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Cationic (R,R)-Cr(salen) complex 2 was found to catalyze
enantioselective addition of 2-(trimethylsilyloxy)furan to alde-
hydes to give 5-substituted butenolides, though diastereoselec-
tivity was only modest. The presence of a small amount of
water is essential for achieving high enantioselectivity.

5-Substituted butenolide derivatives are useful building
blocks for organic synthesis and many methods are available
for their synthesis. Among them, Lewis acid-catalyzed reactions
of 2-trimethylsilyloxyfuran 1 and electrophiles such as
aldehyde,1;2 ketone,1 and enone3;4 are the most straightforward
ones. Thus, much effort has been directed toward asymmetriza-
tion of these Lewis acid-mediated reactions. We have reported
that scandium-3,30-bis(diethylaminomethyl)-1,10-bi-2-naphthol
and copper(II)-bisoxazoline complexes serve as catalysts for en-
antioselective Michael addition of 1 to 3-[(E)-2-butenoyl]-1,3-
oxazolidin-2-one.5 Evans et al. has revealed that copper(II)-bis-
oxazoline and -bis(oxazolinyl)pyridine complexes are useful
also for addition of 1 to methyl pyruvate and benzyloxyacetal-
dehyde, respectively, achieving high enantio- and diastereo-
selectivity.6 On the other hand, Figadére et al. has described that
addition of 1 to aldehydes is promoted with high enantioselec-
tivity and modest diastereoselectivity by using a titanium-BI-
NOL complex as the catalyst.7;8 They have also disclosed that,
due to autocatalysis, the enantioselectivity of the reaction in-
creases as the reaction proceeds.9 We recently found that sec-
ond-generation cationic metallosalen complexes,10 especially
cationic Cr(salen) (2a or 3a), served as efficient catalysts for
asymmetric hetero Diels–Alder reaction (Scheme 1),11 in which
enantiofaces of an aldehyde coordinated to the metallosalen
complex are discriminated by the chirality of the salen ligand.
Therefore, we expected that these metallosalen complexes

might serve as the catalyst also for enantioselective addition
of 1 to aldehydes. In this paper, we describe our preliminary
study on the Cr(salen)-mediated addition reaction.
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We first examined the addition of 1 to 3-phenylpropanal in
dichloromethane at room temperature by using complexes 2 and
3 as the catalysts. The resulting silyl ethers were hydrolyzed to
6-hydroxybutenolide by treatment with trifluoroacetic acid
(TFA). Among the catalysts explored, (R,R)-Cr(salen)s 2b and
2c showed good enantioselectivity, though diastereoselectivity
was modest [2b: anti:syn = 65:35, 76% ee (anti), 65% ee
(syn); 2c: anti:syn = 43:57, 81% ee (anti), 52% ee (syn)].11

In contrast, less enantioselectivity (<35% ee) was attained with
(R,S)-Cr(salen)s (3b and 3c). Lowering the reaction temperature
increased enantioselectivity [2c: anti:syn = 44:56, 95% ee
(anti), 84% ee (syn) at 0 �C]. Surprisingly, however, the enan-
tioselectivities obtained with these Cr(salen)s as catalysts were
found to be poorly reproducible. For example, 2c provided anti-
isomer of enantiomeric excess ranging from 80–95% ee at 0 �C.

It is well known that aldol-type reactions8 are reversible
and the suppression of the reversed reaction is essential to ob-
tain the product(s) under kinetic conditions.13 In the present re-
action, the addition of 1 to aldehyde gives an intermediate A
which competitively undergoes the reversed reaction and the
migration of trimethylsilyl group to end up with silyl ether 4
(Scheme 2). From the above results, however, it was considered
that a trace amount of an impure hydroxylic ingredient such as
water promoted conversion of the intermediate A to hydroxy
lactone 5. The conversions of A to 4 and 5 should be
irreversible.13 Thus, we expected that the stereochemistry of
the present reaction would become reproducible by adding
water which accelerates the conversion from A to 5 and sup-
press the undesired reversed reaction.14;15
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In order to evaluate the effect of water on enantioselectiv-
ity, 2c was first dried in vacuo at 70 �C followed by the subse-
quent addition of the wet dichloromethane solvents prepared
with a calculated amount of water and 3-phenylpropanal at
room temperature. The solutions were cooled to �20 �C and 1
was added at the temperature. Consequently, the enantioselec-
tivity was improved as the water content increased and the op-
timal enantioselectivity was observed when water amounted to
ten equivalents of the catalyst (Table 1). The results obtained in
the presence of water were highly reproducible.16

The reactions of other alkanals were also examined at
�20 �C in the presence of water (Table 2).17 The reactions of
non-branched alkanals gave anti- and syn-products of high en-
antiomeric excesses (>94% and >88%, respectively), while the
enantiomeric excess of the products derived from cyclohexane-
carboxaldehyde was somewhat diminished (Entry 4). However,
diastereoselectivity was only modest in all instances. These re-
sults suggested that the chiral salen ligand effectively blocked
one enantioface of the coordinated alkanal, which 1 approached
from its open side far-off the stereocontrolling unit of the li-
gand. In contrast, enantioselectivity of the addition of 1 to benz-
aldehyde was moderate (Entry 5). This suggested that the retro-
addition occurred rapidly in this reaction even in the presence of
water, probably because the bond was cleaved at the benzylic
position in the retro-addition.

In conclusion, we were able to demonstrate that second-
generation cationic (R,R)-Cr(salen) complexes catalyze addition
reaction of 1 to alkanals in the presence of water in a highly en-
antioselective manner, though diastereoselectivity of the reac-
tions remains insufficient. Further study on the reaction
mechanism is under way.
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Table 1. Effect of water on enantioselectivity in the addition
reaction of 1 to 3-phenylpropanal with 2ca

Entry Water/2c Yield/% anti:syn % ee (anti) % ee (syn)

1 2 96 52:48 84 52
2 3 96 51:49 86 61
3 6 96 46:54 90 79
4 10 91 39:61 95 89
5 12 96 39:61 93 89

aIsolated yield of a mixture of anti- and syn-products.
bDetermined by HPLC analysis using chiral column (DAICEL
CHIRALPAK AS-H, hexane/isopropanol = 9/1).
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Table 2. Reactions of 1 and alkanals in the presence of 2ca

Entry R Yield/%b anti:sync %ee (anti)d %ee (syn)d

1 CH3(CH2)5 88 53:47 94 90
2 CH3(CH2)6 70 48:52 97 92
3 Ph(CH2)3 74 42:58 95 88
4 c-C6H11 44 45:55 84 80
5 C6H5 56 27:73 28 53

aReaction was carried in dichloromethane at �20 �C with the
molar ratio of aldehyde:1:2c:H2O = 1:1.2:0.025:0.25.
bFootnote a in Table 1. cRef. 12. dFootnote b in Table 1.
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