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Free radical reactions are powerful and versatile tools for the
formation of carbon-carbon bonds.1 In recent years, significant
progress has been made in enantioselective conjugate radical
addition reactions2 catalyzed by chiral Lewis acids.3 However,
no success was reported for the enantioselective atom-transfer
radical reactions.4 Here we report highly enantioselective atom-
transfer radical cyclization reactions catalyzed by chiral Lewis
acids.

A typical atom-transfer radical cyclization reaction involves
the transfer of a halogen atom from one carbon center to another
with concomitant ring formation (Scheme 1).5,6 The advantage
of this reaction over other radical reactions is that the halogen
atom is retained in the product, which allows for further
functionalization. A recent study by Porter and co-workers showed
that Lewis acids could catalyze intermolecular atom-transfer
radical addition reactions.4a We have been focused on atom-
transfer radical cyclization reactions, as they hold promise for
highly selective formation of multiple chiral centers.

A series of unsaturatedâ-keto esters1a-d were used to probe
the conditions for atom-transfer cyclization reactions with Et3B/
O2 as the radical initiator (Table 1).7 Without the addition of any
Lewis acid, no cyclization reaction occurred, and only reductive
debromination products were obtained (data not shown). In the
presence of 0.3-0.5 equiv of Yb(OTf)3, intramolecular atom-
transfer radical cyclization reactions of1a-d took place efficiently

in Et2O, providing compounds2a-d as the major products in
high yields (entries 1, 4, 7, and 10).8 For substrate1a, the catalyst
loading could even be reduced to 5 mol % without significant
decrease in yield (entry 2). In the cyclization of substrate1b or
1c of trans- or cis-olefinic double bonds, respectively, only two
isomers2b/c differing in the stereochemistry of the exocyclic
chiral center were isolated (entries 4-9). After reductive debro-
mination of2b/cwith tin hydride, a single product3 was isolated
in 92% yield (eq 1). When the atom-transfer radical cyclization
reactions were carried out in CH2Cl2 or toluene, Mg(ClO4)2 turned
out to be the best Lewis acid (entries 3, 5, 6, 8, 9, and 11). Thus
the reaction systems of Yb(OTf)3/Et2O, Mg(ClO4)2/toluene, and
Mg(ClO4)2/CH2Cl2 were found to be suitable for almost all the
substrates.

Note that those Lewis acid-catalyzed atom-transfer radical
cyclization reactions exhibited excellent stereocontrol: only
products2a-d with the 2-ester group trans to the 3-alkyl group
were obtained. In contrast, atom transfer radical cyclization of
1b/c using the (Me3Sn)2/hν conditions reported by Curran et al.
gave mainly the cis products.9 This indicates that Lewis acids
cannot only promote the atom-transfer radical cyclization but also
dramatically affect the stereochemical outcome of those reactions.
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Scheme 1

Table 1. Lewis Acid-Catalyzed Atom-Transfer Radical Cyclization
Reactionsa

entry substr Lewis acid (equiv) solvent timeb (h) yieldc (%)

1 1a Yb(OTf)3 (0.5) Et2O 9.5 70
2 1a Yb(OTf)3 (0.05) Et2O 9.5 60
3 1a Mg(ClO4)2 (0.4) toluene 6.5 62
4 1b Yb(OTf)3 (0.3) Et2O 5 78 (2.4/1)d

5 1b Mg(ClO4)2 (0.3) CH2Cl2 4.5 75 (1.3/1)d

6 1b Mg(ClO4)2 (0.3) toluene 4.5 84 (1/1.9)d

7 1c Yb(OTf)3 (0.3) Et2O 5 74 (2.5/1)d

8 1c Mg(ClO4)2 (0.3) CH2Cl2 4.5 78 (1/1.1)d

9e 1c Mg(ClO4)2 (0.3) toluene 4.5 81 (1/2.2)d

10 1d Yb(OTf)3 (0.5) Et2O 10 71
11 1d Mg(ClO4)2 (0.3) toluene 9 55

a Unless otherwise indicated, all reactions were carried out at-78
°C with 0.2-0.3 mmol of substrate, the indicated amount of Lewis
acid, 10 mL of solvent, 2 equiv of Et3B/O2 for substrates1aand1d, or
5 equiv of Et3B/ O2 for substrates1b and 1c. b Time for complete
reaction.c Isolated yield.d Ratio of 2b and2c. e 1 mmol of substrate.
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We then investigated the chiral Lewis acid-catalyzed atom-
transfer cyclization reactions. In the presence of chiral ligands
such as bisoxazoline4,10 the reactions catalyzed by Yb(OTf)3 in
Et2O were found to be very slow and only racemic cyclization
products were obtained. But the Mg(ClO4)2/CH2Cl2 and Mg-
(ClO4)2/toluene systems were found to be effective, especially
with chiral ligand4. As shown in Table 2, the reactions carried
out in toluene generally gave better ee values than those reactions
in CH2Cl2 (entries 1 vs 2; 8 vs 9; 11 vs 12). Most notably, the
addition of activated 4 Å molecular sieves not only led to a
dramatic increase in yield and ee, but also made it possible for
the use of catalytic amounts of the chiral catalyst (entries 4, 5, 9,
10, 13, 14, and 17).11 The loading of Lewis acid can be reduced
to as low as 30% in many cases without significant compromise
in yield and ee. Up to 95% ee was obtained for the cyclization of
1a-d.12 These are the first enantioselective radical cyclization
reactions catalyzed by chiral Lewis acids.13 Here activated
molecular sieves most likely act as a drying agent, supported by
the fact that the addition of 1 equiv of water resulted in a decrease
in the rate and ee for the radical cyclization of1a (entries 2 vs
6).

To account for the high stereoselectivity, the following model
is proposed (Figure 1). Theâ-keto ester group of substrates1a-d
is assumed to chelate to the chiral Mg/4 complex in a planar
geometry. Considering the steric interactions between the sub-
strates and thetert-butyl groups of the chiral ligand (S,S)-4, the
radical cyclization from there-face (transition statesA and B)
should be more favorable than that from thesi-face (not shown).
In addition, due to the lack of steric interactions between
substituents on the olefinic CdC bond and theâ-dicarbonyl group,
transition stateB would be favored overA, resulting in the
cyclization product2 of (2R,3S) configuration and a trans
relationship between the 2-ester group and the 3-alkyl group.

In summary, we have developed a Lewis acid-catalyzed, highly
enantioselective atom-transfer radical cyclization method for the
formation of cyclic 2,3-disubstituted ketones. Applications of this
method in enantioselective total synthesis of natural products will
be reported in due course.
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Table 2. Asymmetric Atom-Transfer Radical Cyclization
Reactionsa

entry substr
catalyst
(equiv) solvent timeb (h) yieldc (%) eed,e (%)

1 1a 1.1 CH2Cl2 7.5 68 71
2 1a 1.1 toluene 5 67 94
3 1a 0.6 toluene 7 63 85
4f 1a 0.5 toluene 7 65 93
5f,g 1a 0.3 toluene 7 68 92
6h 1a 1.1 toluene 9 53 21
7 1b 1.0 toluene 9.5 57 (1/1.2)i 68/78j

8 1b 1.0 CH2Cl2 7 62 (1.3/1)i 44/54j

9f 1b 1.0 toluene 6.5 68 (1/1.3)i 83/91j

10f 1b 0.3 toluene 12 58 (1/1)i 74/87j

11 1c 1.0 CH2Cl2 4 60 (1/1.1)i 50/72j

12 1c 1.0 toluene 6.5 62 (1/1.3)i 52/78j

13f 1c 1.0 toluene 4 82 (1/1.4)i 70/92j

14f,g 1c 0.3 toluene 9.5 81 (1/1.4)i 74/95j

15 1d 1.1 toluene 7.5 62 93
16 1d 0.6 toluene 10 22 82
17f 1d 0.5 toluene 7.5 53 94

a Unless otherwise indicated, all reactions were carried out at-78
°C with 0.2 mmol of substrate, the indicated amount of Mg(ClO4)2,
(S,S)-4 (1.1-fold relative to Mg(ClO4)2), 10 mL of solvent, 3 equiv of
Et3B/O2 for substrates1a and1d, or 5 equiv of Et3B/O2 for substrates
1b and1c. b Time for complete reaction.c Isolated yield.d The enan-
tiomeric excess was determined by HPLC analysis using a Chiralcel
OD or AD column.e The absolute configuration of the product was
determined to be (2R,3S). f Activated 4 Å molecular sieves (powder,
500 mg/mmol substrate) was added to the reaction mixture.g 1 mmol
of substrate.h 1.0 equiv of water was added to the reaction mixture.
i Ratio of 2b and2c. j The ee values for2b and2c, respectively.

Figure 1.
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