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The alkaline earth metals, such as magnesium complexes,
are promising Lewis acid catalysts with inherently milder
Lewis acidity than the traditional transition metals. Increas-
ingly, interest has been focused on their application to vari-
ous transformations due to their abundance and low toxici-
ty.[1,2] The combination of chiral ligands with magnesium(II)
has been used to generate a stereochemical arrangement
that leads to good enantioselectivity in asymmetric reac-
tions. Since the first report by Corey and co-workers,[3] sev-
eral chiral magnesium complexes, especially magnesium–
bisoxazoline complexes,[4] have successfully been applied as
catalysts in a variety of asymmetric carbon–carbon bond
forming reactions.[5] However, their reactivities and selectivi-
ties are, in most cases, lower than those of other chiral
metal-catalyzed reactions. To make magnesium complexes
more feasible catalysts in these applications, it is, therefore,
very important to improve their efficiency and selectivity by
searching for hetero-atom-containing chiral ligands with
properly hindered and flexible stereoenvironments that
form chiral magnesium complexes.

In recent years, trifluoromethylated compounds have re-
ceived considerable attention due to their unique chemical,
physical, and biological properties.[6] Chiral quaternary alco-
hols containing a CF3 group with a well-defined configura-
tion are a recurring motif in drug molecules, such as Efavir-
enz (anti-HIV) and CJ-17,493 (NK-1 receptor antagonist).[7]

As one of the most efficient routes to such structures, the
asymmetric ketone–ene reaction of trifluoropyruvate could

provide an efficient synthesis, which has rarely been ad-
dressed.[8] Herein, we examine highly efficient chiral magne-
sium complexes as catalysts for the asymmetric ketone–ene
reaction of trifluoropyruvate by employing C2-symmetric
N,N’-dioxides as the ligand for the first time.[9] The corre-
sponding trifluoromethylated a-hydroxy esters containing a
carbon–carbon double bond, which could easily be trans-
formed into other functional groups, were obtained in excel-
lent enantioselectivities (up to>99 % ee) for a broad range
of substrates, under low catalyst loading.

At the outset of this study, we investigated the reaction of
2-phenylpropene (1 a) and ethyl trifluoropyruvate (2) in the
presence of chiral catalysts, prepared from alkaline earth
metal salts and a chiral (S)-pipecolic acid derived N,N’-diox-
ide L2 (Table 1, entries 1–3). To our delight, the Mg ACHTUNGTRENNUNG(ClO4)2–
L2 complex catalyzed the reaction, displaying promising re-
activity and enantioselectivity (73 % yield, 67 % ee ; Table 1,
entry 1). The enantioselectivity was further improved to
75 % ee by using Mg ACHTUNGTRENNUNG(OTf)2 instead of MgACHTUNGTRENNUNG(ClO4)2 (Table 1,
entry 4). Encouraged by these results, various N,N’-dioxides
were then synthesized and investigated. As shown in
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Table 1, the (S)-pipecolic acid derived N,N’-dioxide L2 gave
better results than the l-proline derived L1 (Table 1, en-
tries 4 vs. 5). An interesting trend was that ligands with a
bulkier electron-donating group at the ortho position of ani-
line gave higher reactivity and enantioselectivity (Table 1,
entry 6 vs. entries 7–9). The best result was obtained with
ligand L6 for which product 3 a was obtained in 99 % yield
with >99 % ee. Reducing the catalyst loading seemed to
have little influence on the selectivity of the reaction. The
catalyst loading could be reduced to 0.5 mol % with only a
slight reduction in enantioselectivity, although the reaction
rate was decreased (Table 1, entries 10–12). Other condi-
tions such as the temperature, solvent, and additive were
also examined, but no superior results were obtained (see
the Supporting Information). We were delighted that the
yield and ee were maintained when the reaction was carried
out under solvent-free conditions (91 % yield, 98 % ee ;
Table 1, entry 13), which provides an ideal, environmentally
safe process in a practical synthesis.[10,11] It should be noted
that this process was extremely simple to perform [the pre-
prepared Mg ACHTUNGTRENNUNG(OTf)2–L6 complex (molar ratio: 1:1) was
added to a mixture of the two substrates and stirred at 30 8C
without any protective procedures] and atmospheric oxygen
and humidity did not affect the results at all.

With these optimal conditions established, the scope of
the reaction with respect to various alkenes was examined
(Table 2). To our delight, this catalyst system exhibited a re-
markably broad substrate scope and the corresponding tri-
fluoromethylated a-hydroxy esters were obtained in excel-
lent enantioselectivities (95–>99 % ee). The aromatic al-
kenes underwent the ketone–ene reaction smoothly, in ex-
cellent enantioselectivities, regardless of the electronic
nature and position of the substituents on the aromatic ring

of the alkenes, although electron-withdrawing substituents
at the ortho position were less reactive and required longer
reaction times (97–>99 % ee ; Table 2, entries 1–12). It is
worth noting that the condensed-ring and heteroaromatic al-
kenes performed well, giving the corresponding products in
high yields (84–97 %) with up to 99 % ee (Table 2, en-
tries 13–15). Aliphatic alkenes also reacted with trifluoropyr-
uvate 2 to afford the corresponding products in extremely
high enantioselectivities (up to >99 % ee; Table 2, en-
tries 16–18).

In order to expand upon the synthetic utility of the reac-
tion, we subjected various other alkenes to our optimized
reaction conditions. Pleasingly, excellent enantioselectivities
were observed for both benzocyclic alkenes 1 s and t and
a,b-unsaturated alkene 1 u, some of the products of which
were syntheisized for the first time in this asymmetric

Table 1. Optimization of the reaction conditions.[a]

Entry Metal Ligand x t [h] Yield [%][b] ee [%][c]

1 Mg ACHTUNGTRENNUNG(ClO4)2 L2 10 24 73 67
2 Ca ACHTUNGTRENNUNG(ClO4)2 L2 10 24 10 2
3 Ba ACHTUNGTRENNUNG(ClO4)2 L2 10 24 58 8
4 Mg ACHTUNGTRENNUNG(OTf)2 L2 10 24 65 75
5 Mg ACHTUNGTRENNUNG(OTf)2 L1 10 24 50 11[d]

6 Mg ACHTUNGTRENNUNG(OTf)2 L3 10 24 52 86
7 Mg ACHTUNGTRENNUNG(OTf)2 L4 10 24 57 88
8 Mg ACHTUNGTRENNUNG(OTf)2 L5 10 12 70 95
9 Mg ACHTUNGTRENNUNG(OTf)2 L6 10 6 99 >99

10 Mg ACHTUNGTRENNUNG(OTf)2 L6 2.5 12 95 >99
11 Mg ACHTUNGTRENNUNG(OTf)2 L6 1 32 93 99
12 Mg ACHTUNGTRENNUNG(OTf)2 L6 0.5 60 80 96
13[e] Mg ACHTUNGTRENNUNG(OTf)2 L6 2.5 12 91 98

[a] Unless otherwise noted, the reactions were carried out with ethyl tri-
fluoropyruvate 2 (0.1 mmol) and 2-phenylpropene 1 a (1.1 equiv) in
CH2Cl2 (1.0 mL) at 30 8C for 6–60 h. [b] Isolated yield. [c] Determined by
chiral HPLC analysis. [d] The opposite configuration of 3 a was obtained.
[e] Under solvent-free conditions with ethyl trifluoropyruvate 2
(0.3 mmol) and 2-phenylpropene 1a (1.2 equiv).

Table 2. Substrate scope for the catalytic asymmetric ketone–ene reac-
tion.[a]

Entry 1 xACHTUNGTRENNUNG[mol %]
t
[h]

Yield
[%][b,d]

ee
[%][c,d]

1 1a R=Ph 2.5 12 95 (91) >99 (98)
2 1b R=2-MeC6H4 2.5 24 92 (90) 99 (97)
3 1c R=4-MeC6H4 1.0 24 96 (95) 97 (97)
4 1d R=2-MeOC6H4 2.5 24 95 98
5 1e R=3-MeOC6H4 2.5 24 90 (90) 97 (97)
6[e] 1 f R=4-MeOC6H4 1.0 12 92 (92) 99 (98)
7 1g R=3-ClC6H4 1.0 24 80 (82) >99 (99)
8 1h R=4-ClC6H4 1.0 24 90 (92) >99 (99)
9 1 i R=3,4-Cl2C6H3 2.5 48 92 >99

10 1j R=2-FC6H4 2.5 72 75 >99
11 1k R=4-FC6H4 1.0 12 82 (85) 99 (98)
12 1 l R=4-BrC6H4 2.5 8 90 >99
13 1m R=2-naphthyl 2.5 12 95 99

14 1n 1.0 12 84 95

15 1o 1.0 6 97 (92) 97 (95)

16 1p 2.5 48 92 (91) 99 (91)

17 1q 1.0 32 95 (91) >99 (98)

18 1r 2.5 24 83 >99

[a] Unless otherwise noted, the reaction was carried out with Mg ACHTUNGTRENNUNG(OTf)2–
L6 (1.0–2.5 mol %), ethyl trifluoropyruvate 2 (0.1 mmol), and alkene 1
(1.1 equiv) in CH2Cl2 (1.0 mL) at 30 8C for 6–72 h. [b] Isolated yield.
[c] Determined by chiral HPLC or GC analysis. [d] The data in parenthe-
ses were obtained under the solvent-free conditions with 2.5 mol % cata-
lyst, ethyl trifluoropyruvate 2 (0.3 mmol), and alkene 1 (1.2 equiv).
[e] The data in parentheses were obtained with alkene 1 (0.3 mmol,
solid) and ethyl trifluoropyruvate 2 (1.3 equiv) under the solvent-free
conditions.
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ketone–ene reaction (Table 3, entries 1–3). A cyclic alkene
was also tolerated by this procedure and afforded the ex-
pected product in >99 % ee (Table 3, entry 4). In addition,

a-substituted alkene 1 w was found to be a suitable substrate
for the reaction and afforded the desired product 3 w with
excellent diastereo- and enantioselectivity (>99:1 d.r.,
96 % ee ; Table 3, entry 5).

To further evaluate the synthetic potential of this catalyst
system, the scope of this methodology under the solvent-
free conditions, which meet the requirements of green
chemistry, was also investigated. We were pleased to ob-
serve that both aromatic and aliphatic alkenes, as well as
heteroaromatic alkenes, were tolerated in terms of both
yields and enantioselectivities, providing up to 95 % yield
and 99 % ee (data in parentheses in Tables 2 and 3).

The mild reaction conditions, low catalyst loading, and in-
expensive catalyst for this ketone–ene reaction offer a prac-
tical way to scale-up production. In the presence of the Mg-ACHTUNGTRENNUNG(OTf)2–L6 complex (2 mol%), ethyl trifluoropyruvate 2
(10.0 mmol) reacted with 2-phenylpropene (1 a ; 1.1 equiv) to
provide the desired addition product 3 a in 95 % yield
(2.76 g) with >99 % ee. In addition, product 3 a can be easily
transformed into the corresponding functionalized g-butyro-
lactone (4 a) in excellent yield without affecting the stereoin-
duction (3.41 g, 93 % yield, 99 % ee ; Scheme 1).

The products of ketone–ene reactions containing carbon–
carbon double bonds as well as an ester group facilitate fur-
ther synthetic transformations. Optically active spirocyclic
compounds are key intermediates and building blocks in the
synthesis of natural products and pharmaceuticals.[12] We de-
veloped an efficient method for the construction of such spi-
rocyclic frameworks containing a trifluoromethylated qua-
ternary stereocenter. Compounds 3 s and t were readily
transformed into the corresponding trifluoromethyl-substi-
tuted spirocyclic compounds 4 s and t, respectively, by hy-
drolysis (Scheme 2).

In conclusion, we have described a highly enantioselective
ketone–ene reaction of trifluoropyruvate catalyzed by a new
Mg ACHTUNGTRENNUNG(OTf)2 complex of an N,N’-dioxide ligand. The reaction
can also be conducted under solvent-free conditions, which
meet the requirements of green chemistry. This method ena-
bles efficient access to enantioenriched trifluoromethyl-sub-
stituted compounds, which are important building blocks for
the synthesis of natural products and pharmaceuticals.
Moreover, the extremely high enantioselectivity, broad sub-
strate scope, facile procedure, and mild reaction conditions
show the potential of the catalytic system. Further studies
into the applications of chiral magnesium complexes to
other reactions are underway.

Experimental Section

General experimental procedure for the ketone–ene reaction of trifluoro-
pyruvate: The Mg ACHTUNGTRENNUNG(OTf)2–L6 complex was prepared by mixing N,N’-diox-
ide L6 and Mg ACHTUNGTRENNUNG(OTf)2 (molar ratio =1:1) in CH2Cl2 at 30 8C for 30 min. A
dry reaction tube was then charged with the Mg ACHTUNGTRENNUNG(OTf)2–L6 complex

Table 3. Substrate scope for the catalytic asymmetric ketone–ene reac-ACHTUNGTRENNUNGtion.[a]

Entry 1 xACHTUNGTRENNUNG[mol %]
t
[h]

Yield
[%][b,d]

ee
[%][c,d]

1 1s 1.0 6 97 (95) 98 (95)

2 1t 1.0 8 95 (91) 96 (95)

3 1u 0.5 12 88 (95) 99 (97)

4 1v 2.5 5 93 (90) >99 (98)

5 1w 10 72 60 96; >99:1 d.r.

[a] Unless otherwise noted, the reaction was carried out with Mg ACHTUNGTRENNUNG(OTf)2–
L6 (0.5–2.5 mol %), ethyl trifluoropyruvate 2 (0.1 mmol), and alkene 1
(1.1 equiv) in CH2Cl2 (1.0 mL) at 30 8C for 6–72 h. [b] Isolated yield.
[c] Determined by chiral HPLC or GC analysis. [d] The data in parenthe-
ses were obtained under the solvent-free conditions with catalyst
(2.5 mol %), ethyl trifluoropyruvate 2 (0.3 mmol), and alkene 1
(1.2 equiv).

Scheme 1. The asymmetric ketone–ene reaction of trifluoropyruvate 2 on
a gram scale and synthesis of the trifluoromethyl-substituted g-butyrolac-
tone 4 a. Conditions: a) Mg ACHTUNGTRENNUNG(OTf)2–L6 (2 mol%), 1a (11 mmol, 1.36 g),
30 8C, 12 h; b) KOH (20 % aq.), CH3OH, 40 8C, 3 h; c) I2, NaHCO3,
CH3CN, 25 8C, 16 h.

Scheme 2. The synthesis of the trifluoromethyl-substituted chiral spirocy-
clic compounds 4s and t. Conditions: a) KOH (20 % aq.), CH3OH, 40 8C,
3 h; b) I2, NaHCO3, CH3CN, 25 8C, 24 h.
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(2.4 mg, 2.5 mol %) and ethyl trifluoropyruvate 2 (0.1 mmol) and 2-phe-
nylpropene 1 a (1.1 equiv) were added at 30 8C. After stirring for 8 h, the
reaction mixture was purified directly by column chromatography on
silica gel (ether/petroleum ether, 1:50) to afford 3a in 95% yield as a col-
orless liquid. The enantiomeric excess of 3a was determined to be
>99 % by using chiral HPLC analysis.
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