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The Diels-Alder (DA) reaction is perhaps the most powerful
method for the stereocontrolled synthesis of complex molecules.1

In a single step it produces six-membered carbocycles and
heterocycles with from one to as many as four stereocenters.
Among the many advances with this reaction,2-4 of particular
significance are the numerous chiral Lewis acid-catalyzed cy-
cloadditions.5,6 A large percentage of successful enantioselective
DA reactions reported involve the use of a cyclic diene, most
commonly cyclopentadiene.5b Of the acyclic dienes reported, most
are monosubstituted butadienes.7 Surprisingly, enantioselective
DA reactions of multiply heteroatom-substituted dienes, such as
Danishefsky’s diene,8 appear to not have been reported despite
their tremendous usefulness in complex molecule synthesis.9 In
connection with our interest in the chemistry of 1-amino-3-siloxy-
1,3-butadienes,10 we have explored the chiral Lewis acid catalyzed
cycloadditions of these dienes. We report here that the reactions
of 1-amino-3-siloxy-1,3-butadienes with various acroleins cata-
lyzed by chromium (III)-salen catalysts proceed with exceptionally
high enantioselectivity to afford highly functionalized cyclohexene
derivatives.

The enantioselective catalysis of 1-amino-3-siloxybutadienes
in DA reactions was particularly promising since the uncatalyzed

cycloaddition withR-substituted acroleins were known to proceed
with excellent regio- and endoselectivities.10 Thus of the eight
possible cycloadducts, only the two enantiomeric endo adducts
were expected. The task of the chiral catalyst was to select
between these two adducts.

Among the chiral Lewis acid catalysts examined for the reaction
of methacrolein and diene1a,10c used for the pivotal DA reaction
in our tabersonine synthesis, Jacobsen’s Cr(III)-salen catalyst
afforded the most encouraging results.11 Early studies showed that
the DA reaction was efficiently catalyzed using 5 mol % of (R,R)-
chromium (III) catalyst2a in methyl tert-butyl ether (MTBE) in
the presence of 4 Å molecular sieves (MS) and afforded
cycloadduct3, exclusively the endo isomer, as determined by1H
NMR analysis of the crude reaction mixture. The product was
obtained in 60% yield and with 81% enantiomeric excess (ee),
the predominant enantiomer being that shown (Table 1, entry
1).12,13 The rate of the cycloaddition was appreciably faster in
CH2Cl2 than in either MTBE or toluene (entries 1-3), although
the enantioselectivities were comparable. The nature of the
counterion impacted the enantioselectivity. When the reaction was
carried out using 5 mol % of catalyst2b, bearing the less
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Table 1. Effect of Solvent and Catalyst Counteriona

entry cat solv temp (°C) time yield (%)b ee (%)c

1 2a MTBE -30-0 5.5 d 60 81
2 2a toluene -30-0 4.5 d 62 77
3 2a CH2Cl2 -30 26 h 78 79
4 2b CH2Cl2 -40 2 d 93 90
5 2c CH2Cl2 -40 2 d 94 93

a Reactions were carried out at 1.0 M in solvent with 2 equiv of
methacrolein, 5 mol % of2 and oven-dried 4 Å MS (0.8 g/1 mmol of
1a). b Isolated yield based on1a. c Determined by NMR analysis of a
Mosher ester derivative, see ref 12 and Supporting Information for
details.
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coordinating BF4- counterion, the adduct was obtained 93% yield
and 90% ee (entry 4). The ee of the product increased further to
93% using catalyst2c,14 possessing SbF6

- counterion (entry 5).15

An analysis of the asymmetric induction capability of the chiral
scaffold (vide infra) pointed to an important role for the carbamate
alkyl group (Table 2, entries 1-4). Indeed, compared to the allyl
substituted diene (1a), the smaller methyl substituted diene (1b,
entry 2) gave poorer results. The endo-exo selectivity of the
cycloaddition was lower (94:6) as was the enantioselectivity (78%
ee for the endo isomer). The oxazolidinone substituted diene1c
(entry 3) gave quite satisfactory results (92% ee). The best result
was obtained with the benzyl substituted diene1d (95% ee). The
use of catalyst2c for this reaction improved the enantioselectivity
to 97% ee (entry 5). It should be noted that the benzyl substituted
dienes underwent cycloaddition with high enantioselectivity even
at room temperature (cf. entries 4-7).

The optimized set of conditions shown in entry 5 of Table 2
proved to be quite general. The cycloadditions of diene1d with
a range of acrolein derivatives catalyzed by salen2c proceeded
in high yield and with excellent enantioselectivity (Table 3).12

All of these reactions were highly endo selective, with no evidence
of the exo adduct in the crude product (by NMR). SimpleR-alkyl-
substituted acroleins gave cycloadducts withg97% ee (entries
1-3). Entry 5 is interesting in that it is also an enol ether.
Nevertheless, it participates very effectively in the cycloaddition,
affording theR-siloxycarboxaldehyde cycloadduct in>97% ee.
The reaction shown in entry 6 is noteworthy in that the product
is a functionalized hydrindane derivative, formed in good yield
and 96% ee. The cycloadducts of the reactions shown are
functionalized, versatile intermediates with a quaternary chiral
center. Such compounds have clear potential for use in complex
molecule synthesis.10c,f

The high enantioselectivities observed in this study are remark-
able given the seemingly flat topography of the salen scaffold. A
consideration of the above results in conjunction with a careful
analysis of the salen scaffold suggests the following rationale for
the observed asymmetric induction. Coordination of the chromium
with the carbonyl lone pair that isanti to the R3 group is expected
to activate the dienophile.16 The diene can approach the dienophile
from the more open surface on the scaffold, which is believed to

be over the imine linkages, away from bulkytert-butyl groups.17

Of the different possible endo transition states for the DA reaction,
the two shown (I andII ) appear to involve the fewest nonbonding
interactions between the diene-dienophile complex, particularly
the R1 group of the carbamate, and the chiral framework.
Transition stateI (patha) seems more favorable thanII , which
suffers from steric interactions between R1 and the axial hydrogens
shown.18

In summary, we have found that 1-amino-3-siloxy-1,3-buta-
dienes undergo highly enantioselective DA reactions with various
acroleins catalyzed by Cr(III) salen complexes. The high endo-
selectivity of the DA reactions as well as the substituents on the
1-position of the diene are important for the success of this
process.
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Table 2. Effect of Carbamate Group Size and Temperaturea

entry diene R1 R2 cat temp (°C) time yieldb (%) eec (%)

1d 1a allyl Me 2b -40 2 d 3 (93) 90
2 1b Me Me 2b -40 2 d 4 (89)e 78f

3 1c -(CH2)2- 2b -40 2 d 5 (85) 92
4 1d benzyl Me 2b -40 2 d 6 (95) 95
5 1d benzyl Me 2c -40 2 d 6 (93) 97
6 1d benzyl Me 2b rt 8 h 6 (80) 93
7 1d benzyl Me 2c rt 16 h 6 (92) 91

a Reactions were carried out at 1.0 M in CH2Cl2 with 2 equiv of
methacrolein, 5 mol % of2 and oven-dried 4 Å MS (0.8 g/1 mmol of
1). b Isolated yield based on1. c Determined by1H NMR analysis of
the Mosher ester, See Supporting Information for details.d Listed from
Table 1, entry 4.e endo:exo) 94:6, calculated by1H NMR. f For endo
adduct.

Table 3. Catalytic Asymmetric Diels-Alder Reactionsa

dienophile

entry R3 R4 temp (°C) time yieldb (%) eec (%)

1d Me H -40 2 d 6 (93) 97
2 Et H -40 2 d 7 (91) 97
3 isopropyl H -40 5 d 8 (92) >97
4 TBSO(CH2)2 H -40 2 d 9 (93) 95
5 TBSO H -40 2 d 10 (86) >97
6 -(CH2)3- -40-rt 5 d 11 (76) 96

a Reactions were carried out at 1.0 M in CH2Cl2 using 2 eq of a
dienophile, 5 mol % of2c and oven-dried 4 Å MS (0.8 g/1 mmol of
1). b Isolated yield based on1d. The absolute stereochemistry of8-11
was estimated on the basis of the reaction mechanism, see also ref 12.
c Determined by1H NMR analysis of the Mosher ester, see Supporting
Information for details.d Listed from Table 2, entry 5.
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