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The enantioselective oxa-Michael addition reaction of 1-(4-methoxyphenyl) ethanone oxime to various
a,b-unsaturated aldehydes was accomplished by using chiral N,N0-dioxide-FeSO4�7H2O (1:1) complex.
Aromatic acid was employed as additive to increase the yield of the reaction. The corresponding adducts
were obtained in moderate yields with up to 76% ee under mild conditions.

� 2008 Elsevier Ltd. All rights reserved.
Chiral b-hydroxy carbonyl compounds and 1,3-diols are impor-
tant building blocks in natural products and valuable skeleton for
organic synthesis. The most efficient strategy for their preparation
is asymmetric oxa-Michael addition reaction and great efforts have
been devoted to this area.1,2 However, when the substrate con-
cerned a,b-unsaturated aldehydes, there were only two efficient
methods3 with the exception of salicyl aldehyde derivatives.4 The
first highly chemo- and stereoselective oxa-Michael addition of
a,b-unsaturated aldehydes was reported by Jørgensen’s group3a

using diarylprolinol silyl ether. Subsequently, Maruoka3b devel-
oped an axially chiral organocatalyst. Thus, the catalytic asymmet-
ric oxa-Michael addition of a,b-unsaturated aldehydes remained
one of the most challenging and interesting topics to be further
explored.

Chiral Lewis acids are powerful catalysts for many enantioselec-
tive reactions.5 Particularly, the environmentally benign biometals,
such as zinc, iron, and copper, have drawn more and more atten-
tion. Iron, as one of the most abundant elements on the earth, is
nontoxic, inexpensive, and readily available, and consequently be-
comes the ideal candidate. During the past decade, iron salts were
demonstrated to be efficient for many organic processes.6 How-
ever, it is relatively underrepresented compared to other transition
metals (e.g., Ru, Rh, Pd, Ir etc.), especially in the field of asymmetric
catalysis.7 On the other hand, chiral N-oxide compounds and their
complexes with different metals are emerging as a class of efficient
catalysts in the asymmetric catalysis.8,9 Herein, we report an enan-
tioselective oxa-Michael addition of a,b-unsaturated aldehydes
ll rights reserved.

.

catalyzed by chiral N,N0-dioxide-FeSO4�7H2O complex under mild
conditions.

In view of the poor nucleophilicity of the hard (HSAB) oxygen
reagent, the study was initiated from 1-(4-methoxyphenyl) etha-
none oxime 5 as nucleophile which contained an electron-donating
group on the aromatic ring. The asymmetric addition of 5 to crotyl-
aldehyde (4a) was carried out using different metals complexed
with ligand 1. It was found that the metals10 which worked well
in our previous studies failed to have any mentionable stereoselec-
tive control. Although L1-Fe(ClO4)2�6H2O complex induced the
reaction with poor ee (Table 1, entry 1), it showed the potential
of iron(II) to catalyze this asymmetric conjugate addition. There-
fore, some other iron(II) salts were screened (Table 1, entries 2–
6), and FeSO4�7H2O gave the desired product in 24% yield and
63% ee (Table 1, entry 2). Changing iron(II) to iron(III) maintained
the enantioselectivity well, but decreased the yield (Table 1, entry
2 vs entry 7). Iron(0) powder exhibited poor performance (Table 1,
entry 8). It was worth noting that the reaction could tolerate air
and moisture due to the stability of FeSO4�7H2O.

To further increase the enantioselectivity, a series of N,N0-diox-
ides 2 and 3 were synthesized and evaluated (Fig. 1). As shown in
Table 2, shortening the linkage between the two chiral backbones
caused a slight increase in the yield (Table 2, entry 1 vs entry 2). In
addition, the amide moiety of the ligand had significant influence
on the reaction (Table 2, entries 2–6). Ligands derived from
aliphatic amine generally worked better than those derived from
aromatic amine. The remarkable improvement of ee was achieved
when ligand 2b containing tert-butyl group was employed (Table
2, entry 3). Furthermore, the results were greatly dependent on
the amino acid fragment (Table 2, entries 7–9). Ligand 3b and 3c
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Table 1
Optimization of iron(II) salts

O +

N
OH

MeO

OH

O
N

OMe

1) 1-metal, toluene, 0 °C,36 h

2) NaBH4 / MeOH

4a 6a5

Entrya Metal Yieldb (%) eec (%)

1 Fe(ClO4)2�6H2O 16 19
2 FeSO4�7H2O 24 63
3 Fe(BF4)2�6H2O 20 12
4 Fe(OCH3)2 5 16
5 Fe(acac)2 7 14
6 Fe(OAc)2 54 46
7 Fe2(SO4)3�H2O 17 63
8 Fe powder 8 30

a Performed with 4a (0.375 mmol), 5 (0.25 mmol), metal:1 = 1:1 (0.025 mmol) in toluene (0.5 mL).
b Isolated yield after reduction by NaBH4/MeOH.
c Determined by chiral HPLC.
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Figure 1. The ligands evaluated.

Table 2
The screening of the ligands using FeSO4�7H2O

O +

N
OH

MeO
OH

O
N

OMe

1) ligand-FeSO4 7H2O, toluene, 0 oC, 36 h

2) NaBH4 / MeOH

4a 6a5
Entrya Ligand Yieldb (%) eec (%)

1 1 24 63
2 2a 32 64
3 2b 12 75
4 2c 6 67
5 2d 23 41
6 2e 8 35
7 3a 4 48
8 3b Trace NDd

9 3c Trace NDd

a Performed with 4a (0.375 mmol), 5 (0.25 mmol), ligand: metal = 1:1 (0.025 mmol) in toluene (0.5 mL).
b Isolated yield after reduction by NaBH4/MeOH.
c Determined by chiral HPLC.
d Not determined.
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Table 3
Optimization of the additives

O +
N

OH

MeO

OH

O
N

OMe
1) 2b-FeSO4 7H2O, toluene,

additive, 0 oC, 36 h

2) NaBH4 / MeOH

4a 6a5

Entrya Additive Additive loading (mol %) Yieldb (%) eec (%)

1 — — 12 75
2 H2O 10 30 77
3 MeOH 10 23 74
4 4-Bromophenol 10 17 68
5 (R)-2-hydroxy-2-phenylacetic acid 10 61 44
6 (S)-2-Hydroxy-2-phenylacetic acid 10 65 39
7 TsOH 10 23 23
8 4-Methoxybenzoic acid 10 44 73
9 Benzoic acid 10 53 71

10 4-Bromobenzoic acid 10 65 68
11 2-Nitrobenzoic acid 10 70 29
12 4-Bromobenzoic acid 5 40 74
13 4-Bromobenzoic acid 20 64 66
14d 4-Bromobenzoic acid 10 45 78
15d,e 4-Bromobenzoic acid 10 62 75

a Performed with 4a (0.375 mmol), 5 (0.25 mmol), 2b (0.025 mmol), FeSO4�7H2O (0.025 mmol), and additive in toluene (0.5 mL).
b Isolated yield after reduction by NaBH4/MeOH.
c Determined by chiral HPLC.
d Performed in 1.0 mL toluene.
e t = 61 h.
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only provided trace product, which might be ascribed to their
much stronger rigidity (Table 2, entries 8 and 9).

The oxa-Michael addition of a,b-unsaturated aldehydes gener-
ally suffered from low yield, which could be ascribed to the reaction
reversibility coupled with the competitive formation of acetal.3a In
order to improve the yield, protonic additives11 were introduced to
the reaction. As shown in Table 3, the yield could be increased to
various extents in the presence of protonic additives. It seemed that
proper acidity was necessary. The addition of water, alcohol, or phe-
nol could not lead to obvious improvement (Table 3, entries 2–4).
The yield was sharply increased to 61% by employing (R)-2-hydro-
xy-2-phenylacetic acid, albeit with serious erosion of enantioselec-
Table 4
The scope of the substrates

R O +

N
OH

MeO

1) 2b-FeS
4-bromo

2) NaBH4

54

Entrya Substrate R Time (h)

1 4a Me 61
2 4b Et 61
3 4c Pr 61
4 4d Bu 75
5e 4e Hep 61
6f 4f i-Pr 61

a Performed with 4 (0.375 mmol), 5 (0.25 mmol), 2b (0.025 mmol), FeSO4�7H2O (0.02
b Isolated yield after reduction by NaBH4/MeOH.
c Determined by chiral HPLC.
d See Ref. 14.
e 0.0375 mmol Isophthalic acid as additive.
f 0.025 mmol 4-Methoxybenzoic acid as additive.
tivity (Table 3, entry 5). The configuration of the additive has little
effect on the selectivity (Table 3, entry 5 vs entry 6). To our delight,
screening of substituted benzoic acid series (Table 3, entries 8–11)
indicated that 4-bromobenzoic acid was favorable in terms of yield
and enantioselectivity (Table 3, entry 10). A remarkable increase in
enantiomeric excess, from 69% to 78%, was achieved when the reac-
tion concentration was lessened to 0.25 M (Table 3, entry 14).
Accordingly, extensive screening has shown that the optimized cat-
alytic reaction conditions are 1.5 equiv 4a, 0.25 mmol 5, 10 mol %
2b, 10 mol % FeSO4�7H2O, 10 mol % 4-bromobenzoic acid in toluene
(1.0 mL) at 0 �C. The yield could be further increased by prolonging
reaction time (Table 3, entry 15).
R OH

O
N

OMe
O4 7H2O,
benzoic acid, toluene

/ MeOH

6

Product Yieldb (%) eec (%)

6a 62 75
6bd 47 72 (R)
6c 50 75
6d 56 73
6e 52 76
6f 30 74

5 mmol), and 4-bromobenzoic acid (0.025 mmol) in 1.0 mL toluene at 0 �C.
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Under the optimized reaction conditions, various a,b-unsatu-
rated aldehydes were tested in the asymmetric oxa-Michael addi-
tion. As shown in Table 4, most substrates reacted smoothly with 5
to afford the addition product 6 in good yields12 with up to 76% ee.
In terms of the stereochemical outcoming, variation of the substit-
uents at b-position has little impact. Both the primary and second-
ary alkyl groups could be well tolerated (Table 4, entries 1–6).
When the primary alkyl substituents ranged in size from methyl
to n-heptyl, the adducts 6 were obtained in good yields (Table 4,
entries 1–5). However, switching R to isopropyl diminished the
yield to 30%, which probably attributed to the steric hindrance of
the branch (Table 4, entry 6).

In summary, we have developed an asymmetric oxa-Michael
addition catalyzed by a chiral N,N0-dioxide-FeSO4�7H2O complex
with acid as additive. The reaction underwent smoothly to give
the corresponding adducts in moderate yields and good enantiose-
lectivities (up to 76% ee). It should be noted that a nontoxic, inex-
pensive, and environmentally friendly biometal was employed in
the process. The simple procedure13 made the method more prac-
tical. Further effort aimed at the mechanism and the improvement
of enantioselectivity is currently underway.
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