
1.1
Introduction

The Diels-Alder reaction is one of the most useful synthetic reactions for the con-
struction of the cyclohexane framework. Four contiguous stereogenic centers are
created in a single operation, with the relative stereochemistry being defined by
the usually endo-favoring transition state.

Asymmetric Diels-Alder reactions using a dienophile containing a chiral auxili-
ary were developed more than 20 years ago. Although the auxiliary-based Diels-Al-
der reaction is still important, it has two drawbacks – additional steps are neces-
sary, first to introduce the chiral auxiliary into the starting material, and then to
remove it after the reaction. At least an equimolar amount of the chiral auxiliary
is, moreover, necessary. After the discovery that Lewis acids catalyze the Diels-Al-
der reaction, the introduction of chirality into such catalysts has been investigated.
The Diels-Alder reaction utilizing a chiral Lewis acid is truly a practical synthetic
transformation, not only because the products obtained are synthetically useful,
but also because a catalytic amount of the chiral component can, in theory, pro-
duce a huge amount of the chiral product.

The first synthetically useful breakthrough in the catalytic Diels-Alder reaction
came with the work of Koga and coworkers reported in 1979 (vide infra) [1]. Since
Koga’s work, many chiral Lewis acids have been developed and applied to the
Diels-Alder reaction. There are several good reviews of catalytic asymmetric Diels-
Alder reactions utilizing a chiral Lewis acid [2], including Evans’s excellent recent
review [2a]. In most of these reviews, the Diels-Alder reactions are categorized ac-
cording to the metal of the chiral Lewis acid. In general, the dienophiles used in
the Diels-Alder reaction are categorized into two groups – those which bind to the
Lewis acid at one point and those which bind at two points. �,�-Unsaturated alde-
hydes and esters belong to the first category; 3-alkenoyl-1,3-oxazolidin-2-ones (ab-
breviated to 3-alkenoyloxazolidinones), for instance, belong to the latter. This clas-
sification is, however, not always valid. For example, although 3-alkenoyloxazolidi-
none is a good bidentate ligand for most of the metals used, Corey’s chiral alumi-
num catalyst activates acryloyloxazolidinone by binding at a single-point only (vide
infra) [3]. Different tactics should be necessary for the development of chiral Le-
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wis acids effective for each type of dienophile. In this review, Diels-Alder reactions
are classified by dienophile type – �,�-unsaturated aldehydes, �,�-unsaturated es-
ters, 3-alkenoyl-1,3-oxazolidin-2-ones, and others. The asymmetric Diels-Alder re-
action is a rapidly expanding area and many interesting results have appeared.
This review deals only with catalytic asymmetric homo-Diels-Alder reactions pro-
ceeding in an enantiomeric excess (ee) greater than 90%, which is the syntheti-
cally useful level.

1.2
The Chiral Lewis Acid-catalyzed Diels-Alder Reaction

1.2.1
The Asymmetric Diels-Alder Reaction of �,�-Unsaturated Aldehydes as Dienophiles

1.2.1.1 Aluminum
The pioneering work in the chiral Lewis-acid promoted Diels-Alder reaction was
that of Koga, reported in 1979, in which the first catalytic asymmetric reaction
proceeding in high enantioselectivity was realized [1] (Scheme 1.1). The catalyst 1,
prepared from EtAlCl2 and menthol, was thought to be “menthoxyaluminum
dichloride”, and promoted the Diels-Alder reaction of methacrolein and cyclopen-
tadiene in 72% ee. Although they went on to examine several chiral ligands con-
taining the cyclohexyl moiety, higher enantioselectivity could not be achieved.

Chiral aluminum catalyst 2, prepared from Et2AlCl and a “vaulted” biaryl ligand,
is reported to be an effective Lewis acid catalyst of the Diels-Alder reaction be-
tween methacrolein and cyclopentadiene, affording the adduct in 97.7% ee [4]
(Scheme 1.2). Although the Diels-Alder reaction with other �,�-unsaturated alde-
hydes has not been described, that only 0.5 mol% loading is sufficient to promote
the reaction is a great advantage of this catalyst.

1.2.1.2 Boron
In 1989 Yamamoto et al. reported that the chiral (acyloxy)borane (CAB) complex 3
is effective in catalyzing the Diels-Alder reaction of a number of �,�-unsaturated
aldehydes [5]. The catalyst was prepared from monoacylated tartaric acid and bo-
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rane-THF complex with the generation of H2. The boron atom of the (acyl-
oxy)borane is activated by the electron-withdrawing acyloxy group (Scheme 1.3).

The chiral (acyloxy)borane (CAB) catalyst 3 is a practical catalyst, because it is appli-
cable to the reaction of a variety of dienes and aldehydes giving high enantio-
selectivity (Scheme 1.4, 1.5, Table 1.1, 1.2). The reaction has generality, working
not only for reactive cyclopentadiene, but also for less reactive dienes like iso-
prene. There are several noteworthy features. An �-substituent on the dienophile
increases enantioselectivity (acrolein relative to methacrolein), whereas �-substitu-
tion dramatically reduces it (crotonaldehyde). When the substrate has substituents
at both �- and �-positions, high enantioselectivity is observed. In a series of investiga-
tions using several kinds of tartaric acid derivative, it was found that the boron atom
can form a five-membered ring structure with an �-hydroxy acid moiety of the tartaric
acid, and that the remaining carboxyl group may not bond to the boron atom.

One interesting phenomenon was the effect of the boron substituent on en-
antioselectivity. The stereochemistry of the reaction of �-substituted �,�-unsatu-
rated aldehydes was completely independent of the steric features of the boron
substituents, probably because of a preference for the s-trans conformation in the
transition state in all cases. On the other hand, the stereochemistry of the reac-
tion of cyclopentadiene with �-unsubstituted �,�-unsaturated aldehydes was dra-
matically reversed on altering the structure of the boron substituents, because the
stable conformation changed from s-cis to s-trans, resulting in production of the
opposite enantiomer. It should be noted that selective cycloadditions of �-unsubsti-
tuted �,�-unsaturated aldehydes are rarer than those of �-substituted �,�-unsatu-
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rated aldehydes, because it is difficult to control the s-cis/s-trans conformation ratio
of the former in the transition state, whereas for the latter the s-trans conforma-
tion predominates. These results indicate that control of the s-cis/s-trans conforma-
tion of the former aldehydes can be achieved by means of the catalyst.

A detailed 1H NMR study and determination of the X-ray structure of the ligand
has suggested the occurrence of �-stacking of the 2,6-diisopropoxybenzene ring
and coordinated aldehyde [5c]. Because of this stacking, the si face of the CAB-co-
ordinated �,�-unsaturated aldehyde is sterically shielded (Fig. 1.1).
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Scheme 1.4

Table 1.1 Asymmetric Diels-Alder reactions of cyclopentadiene catalyzed by CAB catalyst 3
[5a,b]

R1 R2 Time (h) Yield (%) endo/exo ee (%)

H Me 6 85 11:89 96
H H 14.5 90 88:12 84
Me H 10 53 90:10 2
Me Me 9.5 91 3:97 90
H Br 10 100 6:94 95
Me Br 12 100 >1 : 99 98

Scheme 1.5

Table 1.2 Asymmetric Diels-Alder reactions catalyzed by CAB catalyst 3 [5a,b]

R1 R2 R3 Temp. (�C) Time (h) Yield (%) ee (%)

Me Me Me –78 7.5 61 97
Me H Me –40 10.5 65 91
Me Me H –78 10.5 53 84
Me Me Br –78 46 80 95
Me H Br –40 12 52 87



The intramolecular Diels-Alder reaction of 2-methyl-(E,E)-2,7,9-decatrienal cata-
lyzed by the CBA catalyst 3 proceeds with the same high diastereo- and enantio-
selectivity [5d] (Scheme 1.6).

A tryptophan-derived oxazaborolidine 4 was prepared by Corey et al. from a trypto-
phan derivative and BuB(OH)2 with elimination of water [6]. In the first use of �-
bromoacrolein in the catalytic asymmetric Diels-Alder reaction, Corey et al. ap-
plied this catalyst to �-bromoacrolein, a reaction which is outstandingly useful, be-
cause of the exceptional synthetic versatility of the resulting cycloadducts. Corey et
al. have shown that the adduct of �-bromoacrolein and benzyloxymethylcyclopen-
tadiene obtained in high optical purity can be transformed into an important in-
termediate for the synthesis of prostaglandins [6a] (Scheme 1.7, 1.8). Since this
publication the Diels-Alder reaction of �-bromoacrolein and cyclopentadiene has
come to be regarded as a test reaction of the effectiveness of newly developed chir-
al Lewis acids. Other applications of this asymmetric Diels-Alder reaction to natu-
ral product synthesis are shown in Schemes 1.7–1.11 [6c]. The Diels-Alder reac-
tion of an elaborated triisopropoxydiene and methacrolein catalyzed by the modi-
fied borane reagent affords in high optical purity a chiral cyclohexane skeleton,
which was successfully transformed to cassinol (Scheme 1.9). The chiral Diels-Al-
der adduct obtained in high optical purity (99% ee) from 2-(2-bromoallyl)-1,3-cy-
clopentadiene and �-bromoacrolein was converted to a key intermediate in the
synthesis of the plant growth regulator gibberellic acid (Scheme 1.10).

The structure of the complex of (S)-tryptophan-derived oxazaborolidine 4 and
methacrolein has been investigated in detail by use of 1H, 11B and 13C NMR [6b].
The proximity of the coordinated aldehyde and indole subunit in the complex is
suggested by the appearance of a bright orange color at 210 K, caused by forma-
tion of a charge-transfer complex between the �-donor indole ring and the accep-
tor aldehyde. The intermediate is thought to be as shown in Fig. 1.2, in which the
s-cis conformer is the reactive one.
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The borane catalyst 4 is also effective in the Diels-Alder reaction of furan
(Scheme 1.11). In the presence of a catalytic amount of this reagent �-bromoacro-
lein or �-chloroacrolein reacts with furan to give the cycloadduct in very good
chemical yield with high optical purity [6d].

The polymer-supported chiral oxazaborolidinone catalyst 5 prepared from valine
was found by Ituno and coworkers to be a practical catalyst of the asymmetric
Diels-Alder reaction [7] (Scheme 1.12). Of the several cross-linked polymers with a
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chiral N-sulfonylamino acid moiety examined, the polymeric catalyst containing a
relatively long oxyethylene chain cross-linkage gave higher enantioselectivity than
those with flexible alkylene chain cross-linkages or with shorter oxyethylene chain
cross-linkages. An interesting feature is that this polymeric chiral catalyst is more
enantioselective than its low-molecular-weight counterpart. One of the great syn-
thetic advantages of this reaction is that catalyst 5 can be easily recovered from
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the products and re-used. The reaction can be performed in a flow system, which
avoids destruction of the polymeric beads by vigorous stirring.

Kobayashi and Mukaiyama developed a zwitterionic, proline-based Lewis acid 6 by
mixing aminoalcohol and BBr3 [8] (Scheme 1.13). The structure of the catalyst
was determined by 11B, 1H, and 13C NMR analysis [9]. The HBr salt is important
for achieving high enantioselectivity – the catalyst prepared from the sodium salt
of the aminoalcohol and BBr3 (HBr-free condition) is ineffective, whereas the adduct
was produced with high enantioselectivity when the catalyst prepared by reaction of
aminoalcohol, NaH, BBr3, and HBr gas was used. This catalyst promotes the Diels-
Alder reaction of methacrolein and cyclopentadiene with high enantioselectivity.

In 1994 Yamamoto et al. developed a novel catalyst which they termed a “Brønsted
acid-assisted chiral Lewis acid” (BLA) [10] (Scheme 1.14, Table 1.3). The catalyst 7
was prepared from (R)-3,3�-dihydroxyphenyl)-2,2�-dihydroxy-1,1�-binaphthyl by reac-
tion with B(OMe)3 and removal of methanol [10a,d]. The Brønsted acid is essential
for both the high reactivity of the Lewis acid and the high enantioselectivity – the
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borane catalyst prepared from the monobenzyl ether or monosilyl ether of the par-
ent ligand afforded cycloadducts in only low chemical and optical yields. Although
catalyst 7 is one of the best for the enantio- and exo-selective Diels-Alder reaction
of �-substituted a,�-unsaturated aldehydes with highly reactive dienes such as cy-
clopentadiene, enantioselectivity is low for the corresponding reaction of �-unsub-
stituted a,�-unsaturated aldehydes such as acrolein and crotonaldehyde.

To overcome these problems with the first generation Brønsted acid-assisted chiral
Lewis acid 7, Yamamoto and coworkers developed in 1996 a second-generation cat-
alyst 8 containing the 3,5-bis-(trifluoromethyl)phenylboronic acid moiety [10b,d]
(Scheme 1.15, 1.16, Table 1.4, 1.5). The catalyst was prepared from a chiral triol
containing a chiral binaphthol moiety and 3,5-bis-(trifluoromethyl)phenylboronic
acid, with removal of water. This is a practical Diels-Alder catalyst, effective in cat-
alyzing the reaction not only of �-substituted a,�-unsaturated aldehydes, but also
of �-unsubstituted a,�-unsaturated aldehydes. In each reaction, the adducts were
formed in high yields and with excellent enantioselectivity. It also promotes the re-
action with less reactive dienophiles such as crotonaldehyde. Less reactive dienes
such as isoprene and cyclohexadiene can, moreover, also be successfully employed
in reactions with bromoacrolein, methacrolein, and acrolein dienophiles. The chir-
al ligand was readily recovered (>90%).
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Scheme 1.14

Table 1.3 Asymmetric Diels-Alder reactions of �-substituted aldehydes catalyzed by 7 [10a, d]

R1 R2 Yield (%) endo/exo ee (%)

H Br >99 >1 :99 99
H Me >99 >1 :99 99
H Et >99 3 : 97 92
Me Me >99 >1 :99 98

–(CH2)3– >99 2 : 98 93



Brønsted acid-assisted chiral Lewis acid 8 was also applied to the intramolecular
Diels-Alder reaction of an �-unsubstituted triene derivative. (E,E)-2,7,9-Decatrienal
reacts in the presence of 30 mol% of the catalyst to afford the bicyclo compound
in high yield and good enantioselectivity [10d] (Scheme 1.17).
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Scheme 1.15

Table 1.4 Asymmetric Diels-Alder reactions of �-unsubstituted aldehydes catalyzed by 8 [10b,d]

R Temp. (�C) Yield (%) endo/exo ee (%)

H –78 84 97 :3 95
Me –78 94 90 :10 95
Et –78 73 91 :9 98
Ph –40 94 74 :26 80
CO2Et –78 91 98 :2 95

Scheme 1.16

Table 1.5 Asymmetric Diels-Alder reactions catalyzed by 8 [10d]

R1 R2 R3 Yield (%) ee (%)

Me H Br 95 >99
Me Me Br 95 91
Me H Me 73 >99
Me H H 95 99
Me Me H 97 >99



Another application of catalyst 8 is to the reaction of acetylenic aldehydes [10c]
(Scheme 1.18, Table 1.6). Two acetylenic dienophiles have been reacted with cyclo-
pentadiene or cyclohexadiene to give bicyclo[2.2.1]heptadiene or bicyclo[2.2.2]octa-
diene derivatives in high optical purity. A theoretical study suggests that this reac-
tion proceeds via an exo transition state.

For many of these asymmetric Diels-Alder reactions, there are major limitations
with regard to the range of dienes to which they can be applied successfully. In
most asymmetric catalytic Diels-Alder reactions with a,�-unsaturated aldehydes as
dienophiles, reactive dienes such as cyclopentadiene have been employed, and 1,3-
butadiene and 1,3-cyclohexadiene have not been used successfully. To expand the
scope and utility of the catalytic enantioselective Diels-Alder reaction, Corey and
coworkers have developed a new class of super-reactive chiral Lewis acid catalyst
[11] (Scheme 1.19, 1,20, Table 1.7). Cationic oxazaborinane catalyst 9 was prepared
from aminosilyl ether and BBr3. As the same high enantioselectivity was obtained
with a molar ratio of BBr3 to aminosilyl ether between 0.9:1 and 1.6:1, the cation-
ic form of 9 (paired with the BBr4

– counter-ion) is thought to be generated. A
much more active Lewis acid catalyst was generated on addition of Ag+B[C6H3-
3,5-(CF3)2]4

– to the above catalyst; this afforded the super-reactive catalyst with the
B[C6H3-3,5-(CF3)2]4

– counter-ion. In the presence of this catalyst �-substituted a,�-
unsaturated aldehydes react not only with reactive cyclopentadiene, but also 1,3-
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Table 1.6 Asymmetric Diels-Alder reactions of alkynyl aldehydes catalyzed by 8 [10c]

R n Yield (%) ee (%)

H 1 63 88
CO2Et 1 97 95
CO2Et 2 81 84
I 1 72 85



butadiene and 1,3-cyclohexadiene at low temperature (–94 �C), in short reaction
times (<2 h), to afford cycloadducts with high exo and enantioselectivity.

This catalyst was successfully applied to the Diels-Alder reaction of propargyl alde-
hydes as dienophiles [12] (Scheme 1.21, Table 1.8). Though 2-butyn-1-al and 2-oc-
tyn-1-al are unreactive dienophiles, silyl- and stannyl-substituted a,�-acetylenic al-
dehydes react with cyclopentadiene readily in the presence of 20 mol% of the cata-
lyst at low temperature to give bicyclo[2.2.1]heptadiene derivatives in high optical
purity; these derivatives are synthetically useful chiral building blocks.

The two 3,5-dimethylbenzyl substituents on the nitrogen atom of the ligand are
important determinants of the enantioselectivity. The reaction is thought to proceed
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Table 1.7 Asymmetric Diels-Alder reactions catalyzed by super Lewis acid 9 [11]

R1 R2 X Yield (%) endo/exo ee (%)

H Br B[C6H3-3,5-(CF3)2]4 99 9 :91 98
H Br Br or BBr4 99 6 :94 95
H Me B[C6H3-35-(CIF3)2]4 98 11 :89 87
H Me Br or BBr4 99 12 :82 90
Me Br B[C6H3-3,5-(CF3)2]4 99 >2 : 98 96
Me Me Br or BBr4 88 >2 : 98 89

–(CH2)4– Br or BBr4 99 >2 : 98 96

Scheme 1.20



as follows: one of the N-CH2Ar substituents serves to block attack on the lower face
of the s-trans-coordinated dienophile, whereas the other screens off another region in
space and limits the rotation of both the dienophile and the other N-CH2Ar group.
In the transition state, the formyl hydrogen atom is placed in proximity to the oxy-
gen substituent on the boron atom, and held there by a C–H····O hydrogen bond to
the equatorial oxygen lone pair (Fig. 1.3).

The formyl C–H····O hydrogen bond idea (Fig. 1.4) was first conceived for the
catalyst 9 and its existence is supported by several X-ray studies of BX3·aldehyde
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Scheme 1.21

Table 1.8 Asymmetric Diels-Alder reactions of alkynyl aldehydes catalyzed by 9 [12]

R Yield (%) ee (%)

Me3Si 68 87
Et3Si 37 85
Me2PhSi 50 87
Bu3Sn 83 80

Fig. 1.3 Transition structure of the cationic oxazabori-
nane 9

Fig. 1.4 Hydrogen bond of formyl CH



complexes performed by Corey and coworkers [13]. The X-ray crystal structures of
the complexes C6H5CHO·BF3 [14], H2C=C(CH3)CHO·BF3 [15], and DMF·BX3

(X = F, Cl, Br, I) [13a] reveal:

(i) BX3 is coordinated to the oxygen lone pair, which is syn to the formyl proton.
(ii) The carbonyl·BF3 complex prefers the eclipsed-coplanar B–F/formyl arrange-

ment, but the complexes DMF·BX3 (X = Cl, Br, I) do not.
(iii) For carbonyl·BF3 complexes, the distance between the eclipsed H (formyl)

and F (borane) is considerably less than the sum of the van der Waals radii.

These results suggest an attractive interaction or weak hydrogen bond between
the formyl proton and eclipsed fluorine. The X-ray crystal structure of the B-bro-
mocatecholborane–DMF complex also suggests the occurrence of similar weak, at-
tractive interaction, i.e. a hydrogen bond, between the formyl group and nearby
oxygen. This novel hydrogen-bonding effect between a coordinated formyl and
oxygen substituents at boron can be used to rationalize several enantioselective
Diels-Alder reactions of chiral Lewis catalysts such as Corey’s super-Lewis acidic
catalyst 9 (vide supra), Corey’s (S)-tryptophan derived borane 4, Yamamoto’s chiral
acyloxyborane (CAB) 3, Yamamoto’s Brønsted acid-assisted chiral Lewis acids
(BLA) 7 and 8, Yamamoto’s chiral helical titanium catalyst (vide infra) 10, and
Koga’s menthoxyaluminum chloride 1 [13 b,c].

1.2.1.3 Titanium
Yamamoto et al. have reported a chiral helical titanium catalyst, 10, prepared from
a binaphthol-derived chiral tetraol and titanium tetraisopropoxide with azeotropic
removal of 2-propanol [16] (Scheme 1.22, 1.23, Table 1.9). This is one of the few
catalysts which promote the Diels-Alder reaction of �-unsubstituted aldehydes
such as acrolein with high enantioselectivity. Acrolein reacts not only with cyclo-
pentadiene but also 1,3-cyclohexadiene and 1-methoxy-1,3-cyclohexadiene to afford
cycloadducts in 96, 81, and 98% ee, respectively. Another noteworthy feature of
the titanium catalyst 10 is that the enantioselectivity is not greatly influenced by
reaction temperature (96% ee at
–78 �C, 92% ee at –20 �C, 88% ee at 0 �C in the reaction of acrolein and cyclopen-
tadiene). This is unusual for metal-catalyzed asymmetric reactions, with only few
similar examples. The titanium catalyst 10 acts as a suitable chiral template for
the conformational fixing of a,�-unsaturated aldehydes, thereby enabling efficient
enantioface recognition, irrespective of temperature.

Another chiral titanium reagent, 11, was developed by Corey et al. [17] (Scheme
1.24). The catalyst was prepared from chiral cis-N-sulfonyl-2-amino-1-indanol and
titanium tetraisopropoxide with removal of 2-propanol, followed by treatment with
one equivalent of SiCl4, to give the catalytically-active yellow solid. This catalyst is
thought not to be a simple monomer, but rather an aggregated species, as sug-
gested by 1H NMR study. Catalyst 11 promotes the Diels-Alder reaction of �-bro-
moacrolein with cyclopentadiene or isoprene.
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Mikami et al. have reported that the chiral titanium reagent 12 derived from bi-
naphthol and TiCl2(O-i-Pr)2 catalyzes the Diels-Alder reaction of �-bromoacrolein
or methacrolein with isoprene or 1-methoxy-1,3-butadiene to afford the cycload-
ducts with high enantioselectivity [18] (Scheme 1.25).
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Scheme 1.22

Scheme 1.23

Table 1.9 Asymmetric Diels-Alder reactions of cyclopentadiene catalyzed by 10 [16]

R1 R2 Temp. (�C) Time (h) Yield (%) endo/exo ee (%)

H H –78 3.5 70 85 : 15 96
Me H –40 50 76 70 : 30 95
H Me –78 70 75 1 : 99 94(S)

Scheme 1.24



1.2.1.4 Iron
Kündig and coworkers have developed a cationic Cp iron(II) complex 13 contain-
ing the 1,2-(bis(pentafluorophenyl)phosphanyl)cyclopentane or diphenyl ethane
moiety as ligand [19] (Scheme 1.26, Table 1.10). The catalyst 13 was prepared by
reacting CpFeMe(CO)2 with the appropriate fluorophenyl ligand under irradiation,
followed by treatment with HBF4. The Diels-Alder reaction is performed in the
presence of 2,6-di-tert-butylpyridine to inhibit a competing reaction resulting from
an achiral Lewis acid. Though the cationic chiral iron catalyst 13 is not thermally
stable (it decomposes slowly above –20 �C), in its presence �-bromoacrolein reacts
with both reactive and unreactive dienes such as cyclohexadiene, giving adducts in
good optical purity (>95% ee).
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Scheme 1.26

Table 1.10 Asymmetric Diels-Alder reactions of cyclopentadiene catalyzed by 13 [19]

R1 R2 Temp. (�C) Time (h) Yield (%) endo/exo ee (%)

H H –30 16 44 62 : 38 87
H Me –20 20 83 2 : 98 97
H Br –20 2 83 6 : 94 95



1.2.1.5 Ruthenium
Kündig et al. recently applied the same perfluoroaryldiphosphonite ligand to the
preparation of a cationic Ru catalyst 14 [20] (Scheme 1.27, Table 1.11). This cata-
lyst also promotes the Diels-Alder reaction of �-bromoacrolein and cyclopenta-
diene, although this Diels-Alder reaction is slower than that catalyzed by the ana-
logous cationic Fe complex 13, and gives the cycloadducts with lower enantioselec-
tivity (Fe 97% ee, Ru 92% ee).

1.2.1.6 Chromium
In most of the successful Diels-Alder reactions reported, dienes containing no het-
eroatom have been employed, and enantioselective Diels-Alder reactions of multi-
ply heteroatom-substituted dienes, e.g. Danishefsky’s diene, are rare, despite their
tremendous potential usefulness in complex molecular synthesis. Rawal and co-
workers have reported that the Cr(III)-salen complex 15 is a suitable catalyst for
the reaction of �-substituted a,�-unsubstituted aldehydes with 1-amino-3-siloxy
dienes [21] (Scheme 1.28, Table 1.12). The counter-ion of the catalyst is important
and good results are obtained in the reaction using the catalyst paired with the
SbF6

– anion.

1.2.1.7 Copper
Kanemasa et al. discovered an asymmetric Diels-Alder reaction of acryloyl-oxazolidi-
none and cyclopentadiene catalyzed by a chiral aqua complex of 4,6-dibenzofurani-
dyl-2,2�-bis(4-phenyloxazoline) 16 (vide infra) [22]. Unlike the Diels-Alder reaction of
acryloyloxazolidinone, for which NiBr2/AgClO4 and ZnI2/AgClO4 are the most suit-
able sources of the central metal, the best for the Diels-Alder reaction of �-bromo-
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Scheme 1.27

Table 1.11 Asymmetric Diels-Alder reactions of cyclopentadiene catalyzed by 14 [20]

R Time (h) Yield (%) endo/exo ee (%)

Br 2 93 7 :93 92
Me 22 91 3 :97 92



acrolein and cyclopentadiene is Cu(SbF6)2, the catalyst derived from which gives the
cycloadduct in 86% ee (Scheme 1.29). As only one example of the Diels-Alder reac-
tion using a,�-unsaturated aldehydes has been reported, it is necessary to examine
further the scope and limitations of the use of this catalyst with other aldehydes.

Evans et al. reported that the bis(oxazolinyl)pyridine (pybox) complex of copper(II)
17 is a selective catalyst of Diels-Alder reactions between �-bromoacrolein or
methacrolein and cyclopentadiene affording the adducts in high enantioselectivity
[23] (Scheme 1.30). Selection of the counter-ion is important to achieve a satisfac-
tory reaction rate and enantioselectivity, and [Cu(pybox)](SbF6)2 gave the best re-
sult. This catalyst is also effective for the Diels-Alder reaction of acrylate dieno-
philes (vide infra).

1 Catalytic Asymmetric Diels-Alder Reactions22

Scheme 1.28

Table 1.12 Asymmetric Diels-Alder reactions catalyzed by the Cr-salen complex 15 [21]

R1 R2 Temp. (�C) Time (days) Yield (%) ee (%)

H Me –40 2 93 97
H i-Pr –40 5 92 >97
H TBSO –40 2 86 >97

–(CH2)3– –40–23 5 76 96

Scheme 1.29



1.2.2
The Asymmetric Diels-Alder Reaction of ���-Unsaturated Esters as Dienophiles

Unlike many excellent results for the Diels-Alder reaction of a,�-unsaturated alde-
hydes (Section 2.1), and 3-alkenoyl-1,3-oxazolidin-2-ones (Section 2.3), there are
few successful Diels-Alder reactions using a,�-unsaturated esters as the dieno-
phile. Even so three outstanding asymmetric catalysts are described in this sec-
tion. Hawkins et al. developed a chiral borane catalyst 18, which was prepared by
hydroboration of 1-(1-naphthyl)cyclohexene with HBCl2, resolution with men-
thone, and then treatment with BCl3 [24]. X-ray structural analysis of the complex
of the catalyst and methyl crotonate revealed not only the usual binding of the car-
bonyl to the Lewis acid but also additional binding – an electrostatic and dipole-in-
duced dipole attraction between the boron-activated carboalkoxy group of the die-
nophile and the electron-rich and polarizable arene of the catalyst. In the pres-
ence of this catalyst cyclopentadiene and cyclohexadiene react with methyl acry-
late, methyl crotonate, and dimethyl fumarate to afford the adducts in high opti-
cal purity (Scheme 1.31, Table 1.13).

Wulff and coworkers have applied their aluminum catalyst 2 containing a vaulted
biphenanthrol ligand (VAPOL, Section 2.1) to the Diels-Alder reaction between
methyl acrylate and cyclopentadiene [25] (Scheme 1.32). In this Diels-Alder reaction
auto-induction is observed, because of a cooperative interaction between the product
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with the catalyst to generate a new, more selective catalyst species. In the presence of
di-tert-butyl dimethylmalonate (50 mol%), the optical purity of the product was in-
creased from 82% ee to > 99% ee. This additive mimics the auto-inductive effect
of the product but achieves greater inductions than are possible with product alone.

Evans’s bis(oxazolinyl)pyridine (pybox) complex 17, which is effective for the
Diels-Alder reaction of �-bromoacrolein and methacrolein (Section 2.1), is also a
suitable catalyst for the Diels-Alder reaction of acrylate dienophiles [23] (Scheme
1.33). In the presence of 5 mol% of the Cu((R)-pybox)(SbF6)2 catalyst with a ben-
zyl substituent, tert-butyl acrylate reacts with cyclopentadiene to give the adduct in
good optical purity (92% ee). Methyl acrylate and phenyl acrylate underwent cy-
cloadditions with lower selectivities.

1.2.3
The Asymmetric Diels-Alder Reaction of 3-Alkenoyl-1,3-oxazolidin-2-ones
as Dienophile

Chiral 3-alkenoyl-1,3-oxazolidin-2-ones have been developed and used in highly
diastereoselective Diels-Alder reactions by Evans et al. [26] (Scheme 1.34). In this
reaction these dienophiles are highly reactive compared with the corresponding
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Table 1.13 Asymmetric Diels-Alder reactions catalyzed by 18 [24]

R n Yield (%) ee (%)

H 1 97 97
Me 1 91 93
CO2Me 1 92 90
H 2 83 86

Scheme 1.32



ester. Lewis acids such as Et2AlCl coordinate to the dienophile in a two-point
binding fashion (Fig. 1.5). After Evans’s investigations of the diastereoselective re-
actions of chiral 3-alkenoyl-1,3-oxazolidin-2-ones, many chiral Lewis acids have
been developed and applied to the Diels-Alder reaction of their achiral 3-alkenoyl-
1,3-oxazolidin-2-one counterparts.

The first successful application of a chiral Lewis acid to the Diels-Alder reaction
of these 3-alkenoyl-1,3-oxazolidin-2-ones was Narasaka’s TADDOL-based, chiral ti-
tanium catalyst in 1986 (vide infra) [27]. A catalytic amount of this chiral titanium
reagent can promote the Diels-Alder reaction highly efficiently to give the cycload-
duct in over 90% ee. Since Narasaka’s work the Diels-Alder reaction of 3-alkenoyl-
1,3-oxazolidin-2-ones has come to be regarded as a test case for newly-developed
chiral Lewis acids having two-point binding ability, because the cycloadducts ob-
tained are synthetically useful chiral building blocks. Complexes derived from
many kinds of metal, including Al(III), Mg(II), Cu(II), Fe(III), Ni(II), Ti(IV),
Zr(IV), and Yb(III) with chiral ligands have been devised. In this section the cata-
lysts are classified according to their central metal.
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Scheme 1.33

Scheme 1.34

Fig. 1.5 Coordination of Et2AlCl with chiral crotonoyl-1,3-
oxazolidin-2-one derivative



1.2.3.1 Aluminum
Corey et al. reported that the catalyst 19, prepared from trimethylaluminum and the
bis-trifluorosulfonamide of stilbenediamine (stien), with generation of methane, is a
suitable catalyst for the Diels-Alder reaction of 3-acryloyl, and 3-crotonoyl-1,3-oxazo-
lidin-2-ones, giving the cycloadducts in high optical purity [28] (Scheme 1.35, Table
1.14). X-ray structure analysis of the catalyst and 1H and 13C NMR studies revealed that
3-alkenoyl-1,3-oxazolidin-2-one binds with the chiral Lewis acid at a single point,
though the dienophile is thought to be a good two-point binding ligand [29]. The
dienophile is, moreover, thought to adopt an s-trans conformation in the transition
state, while the reaction proceeds through the s-cis conformation for other chiral Lewis
acids. This catalyst has also been applied to the Diels-Alder reaction of 5-(benzoxy-
methyl)-1,3-cyclopentadiene in the synthesis of a key intermediate for prostaglandins.

1.2.3.2 Magnesium
Several chiral magnesium catalysts have been reported. Corey et al. found that
bis(oxazoline)magnesium catalyst 20 promotes the Diels-Alder reaction of acryloyl
oxazolidinone and cyclopentadiene to give adducts in 91% ee [30]. The catalyst 20
was prepared from bis(oxazoline) and magnesium iodide in the presence of I2 to
remove iodide. Other bis(oxazoline)-magnesium catalysts have been intensively in-
vestigated by Desimoni et al. [31], who prepared them from three different
bis(oxazolines) and magnesium perchlorate or triflate. Although the catalyst 21,
with the perchlorate anion, gave the 2S adduct in moderate optical purity (72%
ee) on reaction of acryloyl derivative and cyclopentadiene, the opposite enantiomer
(2R, 70% ee) was obtained by adding 2 equiv. water under the same reaction con-
ditions. This is one of the few examples where the absolute stereochemistry of the
product is reversed by an achiral additive. The best optical purity was realized by
the catalyst 22 containing the triflate anion, which gave the cycloadduct in 93%
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Scheme 1.35

Table 1.14 Asymmetric Diels-Alder reactions catalyzed by 19 [28]

R Yield (%) endo/exo ee (%)

H 92 >50 : 1 91
Me 88 96 :4 94



ee. Another chiral ligand, this one containing both mono-oxazoline and sulfonyla-
mino groups, was developed by Fujisawa [32]. The magnesium complex 23 of this
ligand promotes the Diels-Alder reaction with good enantioselectivity, though the
necessary catalyst loading is 50 mol%. Representative results for the reaction in
Scheme 1.36 catalyzed by 20–23 are presented in Table 1.15.

1.2.3.3 Copper
Evans et al. have found that the C2-symmetric bis(oxazoline)-derived Cu(II) com-
plexes 24 are highly enantioselective catalysts of the Diels-Alder reaction of 3-alken-
oyl-1,3-oxazolidin-2-ones [23, 33] (Scheme 1.37, Table 1.16). After tuning the ligand of
the catalyst, it was discovered that the bis(oxazoline) ligand derived from tert-leucine
is effective when Cu(OTf)2 is used as the metal source. Cu(OTf)2 is superior both in
chemical and optical yields to the other metal triflates examined – AgOTf, Zn(OTf)2,
Cd(OTf)2, Co(OTf)2, Mn(OTf)2, Lu(OT)3, Sm(OTf)3, LiOTf, and Ni(OTf)2 [33a,b]. The
effect of the catalyst counter-ions was investigated, revealing its profound influence
on both the reaction rate and stereoselectivity. Of the counter-ions examined (SbF6

–,
PF6

–, BF4
–, and OTf–), the catalyst with the SbF6

– counter-ion had the highest enantio-
selectivity and Lewis acidity, and afforded the cycloadduct in very high optical purity
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Fig. 1.6 Chiral magnesium catalysts

Scheme 1.36

Table 1.15 Asymmetric Diels-Alder reactions of cyclopentadiene catalyzed by 20–23 [30–32]

Catalyst R Temp. (�C) Time (h) Yield (%) endo/exo ee (%)

20 H –80 24 82 97 : 3 90.6 (2R)
21 H –50 12 Quant. 92 : 8 72 (2S)
21+ H2O H –50 12 Quant. 93 : 7 70 (2R)
22 H –50 12 Quant. 94 : 6 93 (2R)
22 Me –15 48 97 84 : 16 92 (2R)
23 (50 mol%) H –78 2 81 – 91 (2R)



in a short reaction time at low temperature [33a,c]. Another noteworthy feature of the
catalyst 24b is its exceptional temperature profile. The enantiomeric excess of the
Diels-Alder product of acryloyloxazolidinone and cyclopentadiene is not greatly af-
fected by reaction temperature (>98% ee at –78 �C, 94% ee at 25 �C).

With few exceptions chiral Lewis acids are usually moisture-sensitive and re-
quire anhydrous conditions, but bench-stable aquo complexes such as [Cu(S,S)-t-
Bu-box)(H2O)2](SbF6)2 were found to promote the Diels-Alder reaction as effec-
tively as the anhydrous copper reagent.

The reaction has wide scope in respect of the dienophile �-substituent. The repre-
sentative less reactive dienophiles, crotonoyl- and cinnamoyl-oxazolidinone, react
with cyclopentadiene at –15 �C and 25 �C for 20 h and 24 h giving cycloadducts in
99% ee and 96% ee, respectively. The 3-chloropropenoyl derivative also affords the
adduct in high optical purity (96% ee); this adduct is transformed to 2-(methoxycar-
bonyl)norbornadiene, a useful chiral building block. Thus, the 3-chloropropenoyl de-
rivative can be regarded as a synthetic equivalent of an acetylene dienophile.

Less reactive dienes such as cyclohexadiene can be employed efficiently, giving the
adduct in 90% yield in 93% ee. Acyclic dienes such as piperylene, 2,4-hexadiene,
and 1-phenylbutadiene also react with the acryloyloxazolidinone derivative to af-
ford Diels-Alder cycloadducts in high optical yields (Scheme 1.38, Table 1.17).
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Scheme 1.37

Table 1.16 Asymmetric Diels-Alder reactions of cyclopentadiene catalyzed by 24 [33a]

Catalyst R Temp. (�C) Time (h) Yield (%) endo/exo ee (%)

24a H –78 10 a * 98 :2 >98
24b H –78 4 a * 96 :4 >98
24b H 25 10 min a * 86 :14 94
24b Me –15 20 99 85 :15 99
24b Ph –10 48 77 88 :12 98
24a CO2Et –55 20 92 94 :6 95
24b Cl 25 24 96 87 :13 96

* 100% conversion



Compared with these dienes, a decrease in enantioselectivity was observed in
those unsubstituted at the 1-position; isoprene and 2,3-dimethylbutadiene gave
the products in only 59% ee and 65% ee, respectively.

A great advantage of catalyst 24b compared with other chiral Lewis acids is that
it tolerates the presence of ester, amine, and thioether functionalities. Dienes sub-
stituted at the 1-position by alkyl, aryl, oxygen, nitrogen, or sulfur all participate
effectively in the present asymmetric Diels-Alder reaction, giving adducts in over
90% ee. The reaction of 1-acetoxy-3-methylbutadiene and acryloyloxazolidinone
catalyzed by copper reagent 24b, affords the cycloadduct in 98% ee. The first total
synthesis of ent-�1-tetrahydrocannabinol was achieved using the functionalized cy-
cloadduct obtained [23, 33e] (Scheme 1.39).

Although furan is usually a poor diene in the Diels-Alder reaction, the chiral cop-
per reagent 24b promotes its asymmetric addition to acryloyloxazolidinone to af-
ford the 7-oxabicyclo[2.2.1]hept-2-ene derivative in high optical purity (Scheme
1.40). Because a retro-Diels-Alder reaction occurs above –20 �C, the reaction must
be performed at low temperature (–78 �C) to obtain a high optical yield. The bicy-
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Scheme 1.38

Table 1.17 Asymmetric Diels-Alder reactions of acryloyloxazolidinone catalyzed by 24b [23]

R Temp. (�C) Time (h) Yield (%) cis/trans ee (%)

Me 25 12 89 83 : 17 94
Ph –20 24 95 85 : 15 97
OAc 0 24 75 85 : 15 96
SPh –20 24 84 98 : 2 98
NHCbz 0 24 54 72 : 28 90

Scheme 1.39



clo compound obtained, which was recrystallized to optically pure, was success-
fully converted to ent-shikimic acid in a few steps [23, 33 f ].

The chiral copper reagent 24 is an effective catalyst not only for intermolecular,
but also for intramolecular Diels-Alder reactions, as shown in the following
schemes (Scheme 1.41, 1,42, 1.43). Synthetically useful octalin and decalin skele-
tons were synthesized in high enantio- and diastereoselectivity. The synthetic utili-
ty of this intramolecular Diels-Alder reaction has been demonstrated by a short to-
tal synthesis of isopulo’upone [23, 33d].

A transition state structure for [Cu((S,S)-tert-Bu-box)(H2O)2]X2 (X = OTf or SbF6)
and dienophile has been proposed on the basis of X-ray structures of complexes
such as [Cu((S,S)-tert-Bu-box)(H2O)2]X2 (X = OTf and SbF6) and [Cu((S,S)-tert-Bu-
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Scheme 1.40

Scheme 1.41

Scheme 1.42
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box)]Cl2, and a PM3 calculation on the [Cu((S,S)-tert-Bu-box)(acrylimide)]2+ com-
plex. The dienophile, which adopts the s-cis conformation, is bound to the catalyst
in the plane of the ligand in a bidentate manner. Solution-phase EPR data shows
the complex to have distorted four-coordinate square-planar geometry. According
to this model, the tert-butyl group shields the top face and cycloaddition proceeds
from the bottom [23] (Fig. 1.7).

Evans et al. reported that the bis(imine)-copper (II) complex 25, prepared from
chiral bis(imine) ligand and Cu(OTf)2, is also an effective chiral Lewis acid catalyst
[34] (Scheme 1.44, Table 1.18). By tuning the aryl imine moiety, the bis(2,6-dichlor-
ophenylimine) derivative was found to be suitable. Although the endo/exo selectivity
for 3-alkenoyloxazolidinones is low, significant improvement is achieved with the
thiazolidine-2-thione analogs, for which both dienophile reactivity and endo/exo se-
lectivity are enhanced.
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Fig. 1.7 Coordination of 24 to acryloyloxazolidi-
none

Scheme 1.44

Table 1.18 Asymmetric Diels-Alder reactions of cyclopentadiene catalyzed by 25 [34]

R X Temp. (�C) Time (h) Yield (%) endo/exo ee (%)

H O –78 30 87 80 :20 92
Me O –10 30 90 65 :35 83
Me S –30 16 86 93 :7 91
Ph O 25 84 83 60 :40 85
Ph S –20 48 84 92 :8 92
CO2Et O –55 24 98 55 :45 94
CO2Et S –55 24 99 90 :10 88



Since Evans’s initial report, several chiral Lewis acids with copper as the central
metal have been reported. Davies et al. and Ghosh et al. independently developed
a bis(oxazoline) ligand prepared from aminoindanol, and applied the copper com-
plex of this ligand to the asymmetric Diels-Alder reaction. Davies varied the link
between the two oxazolines and found that cyclopropyl is the best connector (see
catalyst 26), giving the cycloadduct of acryloyloxazolidinone and cyclopentadiene
in high optical purity (98.4% ee) [35] (Scheme 1.45). Ghosh et al., on the other
hand, obtained the same cycloadduct in 99% ee by the use of unsubstituted li-
gand (see catalyst 27) [36] (Scheme 1.46, Table 1.19).

(Phosphino-oxazoline)copper complex 28 was found by Helmchen et al. to be an ex-
cellent Diels-Alder catalyst [37] (Scheme 1.47, Table 1.20). The nitrogen atom acts as
an electron-donating ligand, whereas phosphorus is a �-donor-�-acceptor ligand. The
copper complex of this phosphino-oxazoline ligand is therefore expected to have
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Scheme 1.45

Scheme 1.46

Table 1.19 Asymmetric Diels-Alder reactions of cyclopentadiene catalyzed by 27 [36]

R Temp. (�C) Time (h) Yield (%) trans/cis ee (%)

H –78 8 90 >99 : 1 99
Me 0 48 77 90 : 10 84
Ph 23 72 78 80 : 20 35
CO2Et –45 8 75 93 : 7 94



higher Lewis acidity than that of bis(oxazolidine) ligands. In fact, acryloyl-, crotonoyl-
, cinnamoyl-, and fumaroyl-oxazolidinones react with cyclopentadiene to give the cy-
cloadducts in 97%, 86%, 85% and 75% ee, respectively. Dichloromethane and nitro-
methane are both suitable solvents. As little as 1 mol% catalyst 28 is enough to bring
the reaction of the acryloyl derivative and cyclopentadiene to completion, giving the
cycloadduct in 92% ee. An interesting observation is that the exo isomer is formed
predominantly from the cinnamoyl derivative, in contrast with the other dienophiles
for which the endo isomer is the major. The copper reagent having the triflate coun-
ter-ion gave a better result than that with the SbF6

– anion.

A quinoline-phosphine ligand has been developed by Buono et al., and its com-
plex 29 with Cu(OTf)2 found to be an effective catalyst for the Diels-Alder reaction
between acryloyl-oxazolidinone and cyclopentadiene, affording the cycloadduct
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Scheme 1.47

Table 1.20 Asymmetric Diels-Alder reactions of cyclopentadiene catalyzed by 28 [37]

R Temp. (�C) Time (h) Yield (%) trans/cis ee (%)

H –78 2.5 92 94 : 6 97
Me –20 42 98 88 : 12 86
Ph 23 64 74 40 : 60 85 (exo), 32 (endo)
CO2Et –40 4 95 60 : 40 75

Scheme 1.48



with complete enantioselectivity (>99% ee) [38] (Scheme 1.48). Further studies are
needed to investigate the scope and limitations of this chiral catalyst.

1.2.3.4 Iron
Corey et al. synthesized a chiral bis(oxazoline)Fe(III) catalyst 30, the ligand of which
was prepared from chiral phenylglycine. The catalyst was formed by the reaction of
the ligand with FeI3 in the presence of I2. I2 greatly enhances the Lewis acidity of the
catalyst owing to the formation of a cationic species [39] (Scheme 1.49).

1.2.3.5 Nickel
The trans-chelating tridentate ligand, 4,6-dibenzofurandiyl-2,2�-bis(4-phenyloxazo-
line) (abbreviated to DBFOX), is an effective source of chirality for the Diels-Alder
reaction when complexed with a variety of transition-metal(II) perchlorates [22]
(Scheme 1.50, 1.51, Table 1.21). Fe(ClO4)2, Co(ClO4)2, Ni(ClO4)2, Cu(ClO4)2, and
Zn(ClO4)2 can all be employed as the source of the central metal of the Lewis
acid, and use of any of them gives high enantioselectivity. The wide applicability
of this ligand toward so many metals is remarkable, although of the above metals,
nickel was found to be most efficient. Although coordination of the three electro-
negative ligands to a metallic center would be expected to reduce the Lewis acid-
ity, the employment of a non-coordinating counter-ion can, conversely, increase it.
The catalysts are stable to moisture, and the aqua complexes work equally well as
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catalysts, which is a great synthetic advantage. Not only the acryloyl derivative, but
also the crotonoyl and cinnamoyl imides react with cyclopentadiene, giving ad-
ducts of high optical purity.

A transition-state structure was proposed on the basis of the solid-state structure
of [Ni((R,R)-DBFOX)(H2O)3](ClO4)2 (Fig. 1.8). The catalyst–dienophile complex is
thought to be a square-bipyramidal structure containing an octahedral nickel ion.
The dienophile adopts an s-cis conformation with the si face shielded by a phenyl
group.
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Table 1.21 Effect of metal salt on enantioselectivity in the Diels-Alder reaction of cyclopenta-
diene and acryloyloxazolidinone [22]

Metal salt Time (h) Yield (%) endo/exo ee (%)

Ni(ClO4)2 24 Quant 95 : 5 96
Ni(ClO4)2·6H2O 14 96 97 : 3 >99
Mn(ClO4)2·6H2O 96 96 97 : 3 83
Fe(ClO4)2 48 90 99 : 1 98
CO(ClO4)2·6H2O 48 97 97 : 3 99
Cu(ClO4)2 48 97 96 : 4 92
Cu(ClO4)2 + 3H20 15 99 97 : 3 96
Zn(ClO4)2 48 99 98 : 2 97

Scheme 1.51

Fig. 1.8 Coordination of the DBFoX-Ni(II) catalyst to acryloyloxazolidinone



1.2.3.6 Titanium
The first practical Diels-Alder catalyst for 3-alkenoyloxazolidinones was Narasaka’s
TADDOL-based, chiral titanium catalyst 31 reported in 1986 [27, 40], as described
at the beginning of this section (Scheme 1.52). Tetraaryl-1,3-dioxolane-4,5-dimetha-
nol (TADDOL) ligands were easily prepared from tartaric acid [41]. The most effec-
tive TADDOL in the current Diels-Alder reaction is one with the 1-phenylethylidene
group as the acetal center. The chiral catalyst 31 was formed simply by mixing di-
chlorodiisopropoxytitanium and TADDOL. Although the use of a catalytic amount
of the titanium reagent 31 alone did not give reproducible asymmetric induction,
it was discovered that the combined use of 4-Å molecular sieves (MS 4 Å) with a
catalytic amount (10 mol%) of the chiral titanium reagent afforded the Diels-Alder
adducts with good to high (61–91% ee), reproducible, enantioselectivity.

Another issue important to the success of this chiral titanium reagent 31 was the
discovery of a marked solvent effect. When the fumaric acid derivative is reacted with
isoprene in the presence of 10 mol% of the titanium reagent 31 in toluene, poor op-
tical purity results (36–68% ee). Interestingly the optical purity of the adduct greatly
increased in the order benzene, toluene, xylenes, and mesitylene, with 92% ee ob-
tained in the last. Mesitylene is difficult to remove, because of its high boiling
point, and other solvents were screened in detail. As a result, the mixed solvent sys-
tem toluene petroleum ether (1:1) was discovered to be very effective.

The Diels-Alder reaction catalyzed by this chiral titanium catalyst 31 has wide gen-
erality (Scheme 1.53, 1.54, Table 1.22, 1.23). Acryloyl- and fumaroyl-oxazolidinones
react with isoprene giving cycloadducts in high optical purity. 2-Ethylthio-1,3-buta-
diene can also be successfully employed as the diene [42].

For the construction of oxygen-functionalized Diels-Alder products, Narasaka
and coworkers employed the 3-borylpropenoic acid derivative in place of 3-(3-acet-
oxypropenoyl)oxazolidinone, which is a poor dienophile in the chiral titanium-cat-
alyzed reaction (Scheme 1.55, Table 1.24). 3-(3-Borylpropenoyl)oxazolidinones re-
act smoothly with acyclic dienes to give the cycloadducts in high optical purity
[43]. The boryl group was converted to an hydroxyl group stereospecifically by oxi-
dation, and the alcohol obtained was used as the key intermediate in a total syn-
thesis of (+)-paniculide A [44] (Scheme 1.56).
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Application of this catalytic process was extended to asymmetric intramolecular
Diels-Alder reactions. Synthetically useful intermediates with octalin and decalin
skeletons were obtained in high optical purity by use of a catalytic amount of the
chiral titanium reagent [45] (Scheme 1.57, Table 1.25). The core part of the mevi-
nic acids was enantioselectively synthesized by use of this asymmetric intramole-
cular reaction [46] (Scheme 1.58).
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Table 1.22 Asymmetric Diels-Alder reactions of cyclopentadiene catalyzed by 31 [40b, 42]

R Yield (%) endo/exo ee (%)

H 81 >95 : 5 88
Me 91 87 :13 94
Ph 76 92 :8 80
Pr 72 91 :9 75

Scheme 1.53

Table 1.23 Asymmetric Diels-Alder reactions of a variety of dienes catalyzed by 31 [40b, 42]

R1 R2 Yield (%) ee (%)

H COOMe 84 91
Me COOMe 94 94
H H 81 93 a

Me H 93 >96 a

SEt H 72 91

a A mixture of p-xylene-P.E. (11) was used as a solvent
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Scheme 1.54

Table 1.24 Asymmetric Diels-Alder reactions of 3-borylpropenoic acid derivatives catalyzed by
31 [43]

R1 R2 Yield (%) ee (%)

H H 76 >98
Me H 74 >98
Me Me 92 94
Me OAc 71 95

Scheme 1.55

Scheme 1.56

Table 1.25 Asymmetric intramolecular Diels-Alder reactions catalyzed by 31 [45]

R1 R2 n Time (h) Yield (%) ee (%)

H H 1 257 87 87
H SCH2CH2S 1 68 62 95
H SCH2CH2S 2 120 64 86
Me SCH2CH2S 2 120 70 87



The titanium catalyst 31 is prepared in-situ by mixing the chiral TADDOL and
TiCl2(O-i-Pr)2 in toluene in the presence of MS 4 Å with the generation of isopro-
pyl alcohol (Scheme 1.59). A 1H NMR study showed that formation of the tita-
nium reagent 31 was incomplete, and approximately 16% of the uncomplexed
TADDOL remains. The observation of a lower chemical shift for the methine pro-
ton of isopropyl alcohol in the mixture, compared with that of isopropyl alcohol it-
self suggests that the coordination of isopropyl alcohol causes aggregation of the
achiral titanium species (TiCl2(O-i-Pr)2) reducing its activity as a Lewis acid [47].

A chiral titanium complex with 3-cinnamoyl-1,3-oxazolidin-2-one was isolated by
Jørgensen et al. from a mixture of TiCl2(O-i-Pr)2 with (2R,3R)-2,3-O-isopropyli-
dene-1,1,4,4-tetraphenyl-1,2,3,4-butanetetrol, which is an isopropylidene acetal ana-
log of Narasaka’s TADDOL [48]. The structure of this complex was determined by
X-ray structure analysis. It has the isopropylidene diol and the cinnamoyloxazolidi-
none in the equatorial plane, with the two chloride ligands in apical (trans) posi-
tion as depicted in the structure A. It seems from this structure that a pseudo-ax-
ial phenyl group of the chiral ligand seems to block one face of the coordinated
cinnamoyloxazolidinone. On the other hand, after an NMR study of the complex
in solution, Di Mare et al. and Seebach et al. reported that the above trans di-
chloro complex A is a major component in the solution but went on to propose
another minor complex B, with the two chlorides cis to each other, as the most re-
active intermediate in this chiral titanium-catalyzed reaction [41b, 49]. It has not
yet been clearly confirmed whether or not the trans and/or the cis complex are
real reactive intermediates (Scheme 1.60).

1.2 The Chiral Lewis Acid-catalyzed Diels-Alder Reaction 39

Scheme 1.57

Scheme 1.58



1.2.3.7 Zirconium
Collins and coworkers applied the bis(tetrahydroindenyl)zirconium triflate 32,
which is used as a polymerization catalyst, to the asymmetric Diels-Alder reaction
[50] (Scheme 1.61). A remarkable solvent effect was observed – although only a
low optical yield was obtained in CH2Cl2, high optical purity (91% ee) was rea-
lized in 2-nitropropane by use of only 1 mol% of the catalyst. The catalyst is also
effective for crotonoyloxazolidinone, giving the cycloadduct in 90% ee.

1.2.3.8 Lanthanides
Kobayashi et al. have reported the use of a chiral lanthanide(III) catalyst for the Diels-
Alder reaction [51] (Scheme 1.63, Table 1.26). Catalyst 33 was prepared from bi-
naphthol, lanthanide triflate, and cis-1,2,6-trimethylpiperidine (Scheme 1.62). When
the chiral catalyst prepared from ytterbium triflate (Yb(OTf)3) and the lithium or so-
dium salt of binaphthol was used, less than 10% ee was obtained, so the amine exerts a
great effect on the enantioselectivity. After extensive screening of amines, cis-1,2,6-
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trimethylpiperidine was found to be the optimum base; when this was used the cy-
cloadduct was obtained in 95% ee. 13C NMR and IR studies showed that the amine
additive does not act as a ligand, but rather interacts weakly with a phenolic hydrogen of
the binaphthol to form a hydrogen bond. The axial chirality of the binaphthol is
thought to be transferred via the hydrogen bonds to the amine part, which shields
one side of the dienophile efficiently. Of the lanthanide triflates investigated,
Yb(OTf)3 was found to be the most effective catalyst.

Another noteworthy feature of this reaction is that both enantiomers of the Diels-
Alder adducts can be stereoselectively synthesized by using a single chiral source,
(R)-binaphthol, and selection of the appropriate achiral ligand. In the reaction of cro-
tonoyloxazolidinone and cyclopentadiene, the (2S,3R) enantiomer is formed stereo-
selectively (95% ee) in the presence of chiral catalyst 33. On the other hand, on ad-
dition of 3-phenylacetylacetone to catalyst 33 the principle isomer was changed from
the (2S,3R) isomer to its (2R,3S) enantiomer, the enantiomeric excess of which was
81%. 3-Phenylacetylacetone, which is a good bidentate ligand for lanthanides, would
bind the site where crotonoyloxazolidinone originally coordinated to the chiral cata-
lyst. The crotonoyl imide then has to bind to the other site of the catalyst, where the
opposite enantioface would be exposed [51 b,c] (Scheme 1.64).

Nakagawa and coworkers reported a chiral ytterbium catalyst 34 which was prepared
from 1,1�-(2,2�-bisacylamino)binaphthalene and Yb(OTf)3 in the presence of diisopro-
pylethylamine by a method similar to that used for Kobayashi’s chiral ytterbium re-
agent [52] (Scheme 1.65, Table 1.66). The amine also plays an important role in this
reaction, because racemic cycloadducts were obtained without the tert-amine. Reduc-
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ing the amount of catalyst from 25 mol% to 5 or 10 mol% causes a decrease in chem-
ical yield. This catalyst was highly effective in promoting the reaction of crotonoyl-
and acryloyl-oxazolidinones with cyclopentadiene, giving the cyclo adducts in high
optical purity.

Shibasaki et al. reported that lithium-containing, multifunctional, heterobimetallic
catalysts such as LaLi3tris((R)-6,6�-dibromobinaphthoxide) 35, with moderate Lewis
acidity in non-polar solvents, promote the asymmetric Diels-Alder reaction to give
cycloadducts in high optical purity (86% ee) [53] (Scheme 1.67). The lithium
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Table 1.26 Asymmetric Diels-Alder reactions of cyclopentadiene catalyzed by 33 [51b]

R Additive Temp. (�C) Yield (%) endo/exo (2S,3R)/(2R,3S)

Me No 0 77 89 :11 97.5 : 2.5
Yes 23 83 93 :7 9.5:90.5

n-Pr No 23 81 80 :20 91.5 : 8.5
Yes 23 81 91 :9 10:90

Ph No 23 40 81 :19 91.5:8.5
Yes 23 60 89 :11 10.5:89.5

Scheme 1.62

Scheme 1.63



atoms in these heterobimetallic complexes were found to act as a Lewis acid, and
the two bromine atoms of the ligand increase the Lewis acidity of the catalyst. Of
the lanthanide metals screened, lanthanum gave the best results.

1.2.4
The Asymmetric Diels-Alder Reaction of other Dienophiles

Several highly enantioselective Diels-Alder reactions are known for which the di-
enophile does not fit any of the above classes. Corey and coworkers applied the
chiral aluminum reagent 36 with a C2-symmetric stilbenediamine moiety (videsu-
pra) to the Diels-Alder reaction of maleimides as dienophiles [54] (Scheme 1.68).
In most asymmetric Diels-Alder reactions the reactants are usually relatively sim-
ple dienes such as cyclopentadiene or monosubstituted butadienes, and unsym-
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Table 1.27 Asymmetric Diels-Alder reactions of cyclopentadiene catalyzed by 34 [52]

R Temp. (�) Time (h) Yield (%) trans/cis ee (%)

H 0 0.33 99 91 :9 88
Me 0 4 97 91 :9 >98

Scheme 1.65



metrical dienophiles such as acrylic or substituted acrylic derivatives. To achieve
enantioselectivity in the Diels-Alder reaction of maleimide, a C2v-symmetric Z-die-
nophile, enantioselectivity requires dissymmetry in the diene, and this is the first
example of this type of system. The Diels-Alder reaction of 2-methoxy-1,3-buta-
diene and N,O-tolylmaleimide in the presence of the chiral aluminum catalyst 36
gave the adduct in 98% yield and 93% ee. ortho Substitution on the N-aryl moiety
is indispensable for high enantioselectivity. The coordination of the catalyst at lone
pair “a” would be necessary for high enantioselectivity, whereas the bulky aryl group
effectively blocks coordination at lone pair “b” (Fig. 1.9). The chiral cycloadduct ob-
tained was elegantly transformed to gracilins B and C [55] (Scheme 1.69).

1 Catalytic Asymmetric Diels-Alder Reactions44

Scheme 1.66

Fig. 1.9 Lone pairs on maleimide
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Wada and coworkers applied TADDOL-TiCl2(O-i-Pr)2 catalyst 37 to the Diels-Alder
reaction of (E)-1-phenylsulfonyl-3-alken-2-ones as dienophiles [56] (Scheme 1.70,
Table 1.28). The �-sulfonyl ketone, which acts as a bidentate ligand for the chiral
titanium reagent, reacts with cyclopentadiene to afford the cycloadduct in high op-
tical purity. Because the phenylsulfonyl-methyl group can be transformed by re-
ductive desulfonylation to the methyl group in good yield, this present dienophile
can be regarded as an alkenyl methyl ketone equivalent.

Mikami and coworkers applied a chiral BINOL (binaphthol)-TiCl2(O-i-Pr)2 com-
plex 38 to the asymmetric Diels-Alder reaction of 5-hydroxynaphthoquinone (jug-
lone) with butadienyl acetate [57] (Scheme 1.71). The crucial finding was that the
absence of molecular sieves is essential for high enantioselectivity, whereas their
presence is necessary for the formation of the chiral titanium catalyst from BI-
NOL and TiCl2(O-i-Pr)2. In the presence of molecular sieves, however, the Diels-
Alder cycloadduct was obtained in only 9% ee. The molecular sieves-free BINOL-
TiCl2(O-i-Pr)2 complex, which was prepared by centrifugation of the suspension
and decanting, gave cycloadducts in high optical purity which are useful chiral
building blocks for the synthesis of anthracyclines and tetracyclines. The authors
have pointed out that the enantioselectivity is somewhat variable (76–96% ee), and
is very sensitive to the activity of the catalyst.

The inverse electron-demand Diels-Alder reaction is also accelerated by Lewis
acids, but the successful application of chiral Lewis acids to this kind of Diels-Al-
der reaction is very rare. Marko and coworkers applied Kobayashi’s catalyst system
(Yb(OTf)3-BINOL-amine) to the Diels-Alder reaction of 3-methoxycarbonyl-2-py-
rone with vinyl ether or sulfide [58] (Scheme 1.72, Table 1.29). A bulky ether or
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Table 1.28 Asymmetric Diels-Alder reactions catalyzed by 37 [56]

R X Yield (%) endo/exo ee (%)

Me Cl 80 >99 :1 >99
n-Pr Br 90 >99 :1 94
Ph Br 65 83 : 17 78



sulfide group is essential for success, with adamantyl vinyl ether and phenyl vinyl
sulfide giving adducts in high enantiomeric excess. The chiral cycloadducts ob-
tained are synthetically useful because of their easy transformation to chiral cyclo-
hexadienes upon mild thermolysis.

1.3
The Asymmetric Catalytic Diels-Alder Reaction Catalyzed by Base

In all the reactions described so far a chiral Lewis acid has been employed to promote
the Diels-Alder reaction, but recently a completely different methodology for the
asymmetric Diels-Alder reaction has been published. MacMillan and coworkers re-
ported that the chiral secondary amine 40 catalyzes the Diels-Alder reaction between
a,�-unsaturated aldehydes and a variety of dienes [59]. The reaction mechanism is
shown in Scheme 1.73. An a,�-unsaturated aldehyde reacts with the chiral amine
40 to give an iminium ion that is sufficiently activated to engage a diene reaction
partner. Diels-Alder reaction leads to a new iminium ion, which upon hydrolysis af-
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Table 1.29 Asymmetric inverse electron demand Diels-Alder reactions catalyzed by 39 [58]

R Yield (%) ee (%)

O-cyclohexyl 91 82
O-adamantyl 97 85
SPh 91 >95



fords the cycloaddition product and regenerates the chiral amine catalyst. Of the sev-
eral amines examined, 40 was found to be optimum. This Diels-Alder reaction has
wide generality in respect of both diene and dienophile (Scheme 1.74, 1.75, Table
1.30, 1.31). Acrolein, crotonaldehyde, and cinnamaldehyde react with cyclopenta-
diene to give addition products in high optical purity. Cyclohexadiene, isoprene,
and 1-methoxybutadiene can all be successfully employed as the diene component.
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Table 1.30 Asymmetric Diels-Alder reactions of cyclopentadiene catalyzed by 40 [59]

R Time (h) Yield (%) endo/exo endo ee (%) exo ee (%)

Me 16 75 1 : 1 90 86
Pr 14 92 1 : 1 90 86
Ph 21 99 11.3 93 93

Scheme 1.73



1.4
Conclusions

Many chiral metal complexes with Lewis acid properties have been developed and
applied to the asymmetric Diels-Alder reaction. High enantioselectivity is, of
course, one of the goals in the development of these catalysts. Enantioselectivity is
not, however, the only factor important in their design. Other important consid-
erations are:

(i) the generality of the reaction, with regard to the combinations of diene and
dienophile that can be used;

(ii) chemical yield;
(iii) diastereomer selectivity (endo/exo);
(iv) ease of preparation of the ligand and catalyst;
(v) catalyst stability;
(vi) catalyst recovery; and
(vii) reaction conditions (reaction temperature and time).

Among the many chiral Lewis acid catalysts described so far, not many practical cat-
alysts meet these criteria. For a,�-unsaturated aldehydes, Corey’s tryptophan-derived
borane catalyst 4, and Yamamoto’s CBA and BLA catalysts 3, 7, and 8 are excellent.
Narasaka’s chiral titanium catalyst 31 and Evans’s chiral copper catalyst 24 are out-
standing chiral Lewis acid catalysts of the reaction of 3-alkenoyl-1,2-oxazolidin-2-one
as dienophile. These chiral Lewis acid catalysts have wide scope and generality com-
pared with the others, as shown in their application to natural product syntheses. They
are, however, still not perfect catalysts. We need to continue the endeavor to seek better
catalysts which are more reactive, more selective, and have wider applicability.

1.5
Appendix

Below is a table of asymmetric Diels-Alder reactions of a,�-unsaturated aldehydes
catalyzed by chiral Lewis acids 1–17 (Fig. 1.10, 1.11). The amount of catalyst, reac-
tion conditions (temperature, time), chemical yield, endo/exo selectivity, and opti-
cal purity are listed (Table 1.32).
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Table 1.31 Asymmetric Diels-Alder reactions catalyzed by 40 [59]

R1 R2 R3 Yield (%) endo/exo ee (%)

Me H H 84 – 89
Ph H H 90 – 83
Ph H Me 75 – 90
Me Me H 75 5 : 1 90
H OAc H 72 11 : 1 85
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