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ABSTRACT

An asymmetric Michael-type reaction of phosphorus ylides and R,β-unsaturated ketones under the catalysis of a chiral ion pair catalyst has been
described. The ion pair catalyst containing a chiral counteranion was prepared by simply mixing 9-amino-(9-deoxy)-epi-quinine with L-N-Boc-
proline. The optically active R-methylene-δ-ketoesters could be obtained with good to excellent enantioselectivities (up to 95% ee) under mild
reaction conditions.

Since the pioneering work of MacMillan,1 the asym-
metric Michael-type reaction of R,β-unsaturated carbonyl
compounds under the catalysis of chiral amine through the
iminium-ion mediated pathway has been established as
one of the most typical and versatile methods of C�C
bond-forming reaction, which is widely applied in organic
and medicinal chemistry.2 Chiral δ-ketoesters, a type of

useful synthetic intermediate, has been reported by
Jørgensen3 and Ley4 through the decarboxylation of the
Michael adducts of malonates and R,β-unsaturated ke-
tones. Although the reaction could be performed in a one-
pot decarboxylation�transesterification procedure, the
decarboxylation strategy is still tedious. In this commu-
nicationwewould like to report the development of a novel
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and facile strategy to the enantioselective synthesis of
R-methylene-δ-ketoesters.
Stabilized phosphorus ylides (P-ylides), which were ex-

tensively used in organic chemistry since the discovery of
the Wittig reaction,5 have previously been shown as good
nucleophiles in organic synthesis.6 However, the applica-
tion of phosphorus ylides in asymmetric synthesis is cur-
rently limited. In2008,Chenpresented the first asymmetric
Mannich-type reaction of phosphorus ylides and aldi-
mines, followed by a Wittig reaction; the aza-Morita�
Baylis�Hillman products could be obtainedwith excellent
enantioselectivities.7 Subsequently, Lee8 and Singh9 inde-
pendently reported the asymmetric Michael-type reaction
of phosphorus ylides and nitroolefin with good results.
Inspired by these successful examples with phosphorus
ylides as nucleophiles in the asymmetric addition reaction,
we are recently surprised to find that the phosphorus ylides
are also suitable nucleophilic species for the addition of
R,β-unsaturated ketones under the catalysis of chiral
amine salts. After proton transfer, a stabilized phosphorus
ylide intermediate could be obtained, which undergoes a
Wittig reaction with formaldehyde to give R-methylene-δ-
ketoesters in a novel reaction pathway (Scheme 1).

Recently, the introduction of a chiral Brønsted acid to
the amine catalytic systemhas been proven as an impactful
catalytic system in asymmetric aminocatalysis.10 In these
catalytic systems, the yielded chiral anions could enhance

the chiral communication between the iminum ions and
the substrates by shielding one of the two enantiotopic
faces. And the stereochemical control could be effectively
induced by these chiral anions. This strategy has been
defined as asymmetric counterion-directed catalysis
(ACDC) by List.10b Additionally, 9-amino cinchona alka-
loids, directly derived fromnatural cinchona alkaloids,11 in
combination with various acids, have been shown as
excellent iminium activators of simple ketones in asym-
metric conjugate addition reactions.12Hereinwe show that
the combination of 9-amino-(9-deoxy)-epi-quinine and
L-N-Boc-proline resulted in an effective catalytic amine
salt for the enantioselectiveMichael-type reaction of phos-
phorus ylides and R,β-unsaturated ketones.
Initial examination was carried out by using the P-ylide

2aand trans-4-phenyl-3-buten-2-one 3aas the substrates in
the presence of a series of chiral primary amine salt
catalysts in CH2Cl2 at �15 �C. Preliminary studies con-
firmed that AcOH salts of catalyst 1a�1d were able to
promote the reaction, and the expected P-ylide intermedi-
ate 4a could be isolated as a relatively stable compound.
After reaction with formaldehyde, the product 5a was
obtained in moderate yield with low enantioselectivity
(Table 1, entries 1�4). Notably, when 9-amino-(9-deoxy)-
epi-quinine 1e combined with AcOH was tested, 5a was
isolated with an obvious increased enantioselectivity
(Table 1, entry 5). When 1e together with TFA, p-nitro-
benzoic acid, or p-toluenesulfonic acid was tested, moder-
ate enantioselectivity was obtained (Table 1, entries 6�8).
Considering the natureof the counteranion is an important
factor in the asymmetric induction, we thus decided to
introduce chiral acid to the catalytic system to improve the
enantioselectivity. To our delight, when 1e with L-N-Boc-
phenylglycine (A) was tested in the reaction, an increased
enantioselectivity was achieved (Table 1, entry 9). The best
enantioselectivity (80% ee) was observed when L-N-Boc-
proline (B) was used (Table 1, entry 10). A lower tempera-
ture (�30 �C) caused the loss of yields from 56% to 33%
without an obvious increased ee value (Table 1, entry 14).

Scheme 1. ANovel Pathway to the Synthesis of R-Methylene-δ-
Ketoesters
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The examination of solvent effects revealed that ClCH2-
CH2Cl was the best reactionmedia for this reaction, which
could facilitate the reaction to produce the corresponding
product in 64% yield with 82% ee (Table 1, entry 18).
Decreasing the catalyst loading to 10 and 5 mol % had a
negative impact on both the yields and the enantioselec-
tivities (Table 1, entries 19�20). Additionally, the optically
pure 4a was obtained upon recrystallization, the absolute
configuration was determined to be S by means of X-ray
crystallographic analysis (Figure 1),13 and the absolute
configuration of the corresponding product 5a could also
be determined to be S.

Having established the optimal reaction conditions, we
then examined a spectrum of P-ylide 2 and R,β-unsatu-
rated ketones 3 to explore the generality of this new
asymmetric successive Michael-type/Wittig reaction. The
reactions were conducted in 0.5 mL of ClCH2CH2Cl with
20 mol % of catalyst 1e and 40 mol % of L-N-Boc-proline
(B) at�15 �Cfor84h.The results are summarized inTable2.
Based on entries 1�4 of Table 2, the enantioselectivities
were slightly dependent on the substituted ester groups of
the P-ylide 2. The electronic properties of the phenyl ring
of the R,β-unsaturated ketones did not influence the level
of the enantioselectivity markedly, and all these sub-
strates accomplished the reaction smoothly (Table 2,
entries 5�11).Moreover,when 2-thienyl-substitutedketone
was used as the substrate, the corresponding product 5l
was obtained in 55%yield with 88% ee (Table 2, entry 12).
β-Alkyl-substituted ketone was also tested; luckily, the
reaction was completed with 83% ee (Table 2, entry 13).
As is evident from entries 1�3 of Table 3, an exchange of

the methyl group of the ketone to an ethyl group or a
propyl group improved the enantioselectivity of the reac-
tion, with product 5n and 5o obtained with 92% ee and
94% ee, respectively. However, a further increase of the
steric bulk at the R3-position to an isopropyl group slowed
down the reaction and a very low conversion (<5%) was

observed. These results revealed that a longer chain ketone
could engender higher enantioselectivity. Then a series of
long chain ketones were synthesized and utilized in this
reaction; all of the corresponding products were obtained
with excellent enantioselectivities, and the ee values ranged
from 94% to 95% (Table 3, entries 4�11).
Based on the above results, we proposed a transition

state for the catalytic asymmetric Michael-type reaction.

Figure 1. X-ray structure of enantiopure 4a. Thermal ellipsoids
are shown at 30% probability.

Table 1. Screening Studies of the Michael-Type Reaction Con-
ditions and Subsequent Synthesis of R-Methylene-δ-Ketoestera

entry cat. additive solvent

yield

(%)b
ee

(%)c

1 1a AcOH DCM 41 8

2 1b AcOH DCM 35 15

3 1c AcOH DCM 39 21

4 1d AcOH DCM 45 18

5 1e AcOH DCM 55 63

6 1e TFA DCM 42 57

7 1e p-NO2PhCOOH DCM 50 61

8 1e TsOH DCM 38 55

9 1e A DCM 51 76

10 1e B DCM 56 80

11 1e C DCM 47 75

12 1e D DCM 40 78

13 1e B DCM 67 71d

14 1e B DCM 33 84e

15 1e B CH3CN 42 61

16 1e B THF trace n.df

17 1e B CHCl3 35 49

18 1e B DCE 64 82

19 1e B DCE 51 75g

20 1e B DCE 39 64h

aThe reactionwas carried outwith 0.20mmol of 2a, 0.30mmol of 3a,
and 20 mol % of catalyst 1 in combination with 40 mol % of additive
in 0.5 mL of solvent at �15 �C for 84 h. b Isolated yield for two steps.
cEe values were determined by chiral HPLC analysis. d 0 �C reac-
tion temperature. e�30 �C reaction temperature. fNot determined.
g 10 mol % of catalyst 1e was used. h 5 mol % of catalyst 1e was used.

(13) CCDC 827398 (4a) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc. cam.ac.uk/
data_request/cif.
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The interaction between ketone and amine would adopt
a trans conformation. The phosphorus ylide is much
more accessible to attack the active iminium from
the Si face, affording the corresponding product as
S (Figure 2).

In summary, we have provided an organocatalytic Mi-
chael-type addition of phosphorus ylides and R,β-unsatu-
rated ketones using a chiral ion pair catalyst. And the
catalyst was easily prepared bymixing 9-amino-(9-deoxy)-
epi-quinine with L-N-Boc-proline. The reaction proceeded
with a great diversity of R,β-unsaturated ketones with
good to excellent enantioselectivities (up to 95% ee).
Following a Wittig reaction with formaldehyde, the scope
of the reaction was demonstrated by the synthesis of chiral
R-methylene-δ-ketoesters. Further exploration of using
phosphorus ylides as the nucleophiles in asymmetric reac-
tions is now in progress in our laboratory.
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Figure 2. Proposed transition state for theMichael-type reaction
of phosphorus ylides and R,β-unsaturated ketones.

Table 2. Asymmetric Synthesis of R-Methylene-δ-Ketoesters
via Successive Michael-Type/Wittig Reactiona

entry

2

(R1)

3

(R2)

yield

(%)b
ee

(%)c

1 Et Ph 64 (5a) 82

2 Me Ph 67 (5b) 78

3 i-Pr Ph 54 (5c) 73

4 Bn Ph 60 (5d) 81

5 Et 4-FPh 53 (5e) 80

6 Et 4-ClPh 61 (5f) 78

7 Et 3-ClPh 67 (5g) 81

8 Et 4-BrPh 58 (5h) 81

9 Et 4-MePh 50 (5i) 82

10 Et 4-MeOPh 48 (5j) 80

11 Et 4-NO2Ph 71 (5k) 72

12 Et 2-thienyl 55 (5l) 88

13 Bn n-Bu 65 (5m) 83

aThe reaction was carried out with 0.20 mmol of 2, 0.30 mmol of 3,
and 20mol%of catalyst 1e in combinationwith 40mol%ofB in 0.5mL
of ClCH2CH2Cl at �15 �C for 84 h. b Isolated yield for two steps. cEe
values were determined by chiral HPLC analysis.

Table 3. Asymmetric Synthesis of R-Methylene-δ-Ketoesters
via Successive Michael-Type/Wittig Reactiona

entry

2

(R1)

3

(R3)

yield

(%)b
ee

(%)c

1 Et Me 64 (5a) 82

2 Et Et 58 (5n) 92

3 Et n-Pr 54 (5o) 94

4 Et n-Bu 56 (5p) 95

5 Et n-Pen 49 (5q) 95

6 Et n-Hex 52 (5r) 95

7 Et n-Hep 47 (5s) 95

8 Et n-Oct 50 (5t) 95

9 Me n-Pen 62 (5u) 94

10 i-Pr n-Pen 53 (5v) 94

11 Bn n-Pen 46 (5w) 95

aThe reaction was carried out with 0.20 mmol of 2, 0.30 mmol of 3,
and 20mol%of catalyst 1e in combinationwith 40mol%ofB in 0.5mL
of ClCH2CH2Cl at �15 �C for 84 h. b Isolated yield for two steps. cEe
values were determined by chiral HPLC analysis.


