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Efficient Lewis acid-catalyzed asymmetric fluorination and
chlorination of �-keto esters were achieved using hybrid chiral
oxazoline ligand 1. The enantioselectivity of the halogenated
products dramatically increased when the reaction procedure
was changed.

The enantioselective fluorination of carbonyl compounds is
a highly important synthetic strategy because the resulting opti-
cally active �-fluorocarbonyl compounds are very attractive
intermediates in synthetic organic chemistry as well as in
medicinal chemistry. Recently, following Togni’s report,1 sever-
al methods for the efficient catalytic asymmetric fluorination
of �-keto esters have been proposed.1–6 We have also reported
the Lewis acid-catalyzed asymmetric fluorination of �-keto
esters by employing a new chiral N,N,N-tridentate ligand 1
(Figure 1).6 During the course of our study on the improvement
of the asymmetric induction and scope of the substrate in this
fluorination, we found that the enantioselectivity of a fluorinated
product could be dramatically increased by simply changing the
reaction procedure. Herein, we wish to report the Lewis acid-cat-
alyzed highly efficient asymmetric fluorination and chlorination
of �-keto esters using 1.

In our previous study,6 2-tert-butoxycarbonyl-1-indanone
(2a) was converted to the corresponding �-fluorinated product
3a with 94% ee using 1–Ni(ClO4)2 catalyst and N-fluoro-
bis(benzenesulfonyl)amine (NFSI) as the fluorination reagent
(Scheme 1). All the reagents were mixed almost simultaneously
in our previous experiment. Surprisingly, the enantioselectivity
of 3a was dramatically increased to 99% ee (Table 1, Entry 2)
when a solution of NFSI was slowly added to the mixture of

2a and 1–Ni(ClO4)2 (Method A).7 In marked contrast to meth-
od A, 3a was obtained with significantly poor enantioselectivity
(44% ee; Entry 3) when a solution of 2a was slowly added to
the mixture of NFSI and 1–Ni(ClO4)2 (Method B).8 The same
phenomena were observed when 1–Mg(ClO4)2 was used as the
Lewis acid catalyst (Entries 4–6). By following method A, we
successfully converted several �-keto esters into their corre-
sponding �-fluorinated derivatives with excellent enantioselec-
tivity (Entries 8, 11, and 14), whereas the reactions by method B
showed poor enantioselectivity (Entries 9, 12, and 15).
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Figure 1. Hybrid chiral N,N,N-tridentate ligand 1.
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Scheme 1. Previously reported asymmetric fluorination of 2a.

Table 1. Lewis acid catalyzed asymmetric fluorinationa
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Entry 2/3 Methodb Lewis acid
Time
/h

Yield
/%c %eed

1 2a/3a C Ni(ClO4)2 2 99 94 (R)
2 2a/3a A Ni(ClO4)2 2 99 99 (R)
3 2a/3a B Ni(ClO4)2 2 94 44 (R)
4 2a/3a C Mg(ClO4)2 2 99 91 (R)
5 2a/3a A Mg(ClO4)2 2 99 99 (R)
6 2a/3a B Mg(ClO4)2 2 86 27 (R)
7 2b/3b C Ni(ClO4)2 1 99 83
8 2b/3b A Ni(ClO4)2 2 99 91
9 2b/3b B Ni(ClO4)2 2 85 34

10 2c/3c C Ni(ClO4)2 4 99 34
11 2c/3c A Ni(ClO4)2 12 99 92
12 2c/3c B Ni(ClO4)2 12 75 12
13e 2d/3d C Ni(ClO4)2 19 93 64
14e 2d/3d A Ni(ClO4)2 24 90 92
15e 2d/3d B Ni(ClO4)2 24 65 35

aAll reactions were carried out at room temperature in CH2Cl2
with activated MS 4A. 2/NFSI/catalyst = 1/1.1/0.05. bDetailed
procedures are described in Refs. 7, 8, and 9. cIsolated yields. dThe
ee values were determined by HPLC analysis. e10mol% of catalyst
was used.
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These results suggest the existence of two different reaction
pathways (Path A and Path B; Figure 2). In the first step in path
A, the �-keto ester is activated by coordination of the chiral
Lewis acid catalyst with two point binding (intermediate I),
following which it reacts with NFSI to afford the fluorinated
product. The reaction via path A proceeds with high enantiose-
lectivity because the chiral centers on the catalyst are close to
the pre-chiral center on the substrate. Path B proceeds via
intermediate II, which is formed by the coordination of the
Lewis acid catalyst with the sulfonyl oxygen on NFSI. Then,
the activated NFSI reacts with the �-keto ester to afford the
fluorinated product.10 This reaction proceeds with low selectiv-
ity because the chiral centers on the catalyst are far from the pre-
chiral center on the substrate. Although intermediate I and II are
probably in equilibrium with each other, the slow addition of
NFSI (Method A) forms intermediate I predominantly and pre-
vents the equilibrium shifting toward intermediate II, while the
slow addition of the �-keto ester (Method B) forms intermediate
II and prevents the equilibrium shifting toward intermediate I.

Next, our catalyst system was applied to catalytic asymmet-
ric chlorination using 2,3,4,5,6,6-hexachloro-2,4-cyclohexa-
dien-1-one (4). As shown in Scheme 2, the chlorination by
method A (slow addition of 4) afforded the coresponding prod-
uct 5 in high yield with excellent enantioselectivity,11 whereas
the reaction by method B (slow addition of 2a) afforded a
racemic product. In method B, the nickel catalyst would activate
4 by coordinating with a carbonyl oxygen on 4.

In conclusion, efficient Lewis acid-catalyzed asymmetric
fluorination and chlorination of �-keto esters were achieved with
excellent enantioselectivity by using the hybrid chiral ligand 1.
The existence of two reaction pathways in the present reactions
was strongly suggested. These two reaction pathways could
be successfully controlled by simply changing the operation
sequence.
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Figure 2. Probable reaction pathways.
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Scheme 2. Catalytic asymmetric chlorination of 2a.
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