
Tetrahedron Letters 47 (2006) 5281–5284
A chiral iron(II)–pybox catalyst stable in aqueous media.
Asymmetric Mukaiyama–aldol reaction
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Abstract—Among various transition metals, iron is nontoxic, cheap and hence of great potential synthetic use. We report herein a
water stable chiral Lewis acid containing an iron(II) ion and a pybox-type ligand. The resulting cationic aqua complex of C2-sym-
metry is an effective Lewis acid catalyst for asymmetric Mukaiyama–aldol reactions in aqueous media. The aldol products have been
obtained in good yields, syn-diastereoselectivities and ca. 70% levels of enantioselectivity.
� 2006 Elsevier Ltd. All rights reserved.
The aldol reaction is considered as one of the most
important carbon–carbon bond forming reactions in or-
ganic synthesis.1 Its usefulness for the construction of
natural products has promoted rapid evolution of effi-
cient chiral catalysts.2 Among other methodologies,
the chiral Lewis-acid-catalyzed condensation of silyl
enol ethers with aldehydes (the Mukaiyama reaction)3

constitutes one of the most convenient and relevant vari-
ants of the classical aldol reaction.

In recent years, stereoselective organic reactions in aque-
ous media have attracted a great deal of attention.4,5 In
this respect, the enantioselective Mukaiyama reaction in
aqueous solvents presents an important and challenging
issue.6 Since Kobayashi showed that a chiral copper
complex can act as a water tolerant catalyst for the
Mukaiyama–aldol reaction,7 several other Lewis acids
have been utilized in asymmetric aldol reactions in aque-
ous solvents.8

However, most of those catalysts are composed of heavy
or rare earth metals which create drawbacks in their
applications because of the toxicity or high price. In
contrast, iron is the most abundant metal on earth,
and consequently one of the cheapest and environmen-
tally friendly. Interest in well-defined iron complexes
as catalysts for bond forming reactions is an area of
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ongoing development.9 In this respect enantioselective
transformations promoted by iron complexes constitute
precious and rare examples.10

Previously, dicarbonyl cyclopentadienyl iron halides11

and cationic iron complexes12 were demonstrated as cat-
alysts in diastereoselective Mukaiyama-type additions of
ketene acetals to aldehydes in anhydrous solvents. More
recently, Kobayashi reported that Fe(II) and Fe(III)
salts showed considerable activity in stereoselective
Mukaiyama–aldol reactions in aqueous THF,13 espe-
cially when the reaction was carried out in the presence
of catalytic amounts of surfactants.14 Thus, we consid-
ered iron salts to be interesting candidates for designing
water compatible chiral Lewis acids. To the best of our
knowledge, chiral iron-complexes have never been dem-
onstrated as catalysts for asymmetric Mukaiyama–aldol
reactions, not to mention in aqueous media, where the
said catalytic system must meet much more stringent
requirements.5a,6b

As a part of an ongoing program towards new asymmet-
ric aldol methodologies, we reported recently the appli-
cation of a zinc-based chiral Lewis acid in an asymmetric
Mukaiyama–aldol reaction in aqueous media.15 Here we
present the first example of water compatible iron(II)
complexes as non-toxic, environmentally benign cata-
lysts for asymmetric Mukaiyama carbon–carbon bond
forming processes.

We initially screened various chiral ligand-iron(II) chlo-
ride complexes for the best catalytic activity in the
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aqueous asymmetric Mukaiyama reaction. Our preli-
minary studies revealed that pybox-type ligands 117

and 218 were the most promising candidates for further
studies.

The iron(II)–pybox complexes were prepared by stirring
a deoxygenated EtOH/H2O mixture of ligand and
iron(II) chloride until all the solid was observed to
dissolve. To the resulting dark red solution, benzalde-
hyde and silyl enol ether 3 were added under an argon
atmosphere. The reaction in EtOH/H2O (9/1) proceeded
smoothly at 0 �C affording excellent selectivity (Table 1,
entry 1).

The reaction outcome depended, however, on the sol-
vent ratio giving the best enantioselectivity for EtOH/
H2O (4/1) (entry 2). We were delighted to find that the
reaction proceeded in the same yield and good enantio-
selectivity using 10 mol % of the catalyst (entry 3).
Below this level a lower yield and selectivity were
observed (entry 4).

The use of Fe(BF4)2Æ6H2O (entry 6) or Fe(ClO4)2 (entry
7) with 1 resulted in a slightly better reaction yields
without significant change in the diastereoselectivity,
but a drop in enantioselectivity was observed. FeSO4-1
Table 1. Solvent and catalyst studies. Reaction of benzaldehyde with Z-eno

OTMS

+

Fe-salt  (n
1 or 2 (n

CHO

3
(1.2 equiv.)

4 solv
0 °C 

N
N

OO

N
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Entry Solvent Fe-salt n

Ligand 1

1 EtOH/H2O 9/1 FeCl2Æ4H2O 20
2 EtOH/H2O 4/1 FeCl2Æ4H2O 20
3 EtOH/H2O 4/1 FeCl2Æ4H2O 10
4 EtOH/H2O 4/1 FeCl2Æ4H2O 5
5 EtOH/H2O 7/3 FeCl2Æ4H2O 10
6 EtOH/H2O 4/1 Fe(BF4)2Æ6H2O 10
7 EtOH/H2O 4/1 Fe(ClO4)2ÆnH2O 10
8 MeOH/H2O 4/1 FeCl2Æ4H2O 10
9 n-PrOH/H2O 4/1 FeCl2Æ4H2O 10
10 i-PrOH/H2O 4/1 FeCl2Æ4H2O 10
11 DMF/H2O 4/1 FeCl2Æ4H2O 10
12 EtOH FeCl2Æ4H2O 10
13 EtOH FeCl2 10
14 EtOH/H2O 4/1 FeCl3 10

Ligand 2

15 EtOH/H2O 9/1 FeCl2Æ4H2O 10
16 EtOH/H2O 4/1 FeCl2Æ4H2O 10

a Isolated yield after silica gel chromatography.
b Determined by HPLC analysis using a chiralpak AD-H column.
c The absolute configuration of the aldol product 5a was determined by co

data.16,8c
was found to be an unpromising combination. Iron
fluoride did not form a catalyst soluble in the reaction
mixture.

The effect of the solvents was then examined. The aldol
reaction proceeded most efficiently in water–ethanol
solutions. The Fe(II)-based chiral Lewis acid was stable
in alcohol-type solvents but the catalytic system decom-
posed rapidly when an aqueous mixture with aprotic
solvents, such as THF and DME, was engaged as the
reaction medium.

We have found that a water content exceeding 20% in the
reaction medium resulted in a lower yield and selectivity.
On the other hand, the essential role of water was proved
by using dry ethanol. In this case, a lower yield and ste-
reoselectivity were observed (entry 12). In dry dichloro-
methane, only traces of aldol product was formed in
the reaction.

In all cases careful deoxygenation of the solvents played
an essential role in obtaining satisfactory levels of ee and
was crucial for reproducibility of the experiments.
Although iron(III) chloride with 1 was an active Lewis
acid, it delivered aldol 5a as a racemate (entry 14). For-
mation of an iron(III) catalyst was thus expected to be
l silyl ether 3

OH O mol%)
 mol%)

ent
/ 5 h 5a

N
N

OO

N

OH HO
2

Yielda (%) (syn/anti) eeb (%) (syn)

66 (94/6) 40 (S,S)c

62 (96/4) 62
60 (95/5) 62
50 (92/8) 24
42 (94/6) 30
65 (95/5) 45
69 (94/6) 38
55 (95/5) 33
50 (92/8) 28
45 (92/8) 28
70 (85/15) rac.
30 (86/14) 47
30 (81/19) 40
39 (86/14) rac.

68 (91/9) 70 (R,R)c

66 (85/15) 58

mparing the optical rotation and HPLC analyses with the literature



Table 2. Asymmetric aldol reaction of silyl enol ether 3 with various
aldehydes catalyzed by FeCl2/hm-pybox 2 (10 mol %)19

Entry Aldehyde Product Yielda (%)
(syn/anti)

eeb (%) (syn)

1
CHO

5a20 72 (91/9) 70 (R,R)

2
CHO

Me
5b 75 (92/8) 70

3
CHO

MeO
5c 65 (93/7) 75

4
CHO

OMe
5d 87 (93/7) 70

5
CHO

Cl
5e 79 (9/1) 72

6
CHO

5f 72 (7/3) 44

7
CHO

5g 25 (8/2)c 23

a Isolated yield after silica gel chromatography.
b Determined by HPLC analysis using a chiralpak AD-H column.
c Reaction time 72 h.
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responsible for the decrease in the reaction selectivity in
nondeoxygenated solvents.

Interestingly, other pybox-type ligands delivered essen-
tially different results. Application of (R,R)-diphenyl-py-
box resulted in the formation of a racemic aldol product.
On the other hand, the yield and selectivity were im-
proved by application of 10 mol % of (R,R)-hm-pybox
2 and Fe(II) chloride (entry 15). This catalytic system
was more stable and thus a far more attractive combina-
tion than iron(II)–pybox 1.

Finally, it was revealed that the aldol product 5a was
obtained in 72% yield with 70% ee using 10 mol % of
FeCl2Æ4H2O and 2 (Table 2, entry 1). It is noteworthy
that the same level of selectivity was attained using
FeCl2Æ4H2O and anhydrous FeCl2. For practical rea-
sons, we chose for further experiments FeCl2 which is
easier to handle and is less prone to air oxygenation.19

Several other substrates were subjected to this catalytic
system, and the results are summarized in Table 2. In
the case of aromatic aldehydes all the reactions provided
good yields (65–87%), diastereoselectivities (syn/anti =
91/9–93/7) and enantioselectivities for the syn isomer
of 70–75%. a,b-Unsaturated cinnamaldehyde gave a rel-
atively lower ee of aldol product 5f (44%). An aliphatic
aldehyde (entry 7) was less compatible with the reaction
conditions (25% yield, 23% ee).
In summary, we have shown that the FeCl2–pybox com-
plex is an efficient chiral catalyst for asymmetric aldol
reactions in aqueous media. To the best of our knowl-
edge, this is the first example of a chiral iron complex
being active in aqueous asymmetric Mukaiyama reac-
tions. Although the stereoselectivity remains to be im-
proved further, the present work provides a useful
concept for the design of chiral catalysts composed of
iron(II) salts which function effectively in aqueous
media.21
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