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The rational design of small-molecule chiral catalysts is an important subject in the development of practical organic
syntheses. We have designed primary ammonium salt catalysts for enantioselective cycloaddition reactions with ¡-
substituted acroleins such as ¡-(acyloxy)acroleins and ¡-diacylaminoacroleins. Ammonium salts of an aliphatic triamine
derived from H­L-Phe­L-Leu­N(CH2CH2)2 successfully promote the Diels­Alder reaction of ¡-(acyloxy)acroleins and
¡-(N,N-diacylamino)acroleins, and the [2 + 2] cycloaddition reaction of ¡-(acyloxy)acroleins with high enantioselec-
tivity. An ammonium salt of a C2-symmetric aromatic diamine, 1,1¤-binaphthyl-2,2¤-diamine, with a superacid is also an
efficient catalyst and shows high activity and enantioselectivity for the Diels­Alder reaction of cyclic dienes with
¡-(acyloxy)acroleins.

1. Introduction

The enantioselective Diels­Alder reaction is one of the most
powerful organic transformations and is a versatile tool for the
synthesis of many important chiral building blocks for the total
synthesis of bioactive natural products.1 In 2000, the first
enantioselective organocatalytic Diels­Alder reaction of dienes
with ¡-unsubstituted acroleins and 2-enones was reported by
MacMillan and co-workers (Scheme 1).2 Their catalysts were
chiral ammonium salts of five-membered cyclic secondary
amines derived from L-phenylalanine. These ammonium salts,
MacMillan catalyst, activate ¡-unsubstituted acroleins through
the reversible formation of aldimine intermediates and promote
the Diels­Alder reaction of dienes with high enantioselectivity

(Scheme 2).3 The success of MacMillan and co-workers
inspired the development of several chiral organoammonium
salt catalysts for enantioselective Diels­Alder reactions.4,5
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Scheme 1. Diels­Alder reaction with ¡-unsubstituted acro-
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Scheme 2. Rational design of chiral ammonium salt catalysts
for the activation of ¡-substituted acroleins.
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Almost all of them were also secondary ammonium salts and
could promote the Diels­Alder reaction with ¡-unsubstituted
acroleins. However, it is difficult to activate ¡-substituted
acroleins with these secondary ammonium salt catalysts,
probably because of poor generation of the corresponding
aldimine intermediates. The relatively strong basicity and
greater bulkiness of the secondary amines were unfavorable for
the generation of an iminium ion with ¡-substituted acroleins.
Based on acid­base combination chemistry,6,7 we attempted to
activate ¡-substituted acroleins through the corresponding
aldimines by using catalytic amounts of primary amines and
Brønsted acids (HX) (Scheme 2).8,9 We expected that the
chiral ammonium salts of primary amines that were readily
derived from L-phenylalanine would generate aldimine inter-
mediates. The phenyl group of the catalysts would effectively
shield the si-face of a carbon­carbon double bond in the
aldimine intermediates to induce asymmetry in the Diels­Alder
adducts.

2. Enantioselective Diels­Alder Reaction
of ¡-(Acyloxy)acroleins

¡-Haloacroleins are outstanding dienophiles in a catalytic
Diels­Alder process because of their high reactivity and the
exceptional synthetic versatility of the resulting adducts.10,11

However, ¡-haloacroleins are difficult to handle because they
are irritants and are unstable at ambient temperature. In
contrast, ¡-(acyloxy)acrolein, which is relatively stable, can
be easily prepared from 2,2-dimethyl-1,3-dioxan-5-one via
O-acylation followed by thermal retrocycloaddition (eq 1).12

Furthermore, their reactivity can be controlled by switching
the acyloxy group. ¡-(Acyloxy)acrolein is one of the most
promising alternatives to ¡-haloacrolein. For example, Funk
and Yost reported the SnCl4-promoted Diels­Alder reaction of
¡-(acyloxy)acroleins for the synthesis of functionalized Taxol
A-ring synthons (eq 2).12
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2.1 Chiral Aliphatic Ammonium Salt Catalysts.13 First,
the catalytic activities of several chiral ammonium salts were
examined for the Diels­Alder reaction of cyclopentadiene with
¡-methylacrolein in a 1:1 (v/v) mixture of water and 1,4-
dioxane at ambient temperature (Scheme 3). Although the

ammonium salt of (S)-2-amino-3-phenyl-1-propanol (1a) with
pentafluorobenzenesulfonic acid (C6F5SO3H) gave the racemic
adduct, ammonium salts of diamines 1b­1e derived from
L-phenylalanine with 2,4-dinitrobenzenesulfonic acid (2,4-
(NO2)2C6H3SO3H) gave (2R)-exo-adduct with moderate enan-
tioselectivities (48­55% ee). In contrast, the use of an
ammonium salt of (S)-1-benzyl-N,N¤-diethylethylenediamine
(1f) gave racemic exo-adduct in less than 40% yield. Thus, as
expected, the existence of a primary amino group was essential
for the present asymmetric Diels­Alder reaction. Next, to
improve the enantioselectivity, we further investigated the
catalytic activities of ammonium salts of chiral triamines,
which were combinatorially prepared based on solid-phase
dipeptide synthesis using the oxime resin.14 As a result, the
enantioselectivity was successfully increased to 79% by the
use of the chiral triamine 1i derived from H­L-Phe­L-Leu­
N(CH2CH2)2.

The ammonium salt of chiral triamine 1i was expected to be
a catalyst for the enantioselective Diels­Alder reaction with
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Scheme 3. Catalytic activities of chiral ammonium salts
for the Diels­Alder reaction of cyclopentadiene with
¡-methylacrolein.
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¡-(acyloxy)acrolein (Scheme 4). High enantioselectivity was
attained in the Diels­Alder reaction with ¡-(p-methoxyben-
zoyloxy)acrolein in the presence of 1i¢2.75C6F5SO3H. The
Diels­Alder reaction of cyclopentadiene and 5-(benzyloxy-
methyl)cyclopentadiene in THF gave the corresponding (2S)-
exo-adducts as major diastereomers with 83% ee. The latter
product is an important intermediate in prostaglandin synthe-
sis.10a The Diels­Alder reaction of cyclohexadiene in EtNO2

gave the (2S)-endo-adduct as a major diastereomer with 91%
ee. The adducts of cyclopentadiene and cyclohexadiene can
be easily converted to bicyclo[2.2.1]hept-5-en-2-one and
bicyclo[2.2.2]oct-5-en-2-one, which are useful common inter-
mediates for the total synthesis of several bioactive com-
pounds.15,16 The Diels­Alder reaction of not only cyclic but
also acyclic dienes, such as 2,3-dimethylbutadiene and iso-
prene, gave the corresponding adducts with high enantioselec-
tivities (92 and 88% ee). The endo/exo-selectivity of the
reaction in the presence of 1f¢2.75C6F5SO3H showed the same
trend as that in the Lewis acid-catalyzed Diels­Alder reaction
with other ¡-substituted acroleins such as ¡-methylacrolein
and ¡-bromoacrolein.

2.2 Chiral Aromatic Ammonium Salt Catalysts.17 The
enantioselectivity of the chiral triammonium salt 1i¢2.75C6F5-
SO3H described above for the reaction of cyclopentadiene is
slightly low (83% ee, 20mol% catalyst loading). In addition,
the catalytic activity is not so high (10­20mol% catalyst is
loaded at ¹20 °C to rt) because of its relatively weak acidity.
To improve the catalytic activity and the enantioselectivity for
the reaction of cyclopentadiene, we focused on more acidic
ammonium salts derived from aromatic amines and super
Brønsted acids. Thus, we developed a superior asymmetric
catalyst, an ammonium salt of (S)-1,1¤-binaphthyl-2,2¤-diamine
(2) and trifluoromethanesulfonimide (=bis(trifluoromethane-
sulfon)amide, Tf2NH) (Table 1). The C2-symmetric aromatic
diammonium salt catalyst could be easily prepared in situ by
mixing commercially available 2 and Tf2NH.

In the presence of 5mol% of the aromatic ammonium
catalyst 2¢1.9Tf2NH, the Diels­Alder reaction of cyclopenta-
diene with ¡-(p-methoxybenzoyloxy)acrolein proceeded in
propionitrile (EtCN) at ¹75 °C and gave the exo-adduct with
high enantioselectivity (94% ee) in moderate yield (48%). The
low reactivity of ¡-(p-methoxybenzoyloxy)acrolein was main-
ly attributed to its poor solubility in EtCN at ¹75 °C. Indeed,
¡-(cyclohexanecarbonyloxy)acrolein and ¡-[p-(triisopropyl-
silyloxy)benzoyloxy]acrolein, which could be dissolved in
EtCN at ¹75 °C, showed good reactivities (88 and 76% yield)
and the corresponding exo-adducts were obtained with high
enantioselectivities (91 and 94% ee). Both cyclic dienes, such
as cyclopentadiene and cyclohexadiene, and acyclic dienes,
such as 2,3-dimethylbutadiene, isoprene, and butadiene, could
be converted to the corresponding adducts in good yield (65­
90%) with high enantioselectivities (68­91% ee). In particular,
¡-[p-(triisopropylsilyloxy)benzoyloxy]acrolein, which had a
good electron-donating p-(triisopropylsilyloxy)phenyl group,
gave the adducts in high yield with high enantioselectivity.

According to an X-ray crystal structure analysis of ¡-(p-
methoxybenzoyloxy)acrolein, the plane of the s-trans acrolein
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Scheme 4. Diels­Alder reaction with ¡-(p-methoxybenzoyl-
oxy)acrolein.

Table 1. Diels­Alder Reaction with ¡-(Acyloxy)acrolein
Catalyzed by 1,1¤-Binaphthyl-2,2¤-diammonium Salts

NH2
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−75 °C, 24−48 h
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(2S )+ CHO2

Adduct R2 Yield
/%
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Ee/%a)

[config]
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p-MeOC6H4 48 93:7 94 [2S]
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p-TIPSOC6H4 76 93:7 94 [2S]
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a) Enantiomeric excess of the major diastereomer. b) The
reaction was conducted in the presence of H2O (10mol%). c)
Regioisomeric ratio.
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moiety and the plane of the acyloxy group can be distorted
(Figure 1, top). A transition state (TS) was proposed based on a
1HNMR study18 and the X-ray crystal structure analysis of ¡-
(p-methoxybenzoyloxy)acrolein, as shown in Figure 1. The
present Diels­Alder reaction might proceed via TS-3 or TS-4.
In each transition-state assembly, one of the amino groups of
the diamine forms an aldimine with ¡-(acyloxy)acrolein and
the other amino group forms an ammonium salt with Tf2NH. In
TS-3, the aldimine is activated by the other molecule of Tf2NH,
to be the active dication intermediate. Moreover, the acyloxy
group should be activated by linear intramolecular hydrogen
bonding with a proton of the ammonium group in the same
molecule. In TS-3, the diene should approach the si-face of the
dienophile from the less-hindered side, to give the (2S)-exo-
adduct. On the other hand, in TS-4, the aldimine and the
acyloxy group are both activated by the ammonium protons in
the same molecule. However, the two intramolecular hydrogen
bondings of the nitrogen of aldimine with a proton of the
ammonium group (N£H­N) and the carbonyl oxygen of the
acyloxy group with a proton of the ammonium group (O£H­N)
are not linear. Therefore these hydrogen bondings are weak,
and TS-4 is conformationally unstable. Moreover, the aldimine
of TS-4 is activated by the weakly acidic ammonium group
while the aldimine of TS-3 is activated by superacidic Tf2NH.
Indeed, the reaction catalyzed by 5mol% of 2¢Tf2NH, which
should proceed via TS-4, gave low reactivity and low
enantioselectivity. Therefore, these results suggested that the
present Diels­Alder reaction proceeded via TS-3.

¡-[p-(Triisopropylsilyloxy)benzoyloxy]acrolein bearing a
good electron-donating p-(triisopropylsilyloxy)phenyl group
exhibited very high enantioselectivity, which could be attrib-
uted to the formation of strong intramolecular hydrogen
bonding in the transition state, due to the higher basicity of
the carbonyl oxygen of the acyloxy group.

3. Enantioselective Diels­Alder Reaction of
¡-Diacylaminoacroleins19

As described in the previous section, the aliphatic triammo-
nium salt 1i¢2.75C6F5SO3H and the aromatic diammonium salt
2¢1.9Tf2NH successfully promote the Diels­Alder reaction
with ¡-(acyloxy)acroleins to give ¡-quaternary ¡-hydroxy acid
equivalents, which are valuable chiral synthons that bear two
functional groups, with high enantioselectivity. In contrast, to
the best of our knowledge, there has been only one reported
example of the enantioselective Diels­Alder reaction with ¡-
acylaminoacroleins: in 1991, Cativiela and co-workers reported
the Diels­Alder reaction of cyclopentadiene with methyl ¡-
acetamidoacrylate promoted by 50mol% of chiral titanium(IV)
Lewis acid (64% yield, 78% exo, 70% ee (exo)) (eq 3).20,21 The
Diels­Alder reaction with ¡-acylaminoacroleins has significant
synthetic versatility. Funk and co-workers successfully used
the Diels­Alder reaction with ¡-acylaminoacroleins for the
synthesis of racemic polycyclic alkaloids.22 For example,
the immunosuppressant substance FR901483 was synthesized
using the Diels­Alder reaction of 2-(triisopropylsiloxy)buta-
diene with ¡-acylaminoacrolein 6, which was prepared in situ
by the thermal decomposition of 5 (eq 4).22a In this section, we
describe the catalytic and highly enantioselective Diels­Alder
reaction with ¡-diacylamino- or ¡-acylaminoacroleins to give
optically active cyclic ¡-quaternary ¡-amino acid precursors.
Conformationally constrained ¡-amino acids are valuable in
biochemistry as modified peptides, enzyme inhibitors, and
ligands for probing receptor recognition.21,23,24
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We first examined the catalytic activities of the aliphatic
triammonium salt (1i¢2.75C6F5SO3H) and the aromatic
diammonium salt (2¢1.9Tf2NH) for the Diels­Alder reac-
tion of 2,3-dimethylbutadiene with ¡-phthalimidoacrolein
(Scheme 5). ¡-Phthalimidoacrolein was prepared by a one-
pot dehydrative condensation between 2-amino-1,3-propane-
diol and phthalic anhydride and subsequent oxidative
dehydration under Swern conditions (eq 5). As a result,
1i¢2.75C6F5SO3H showed good catalytic activity (97%
yield) and excellent enantioselectivity (92% ee). In contrast,
2¢1.9Tf2NH did not catalyze the Diels­Alder reaction with ¡-
phthalimidoacrolein because 2 reacted irreversibly with the
dienophile even at ¹78 °C. The absolute configuration of the
cycloadduct 7, which was obtained as a major enantiomer in
Scheme 5, was determined to be (2S) by X-ray crystallographic
analysis, as shown in Figure 2.
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To explore the generality and scope of the 1i¢2.75C6F5-
SO3H-catalyzed enantioselective Diels­Alder reaction with
¡-phthalimidoacrolein, several dienes were examined
(Scheme 6). When the reaction of 2,3-dimethylbutadiene was
conducted at 0 °C, the enantioselectivity was increased to 96%
ee. Isoprene, 2-phenylbutadiene, myrcene, and (E)-farnesene
also reacted smoothly to give the desired 4-substituted cyclo-
hex-3-enecarbaldehydes with >99% regioselectivity and 88­
94% ee. The reaction of cyclopentadiene with ¡-(tetrafluoro-
phthalimido)acrolein gave endo-formylbicycloadduct with
72% ds and 90% ee. In general, the Diels­Alder reaction of
cyclopentadiene with ¡-substituted acroleins predominantly
gives exo-adducts. However, the 1i¢2.75C6F5SO3H-catalyzed

Diels­Alder reaction of cyclopentadiene with ¡-phthalimido-
acrolein gave the endo-adduct as a major diastereomer.
Anthracene, which was much less reactive, could also be used
as a diene, although the chemical yield and enantioselectivity
were moderate (52% yield, 67% ee).

Phthalimido groups of Diels­Alder adducts were deprotect-
ed in high yield by treatment with hydrazine after conversion to
the corresponding methyl esters (eq 6). Norbornene (=bicyclo-
[2.2.1]hept-2-ene) derivatives are particularly valuable as opti-

N
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7

Figure 2. ORTEP illustration of (2S)-cycloadduct 7 with
thermal ellipsoids drawn at a 50% probability level (Flack
parameter = 0.1228).
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cally active intermediates for the synthesis of bioactive
alkaloids such as (5-amino-5-norbornenyl)methanol deriva-
tives25 and (¹)-altemicidin.26

CHO

N

O

O

CO2Me

NH2

CO2Me

N(phthal)

1. NaClO2, NaH2PO4·2H2O
2-methyl-2-butene
t-BuOH-THF-H2O, rt

2. TMSCHN2
MeOH-toluene, rt

89% yield

H2NNH2

EtOH

97% yield

ð6Þ

Since 1i¢2C6F5SO3H was much less active than 1i¢
2.75C6F5SO3H as a catalyst for the Diels­Alder reaction with
¡-phthalimidoacroleins as well as ¡-(acyloxy)acroleins, we
assumed that 1i¢3C6F5SO3H might be the actual active catalyst.
1i¢3C6F5SO3H would activate ¡-phthalimidoacroleins through
the formation of aldiminium salts, although we cannot exclude
the possibility of chiral Brønsted acid catalysis through
hydrogen bonding. A (Z)-isomeric preference of aldiminium
salts was proposed based on theoretical calculations of the
geometries of their analogous aldiminium salts 8 derived from
¡-maleimidoacrolein and H­L-Phe­L-Leu­NMe2-reduced tri-
amine¢3HCl.27 The geometries of 8 were optimized by DFT
calculations with B3LYP,28 using the 6-31+G(d,p) basis set
(Figure 3). After satisfactory geometry optimization, the vibra-
tional spectrum of each species was calculated. As shown in
Figure 3, the relative energy of (Z)-8 is 2.8 kcalmol¹1 lower
than that of (E)-8, and the re-face of the enimide moiety of

(Z)-8 is sterically shielded by the benzyl substituent. Cyclo-
pentadiene should approach the si-face of the electron-deficient
enimide moiety enantioselectively to give endo-(2S)-adduct as
a major isomeric product. Thus, along with the (Z)-isomeric
preference of 8, we expected that the (Z)-transition-state
assembly (TS-9) would be preferred to the (E)-transition-state
assembly (TS-10) (Figure 4).

The aliphatic ammonium salt 1i¢2.75C6F5SO3H has a
flexible structure. It is conceivable that this flexibility could
lead to an efficient chiral environment in the aldimine
intermediate via hydrogen bonding to give Diels­Alder
adducts with high enantioselectivity. In contrast, the con-
formation of ammonium salt 2¢Tf2NH is rather rigid and is
not suitable for the construction of an efficient chiral envi-
ronment in the aldimine intermediate with ¡-(N-acylamino)-
acroleins.

In the course of our investigation on the Diels­Alder
reaction with ¡-acylaminoacroleins, we found that 5mol% of
2¢1.9Tf2NH could catalyze the reaction of cyclopentadiene
with ¡-(N-benzylbenzamido)acrolein to give the corresponding
exo-adduct with moderate enantioselectivity (68% ee), albeit
the yield of the adduct was poor (24% yield) (eq 7).

N CHOPh

Ph

CHO

N Ph

O

PhEtCN
−20 °C, 18 h

24% yield
71% exo, 68% ee

2·1.9Tf2NH
(5 mol %)

+

O

ð7Þ

4. Enantioselective [2 + 2] Cycloaddition Reaction
of ¡-(Acyloxy)acroleins29

The [2 + 2] cycloaddition reaction is the most popular
method for the synthesis of cyclobutanes and cyclobutenes.30

However, to the best of our knowledge, there are only three
previous examples of a catalytic enantioselective [2 + 2]
cycloaddition reaction.31 The previous methods were limited
to the [2 + 2] cycloaddition of highly nucleophilic alkenyl or
alkynyl sulfides32,33 and sterically demanding alkenes such as
norbornene derivatives.34 In this section, we describe the first

∆2.8 kcal mol−1

Figure 3. Difference in energy of the (E)- and (Z)-geo-
metries of aldiminium salt 5 based on theoretical
calculations.
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Figure 4. Proposed transition-state assemblies.
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example of the organocatalytic enantioselective [2 + 2] cyclo-
addition reaction of simple trisubstituted alkenes with ¡-
(acyloxy)acroleins to give optically active cyclobutanes.

First, the [2 + 2] cycloaddition reaction of 2,4-dimethylpent-
2-ene with ¡-benzoyloxyacrolein was examined in the pres-
ence of chiral ammonium salt catalysts (10mol%) in EtNO2

(Scheme 7). While the aliphatic ammonium salt 1i¢2.75C6F5-
SO3H was inert at 0 °C, more acidic 1i¢2.6Tf2NH catalyzed the
reaction at ¹20 °C to give the corresponding anti-cycloadduct
with good enantioselectivity (85% ee). When the reaction
was conducted with 2¢1.9Tf2NH, the anti-cycloadduct was
obtained in low yield with moderate enantioselectivity (24%
yield, 64% ee). The absolute and relative stereochemistry of the
cycloadduct, which was obtained in Scheme 7, was determined
to be a (1S,3R)-anti configuration based on an X-ray crystal
analysis after conversion to (1¤S)-camphanic acid ester 11
(Scheme 8).

To explore the generality and scope of the 1i¢2.6Tf2NH-
induced enantioselective [2 + 2] cycloaddition with ¡-(acyl-
oxy)acroleins, structurally diverse alkenes were examined
(Scheme 9). Cyclic and acyclic trialkylethenes were reacted
with ¡-(fluorobenzoyloxy)acroleins to give the corresponding
anti-cycloadducts in moderate to good yield (37­67%) with
high enantioselectivity (83­96% ee). In contrast, 1,1- and 1,2-
dialkylethenes, except for ¡-substituted styrene derivatives,
were inert.

To demonstrate the synthetic utility of the cycloadducts, we
examined their derivatization. When adduct 12 was treated with
AlCl3 (1.2 equiv), 2-acyloxycyclopentanone 13 was obtained
via successive 1,2-hydride shifts of a tertiary alkyl group and a

hydride (eq 8).35 In contrast, 14 was expanded to 2-hydroxy-
cyclopentanone 15 in 95% yield with 64% ds by treatment with
Bu4NF¢3H2O (2 equiv) through hydrolysis and the subsequent
1,2-shift of a tertiary alkyl group (eq 9). Compound 15 may be
a new chiral intermediate in the enantioselective syntheses of
4a-methylhydrofluorene diterpenoids such as (¹)-taiwaniaqui-
nol B.36,37

(1S )i-Pr
CHOO

i-Pr

CHO
OBzcatalyst

(10 mol %)

EtNO2

+

NH2
Ph

NH N

i-Bu

Catalyst and results

·2.75C6F5SO3H NH2
Ph

NH N

i-Bu

·2.6Tf2NH

0 °C, 24 h
no reaction

−20 °C, 48 h
64% yield

92% anti, 85% ee

NH2

NH2
·1.9Tf2NH

−78 °C, 36 h 
24% yield

92% anti, 64% ee

1i·2.75C6F5SO3H 1i·2.6Tf2NH

2·1.9Tf2NH

O

(3R )

Scheme 7. Catalytic activities of chiral ammonium salts for
enantioselective [2 + 2] cycloaddition with ¡-(benzoyl-
oxy)acrolein.
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Scheme 8. Absolute and relative stereochemistry of the
[2 + 2] cycloadduct.

R3 CHOR2CO2 CHO
OCOR2

R3
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Scheme 9. Enantioselective [2 + 2] cycloaddition with
¡-(acyloxy)acroleins.
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A possible stepwise mechanism that accounts for the
observed absolute and relative stereochemistries of the cyclo-
adducts is shown in Figure 5. We previously reported that (Z)-
aldiminium salt derived from 1i¢2Tf2NH and ¡-(acyloxy)-
acrolein would be a key intermediate.29 However, as described
in previous sections, a (Z)-aldiminium salt derived from
1i¢3Tf2NH and ¡-(acyloxy)acrolein may be more favorable.38

Initially, the enantioselective Michael addition of alkenes to
a (Z)-aldiminium salt, which would be generated from ¡-
(acyloxy)acroleins and 1i¢2.6Tf2NH, should occur through an
enantiofacial approach between the re-face of electron-rich
alkenes and the si-face of the electron-deficient (Z)-aldiminium
salt in an extended TS-16. Subsequently, the resulting tertiary
carbocation intermediate would be intramolecularly cyclized
through a folded TS-17. The possibility of a concerted
[³2s + ³2s] cycloaddition reaction and the possibility of a
folded transition state for the initial Michael addition step are
forbidden by orbital symmetry considerations. The possibility
of a concerted [³2s + ³2a] pathway is also excluded due to the
steric hindrance of substrates.

5. Conclusion

In conclusion, we have developed chiral primary ammonium
salt catalysts for enantioselective cycloaddition reactions with

¡-(acyloxy)acroleins and ¡-diacylaminoacroleins. The present
results demonstrate that rationally designed ammonium salts
of chiral primary amines can create a flexible but efficient
asymmetric environment through hydrogen bonding and ionic
bonding. This flexible asymmetric environment would be
essential for the cycloaddition reaction with sterically hindered
substrates such as ¡-substituted acroleins. Since we developed
chiral primary ammonium salt catalysts, several primary
ammonium salt-catalyzed enantioselective cycloaddition reac-
tions have been reported.4g,4h,8
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