishida, A.; Kawahara, N. J. Am. Chem. Soc. 1994,
116, 6455.

(8) The starting materials and the ligands were prepared using
literature procedures. See the Supporting Information.

(9) Geometry optimization (PC Model) for ligands 3b, 3d, and 3f
was carried out. The Cs—C4—C1—Cy dihedral angles for these ligands
are 70°, 81°, and 10°, respectively.

(10) The absolute stereochemistry of the product was established
by hydrolysis to the known acid.
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Table 2. Enantioselective Radical Additions Using Mgl
and Ligand 3f. Effect of Stoichiometry and

Temperature?

entry Lewis acid® (mol %) T (°C) yield® (%) eed (%) ere
1 100 —78 88 93 28:1
2 50 —78 90 96 49:1
3 40 —-78 94 97 66:1
4 30 —-78 91 97 66:1
5 20 —78 95 96 49:1
6 10 —78 88 95 39:1
7 5 —78 92 90 19:1
8 1 —78 29 63 4:1
9 30 —42 84 96 49:1
10 30 —20 93 95 39:1
11 30 0 91 94 32:1
12 30 25 87 93 28:1
13 20 —-20 88 93 28:1
14 10 —-20 83 86 13:1

a For reactions conditions see the Supporting Information. b A
1:1 ratio of Lewis acid to ligand was used in all experiments.
¢ Yields are for purified and isolated materials. 4 Ee's were deter-
mined by chiral HPLC analysis using a Chiralcel OD column.
¢ Enantiomeric ratios are rounded off to the nearest integer.

indanol (ligands developed by Davies et al. at Merck),
gave 2 with excellent enantioselectivity (compare entries
3 and 5, Table 1). Further enhancement in selectivity
could be obtained by increasing the bite angle of the ring-
constrained ligand (3e vs 3f, compare entries 5 and 6,
Table 1). Within the spriocyclic series (3f—3h), an
increase in spiro ring size, i.e., a decrease of the bite
angle,52 led to a decrease in enantioselectivity (compare
entries 6—8, Table 1). Surprisingly, the absolute stere-
ochemistry of the product using the constrained ligands
3e to 3h was opposite to that from their flexible analogs
(3a—3d gave the S product whereas 3e—3h gave the R
product).

Having established the cyclopropyl ligand 3f as the
candidate with optimal shielding characteristics, we
examined the catalytic nature of the chiral Lewis acid
and effect of practical temperatures on enantioselectivity.
The results from these experiments are listed in Table
2. Several entries in Table 2 are noteworthy. The use
of a substoichiometric amount of the chiral Lewis acid
(50—10 mol %) gave higher enantioselectivity for the
conjugate addition as compared to reaction with stoichio-
metric amounts (compare entries 2—6 with 1, Table 2).
Decreasing the amount of the chiral Lewis acid to 5 mol
% led to a small lowering of enantioselectivity (90% ee,
19:1 er, entry 7, Table 2). The chemical yields were still
excellent (entries 1—7, Table 2). Further lowering of the
catalyst loading to 1 mol % led to a large decrease in
enantioselectivity as well as the chemical yield (entry 8,
Table 2). The effect of temperature on enantioselectivity
using 30 and 20 mol % of catalyst loading was also
examined, and it was found that outstanding levels of
enantioselectivity can be obtained at room temperature
or slightly below (entries 9—14, Table 2). These results
are significant because they now provide a basis for
conducting enantioselective conjugate additions at practi-
cal temperatures using substoichiometric amounts of the
chiral Lewis acid.

We provide a rationalization for the high levels of
enantioselectivity as well as the observed absolute ster-
eochemistry for isopropyl radical addition to 1. Of the
two key variants tested, bite angle changes had a small
effect on enantioselectivity. In contrast, the dihedral
angle changes had a greater impact on the level of
enantioselectivity as well as the absolute stereochemistry
of the product. Two octahedral models are consistent
with the observed absolute stereochemistry of the product
(see Figure 1).11 In reactions with ligands in which the
C—Ph bond is flexible (3a—3d), the substrate—Mgl,—

J. Org. Chem., Vol. 62, No. 12, 1997 3801

Figure 1.

ligand complex adopts an octahedral geometry with the
iodides in a trans arrangement (structure A, Figure 1).1213
The observed low level of enantioselectivity with 3a—3d
also indicates that the flexible C4-Ph substituent does
not provide for optimal face shielding. Attack of the
radical on the least hindered si-face of the substrate
accounts for the absolute stereochemistry of the product
((4S,5R)-3d gave S product). In the case of the aminoin-
danol-derived ligands, the ligand—Mgl,—substrate com-
plex adopts an octahedral geometry where the two iodides
have a cis orientation and the more Lewis-basic carbonyl
oxygen is trans to the iodide (structure B, Figure 1).14
The ring constraint and the larger bite angle in 3f
provides for optimal face shielding in the radical addition
and thus accounts for the high levels of enantioselectivity.
Attack of the radical on the least hindered re-face of the
substrate accounts for the observed absolute stereochem-
istry of the product ((4S,5R)-3f gave R product). Our
results provide a better insight into the ligand design
features that should have broad implications to a variety
of Lewis acid-mediated processes. Experiments to fur-
ther refine the model and extension to tandem addition
reactions are underway.*®
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(11) In structures A and B, the counterions are still within bonding
distance from the metal. An extreme situation would be one in which
the ions are completely dissociated, imparting a square planar
geometry around the metal for A and a tetrahedral arrangement for
B.

(12) This organization is favored over the alternate cis-octahedral
(tetrahedral) arrangement because it has the least amount of substrate:
ligand and ligand:counterion steric interactions.

(13) The substrate is in an s-cis conformation. This is based on our
previous work (ref 4) and literature precedents: Gothelf, K. V.; Hazell,
R. G.; Jorgensen, K. A. J. Am. Chem. Soc. 1995, 117, 4435. Chapuis,
C.; Jurczak, J. Helv. Chim. Acta 1987, 70, 436.

(14) For work on octahedral cis-models using iron Lewis acids see:
Corey, E. J.; Imai, N.; Zhang, H.-Y. J. Am. Chem. Soc. 1991, 113, 728.
For work on octahedral cis-models using titanium Lewis acids see:
Johannsen, M.; Jorgensen, K. A. J. Org. Chem. 1995, 60, 5757; Haase,
C.; Sarko, C. R.; DiMare, M. J. Org. Chem. 1995, 60, 1777; Seebach,
D.; Dahinden, R.;Marti, R. E.; Beck, A. K.; Plattner, D. A.; Kuhnle, F.
N. M. J. Org. Chem. 1995, 60, 1788. For an octahedral model using
Mg Lewis acid see: Desimoni, G.; Faita, G.; Righetti, P. P. Tetrahedron
Lett. 1996, 37, 3027

(15) Prof. Ned Porter, Duke University, has informed us that tert-
butyl radical addition to oxazolidinone crotonate proceeds with >98%
ee using stoichiometric Mgl, and ligand 3f.



