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Abstract—The high-pressure (10–11kbar) reaction of 1-methoxybuta-1,3-diene (1) with tert-butyldimethylsilyloxyacetaldehyde (2),
catalyzed by the chiral (salen)Co(II) 4 or (salen)Cr(III)Cl 5 complexes, has been studied. We found that the reaction afforded, in
good yield (up to 90%) and both with very good diastereoselectivity (up to 92%) and enantioselectivity (up to 94% ee), the
[4 + 2]cycloadducts 3, which are compounds of significant synthetic interest.
� 2004 Elsevier Ltd. All rights reserved.
One of the most important tasks of modern organic syn-
thesis is the quest for novel synthetic methods useful for
the preparation of chiral compounds with high enantio-
meric purity. Until very recently, the main approach for
the development of these methods was by diastereoselec-
tive reactions.1 However, requirements for simplification
of procedures as well as improvement of the economy of
chemical process has led to the development of enantio-
selective strategies, especially asymmetric catalysis.2

The hetero-Diels–Alder (HDA) reaction is one of the
most useful processes leading to dihydropyran deriva-
tives, which are compounds of significant synthetic
interest.3 [4 + 2]Cycloadditions of 1,3-dienes possessing
electron-donating substituents, such as 1-alkoxybuta-
1,3-dienes, to carbonyl compounds having electron-
withdrawing substituents, such as alkyl glyoxylates,
proceed readily affording 2-alkoxy-5,6-dihydro-2H-
pyran derivatives,4 as convenient precursors for the syn-
thesis of modified carbohydrates5 and other biologically
active substances, for example, compactin and mevino-
lin.6 Optically active systems of this type can be obtained
via diastereoselective synthesis using chiral sultam gly-
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oximides.6c,7 Mikami and co-workers8 and Kalesse and
co-workers9 demonstrated that these reactions can be
carried out enantioselectively using titanium BINOL
complexes. In turn, we have shown, very recently, that
commercially available salen chromium(III)10 and
cobalt(II)11 complexes are useful for the reaction of
1-methoxybuta-1,3-diene (1) with n-butyl glyoxylate,
which afforded enantioselectivities in the range of 70–
90% ee. When non-activated heterodienophiles, such
as acetaldehyde or benzaldehyde, were used under ambi-
ent conditions, the [4 + 2]cycloaddition reaction failed.
However, application of the high-pressure technique
led to a successful reaction.12 This methodology has
been applied to the diastereoselective synthesis of many
natural products using a-hydroxy and a-amino alde-
hydes as chiral heterodienophiles.13 Recently, we have
published a paper14 dealing with the high-pressure
Diels–Alder reaction of the reactive 1,3-diene 1 with
non-activated heterodienophiles of type 2 (Scheme 1).
This reaction proceeds in the presence of a catalytic
amount of weak Lewis acids, for example, Eu(fod)3.
Unfortunately, the use of Eu(hfc)3 as a chiral catalyst
was not efficient enough (�15% ee). This finding
prompted us to extend the range of catalysts tested to
complexes of transition metals with chiral salen ligands.

Preliminary tests on the cationic salen–chromium cata-
lyst with BF�

4 as the counterion, as applied for the first
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Figure 1. The chiral catalysts used.
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time in HDA reaction by Jacobsen and co-workers,15

displayed enantioselectivity as low as in the case of
Eu(hfc)3; however, the use of the neutral cobalt catalyst
4a (Fig. 1) seemed to be more promising.

Dienophile 2 had already been employed by Jacobsen
and co-workers16 for the Diels–Alder reaction with 1-
methoxybuta-1,3-diene in the presence of tridentate
chromium(III) complex 7 (Fig. 1). This reaction pro-
ceeded without any solvent in the presence of activated
4Å molecular sieves under atmospheric pressure and
gave very high stereoselectivities and yields.

We found that, under the conditions suggested by
Jacobsen, with no solvent and in the presence of mole-
cular sieves, the use of (salen)Co(II) 4a resulted in very
low yields of about 5%, with a diastereoselectivity of
95:5 and 80% ee for the cis product. The chromium(III)
chloride complex 5a provides much higher yields (up to
45%) and diastereoselectivity of 92:8 and enantioselecti-
vity of 64% ee. Of note is fact that, the complexes 4a and
5a, which have the C2-symmetry, perform much better
Table 1. High-pressure [4 + 2]cycloaddition of diene 1 with tert-butyldimeth

Entry Catalyst Mol% of the catalyst Concn of 2 (mol/L) Solven

1 4a 5 1 CH2C

2 4a 2 1 CH2C

3 4a 0.5 1 CH2C

4 4a 2 1 Toluen

5 4a 5 0.5 CH2C

6 4a 2 0.5 CH2C

7 6 2 0.5 CH2C

8 5a 5 0.5 CH2C

9 5a 2 0.5 CH2C

10 5a 2 0.5 Toluen

11 5a 2 1 CH2C

12 5a 0.5 0.5 CH2C

a The reactions were carried out using 1mmol of aldehyde 2 and 1.2mmol o
b cis/trans ratio and enantiomeric excess were determined by GC on a capill
under the high-pressure conditions (the ee for the cis
product is 75–94%, Table 1). We have also tested the
behaviour of the tridentate complex 7 (2mol%) under
similar conditions (10kbar, CH2Cl2). Despite the good
yield (80%) and diastereoselectivity (98:2), the enantiose-
lectivity dropped to nearly 65% ee, as compared to the
method of Jacobsen and co-workers.16 The preliminary
studies demonstrated that the salen complexes of
cobalt(II) and chromium(III)Cl, having C2-symmetry,
afforded much better results in terms of both yield and
selectivity under high-pressure conditions.

We next investigated the influence of the amount of cat-
alyst, solvent and concentration of tert-butyldimethylsi-
lyloxyacetaldehyde (2)17 on the course of the reaction
catalyzed by complexes 4a and 5a (Table 1). We also
checked how the cationic cobalt complex 6 (Fig. 1) per-
formed in this reaction.

In the case of (salen)Co 4a, an increase in concentration
of the catalyst influenced slightly, but favourably, the
reaction yield, whereas the diastereoselectivity and
ylsilyloxyacetaldehyde (2) in the presence of complexes 4a, 5a or 6a

t Yield (%) cis/transb ee for cis-3b (%) ee for trans-3b (%)

l2 61 93:7 93 73

l2 52 93:7 92 70

l2 30 90:10 81 43

e 33 88:12 75 48

l2 52 95:5 94 74

l2 47 95:5 93 79

l2 32 81:19 75 32

l2 80 91:9 84 66

l2 70 95:5 85 65

e 84 96:4 87 78

l2 88 93:7 83 69

l2 60 96:4 85 65

f diene 1 under high pressure (10–11kbar) at 20�C for 24h.

ary chiral b-dex 120 column.
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enantioselectivity remained practically unchanged
(Table 1, entries 1, 2, 5 and 6). Only a decrease of the
catalyst content to 0.5mol% resulted in a significant
reduction in yield and a drop of enantioselectivity from
93% to 81% ee (compare entries 1 and 3). In turn, the
change of the solvent from methylene dichloride to tolu-
ene decreased the yield of the reaction, diastereoselectiv-
ity and enantioselectivity (entry 4). Double dilution of
the reaction mixture had practically no influence on
the diastereoselectivity and enantioselectivity of this
reaction (entries 5 and 6).

Application of the cationic cobalt chloride complex 6
resulted in a decrease of both yield and selectivities, as
compared to the neutral complex (entry 7).

The chromium chloride complex 5a, in contrast to its
BF�

4 analogue, catalyzed the reaction more effici-
ently—the yields were good, but the enantioselectivities
were slightly lower compared to the cobalt complex 4a.
Regardless of the reaction conditions used and the
amount of the catalyst 5a, the enantioselectivity for
cis-3 was about 84–87% ee (entries 8–12), and the dia-
stereoselectivities and yields were higher than in the case
of cobalt complexes. The reaction catalyzed by chro-
mium complex 5a proceeded well in toluene (entry 10)
and also with a low amount of the catalyst (0.5mol%,
entry 12).
Table 2. Influence of the structure of (salen)Co(II) and (salen)Cr(III)Cl comp
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(1R,2R)-4a-f  M=Co

4a  R1=R2= But

4b  R1=But, R2=Me
4c  R1=But, R2=OMe
4d  R1=Me, R2=But

4e  R1=But, R2=H
4f   R1=But, R2=NO2

M=Co or

(1R,2R)-5a-d M=C

5a  R1=R2= But

5b  R1=But, R2=M
5c  R1=But, R2=OM
5d  R1=Me, R2=Bu

Entry Catalyst Yield (%)

1 4a 47

2 5a 70

3 4b 27

4 5b 82

5 4c 32

6 5c 70

7 4d 49

8 5d 59

9 4e 38

10 4f 35

11 8 15

12 9 90

a Reactions were carried out using 1mmol of aldehyde 2 (0.5mol/L) and 1.2

catalyst at 20�C under high pressure (10–11kbar) for 24h.
In the next part of this study, we investigated the influ-
ence of the structure of the chiral salen ligand of the
cobalt(II) and chromium(III) complexes on the stereo-
chemical course of the reaction, in hope of improving
the stereochemical outcome (Table 2).

As can be seen from Table 2 (entries 1–9), simple modi-
fications of the salicylidene part of the complexes of
cobalt 4 and chromium 5 had a small influence on
changes in diastereoselectivity and enantioselectivity of
the process. When R1 and R2 are alkyl or methoxy,
the resulting enantioselectivities were in the range of
85–93%. The presence of electron-withdrawing groups
such as NO2 (entry 10) resulted in a drop in diastereose-
lectivity and enantioselectivity. A change in the diamine
part, from 1,2-diaminocyclohexane to 1,2-diphenylethyl-
enediamine, resulted in a significant loss of both selectiv-
ity and yield in the case of the cobalt catalyst 8 (entry 11),
while this was not observed in the case of the chromium
catalyst 9 (entry 12).

We determined the absolute configuration of the major
product by chemical correlation (Scheme 2). Formation
of the stereoisomer (2S,6R)-3 predominated in the pres-
ence of the (1R,2R)-cobalt 4 and (1R,2R)-chromium 5
catalysts. The post-reaction mixture containing the
cycloadducts 3 was isomerized in the presence of a cata-
lytic amount of pyridinium p-toluene sulfonate (PPTS)
lexes on the yield and stereochemical course of the reaction 1 + 2 ! 3a
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H

(1R,2R)-8 M= Co
(1R,2R)-9 M= CrCl

 CrCl

rCl
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t

cis/trans-3 ee for cis-3 ee for trans-3

95:5 93 79

95:5 85 65

93:7 86 72

94:6 86 73

93:7 85 69

93:7 86 76

95:5 91 75

89:11 86 66

93:7 85 71

86:14 70 33

88:12 58 18

96:4 82 46

mmol of diene 1 in CH2Cl2 as a solvent, in the presence of 2mol% of
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and methanol, and the resulting mixture of trans-3 was
hydrogenated using 10% palladium on charcoal to yield
the enantiomeric mixture of alcohols trans-10.5a The
optical rotation measurement indicated unequivocal
that the major enantiomer was (2R,6R)-10 correspond-
ing to the cycloadduct (2S,6R)-3 as the main product
of the original post-reaction mixture.

To recapitulate, this paper presents a novel high-pres-
sure method of synthesis of 2-alkoxy-5,6-dihydro-2H-
pyran derivatives 3 starting from non-activated alde-
hyde 2, carried out in the presence of 2–5mol% of the
commercially available (salen)Co complex 4a. The enan-
tioselectivities obtained are up to 94% ee, and the yields
are in the range of 30–61%. Also, the commercially
available chromium complex 5a (0.5–2mol%) catalyzes
the reaction effectively under high pressure; the enantio-
selectivities are somewhat lower (84–87%), but the yields
are higher, up to 90%. The present results open up a
rational and efficient route to optically active 6-substi-
tuted 2-methoxy-5,6-dihydro-2H-pyrans, which are
widely used in the synthesis of various naturally occur-
ring sugars, biologically active substances and polyhydr-
oxy compounds. Our results indicate that further studies
on modification of the catalyst are necessary, which
should enable optimization of the stereochemical out-
come of this reaction.
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