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CONS P EC TU S

I n the first successful catalytic asymmetric Diels�Alder reaction in 1979, Koga and colleagues used a chiral aluminum complex
as a Lewis acid catalyst, but since then, researchers have developed numerous catalytic systems for these reactions. By 2000,

several chiral organic compounds, such as the salts of imidazolidinones or TADDOLs, emerged as robust catalysts in the
asymmetric Diels�Alder reactions. According to frontier molecular orbital theory, most of these catalysts employ a LUMO-
lowering strategy as a means of activating electron-deficient dienophiles. Only rarely do chiral catalysts take advantage of the
alternative strategy of activating the HOMO.

In this Account we will discuss the development of asymmetric Diels�Alder reactions based on the HOMO-raising effects of
chiral amines. First, we show that enamine intermediates formed in situ between an amine catalyst and enolizable aliphatic
aldehydes can act as electron-rich dienophiles in inverse-electron-demand Diels�Alder reactions. We describe the preparation of a
variety of oxygen- or nitrogen-containing heterocycles with high optical purity. Then, we demonstrate that the dienamine species
from r,β-unsaturated aldehydes can act either as electron-rich dienes in normal-electron-demand Diels�Alder reactions or as
dienophiles in inverse-electron-demand Diels�Alder reactions. These reactions generally occur with high chemo-, regio-, and
stereoselectivity. Finally, we introduce a new activation mode for Diels�Alder reactions, in which reactive trienamine
intermediates derived from 2,4-dienals or even 2,4-dienones play a key role. Notably, we observe remarkable β,ε-regioselectivity
and obtain excellent stereocontrol even at the very remote ε-reactive center;up to seven bonds away from the chiral center of the
amine catalyst.

These results demonstrate that a HOMO-activation strategy via aminocatalysis could become a significant tool in asymmetric
Diels�Alder reactions. In addition, these reactions using enamine, dienamine, or trienamine intermediates produce a diverse array
of densely functionalized cyclic scaffolds, which may serve as valuable structures in drug discovery and natural product synthesis.

Introduction
The Diels�Alder (DA) cycloaddition has proven to be one of

the most powerful protocols for accessing six-membered

carbo- or heterocycles, generally with high chemo-, regio-,

and stereoselectivity in an atom-economic manner.1 While

chiral Lewis acid complexes have predominantly been used

to catalyze asymmetric DA reactions in past decades,2

MacMillan and co-workers reported in 2000 that chiral

secondary amines, such as imidazolidinones, can catalyze

asymmetric DA reactions via iminium activation of
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R,β-unsaturated aldehydes.3 Later, Rawal used simple chiral

TADDOLs as Brønsted acids to promote a highly enantioselec-

tive hetero-DA reaction via hydrogen-bonding interactions.4

According to frontier molecular orbital (FMO) theory,5 all of

these catalysts work by lowering the lowest unoccupied mo-

lecular orbital (LUMO) in dienophiles (Scheme 1).

Theoretically, the concerted [4 þ 2] process could be

accelerated by either lowering the LUMO or raising the

highest occupied molecular orbital (HOMO).5 In practice,

HOMO-activated electron-rich dienes have been extensively

applied in DA cycloadditions,6 while the asymmetric ver-

sions have been carried out using chiral auxiliaries.7 Never-

theless, recent developments in chiral amine-catalyzed

asymmetric DA reactions have confirmed the power of the

alternative HOMO-raising strategy. The present account will

highlight the efforts of our group to perform aminocatalytic

asymmetric DA reactions using diverse carbonyl com-

pounds, especially aldehydes. Closely related works by

other groups will also be summarized.

Enamine Pathway
The electron-rich CdC bond in enamine has been used in

DA-type reactions, and the first such pyrrolidine-catalyzed

DA cycloaddition was reported by Boger in 1982.8,9 How-

ever, the catalytic asymmetric variation was not reported

until 2003. Jørgensen and co-workers found that the chiral

enamine species I generated in situ between amine 1a and

aliphatic aldehydes 2 could act as HOMO-raised dienophiles in

the inverse-electron-demand (IED) hetero-DA reaction with

β,γ-unsaturated R-ketoesters 3 (Scheme 2).10 Pyran-2-one

derivatives 5 were obtained with high stereoselectivity after

PCC (pyridinium chlorochromate) oxidation of hemiacetals 4.

Silica gel played a key role in the catalytic cycle, causing the

hydrolysis of N,O-acetal cycloadducts to give hemiacetals 4.

This reaction was an important breakthrough that clearly

demonstrated that asymmetric DA-type cycloaddition could

be efficiently catalyzed by a simple chiral amine via a HOMO-

activation pathway.

Despite this initial success, this promising catalytic proto-

col has not received much attention.11 In our continuing

studies of asymmetric organocatalysis,12 we recognized the

contributions from Boger, who introduced the IED aza-DA

reaction of N-sulfonyl-1-azadienes and electron-rich olefins

as a way to access valuable tetrahydropyridines.13 These

reactions generally exhibit the characteristics of a concerted

[4 þ 2] mechanism with high regiospecificity and diastereo-

selectivity. Although the utility of this aza-DA reaction has

been fruitfully explored in recent decades, including the

introduction of a highly diastereoselective variation with

chiral dienophiles,14 only limited progress has been made

toward developing catalytic asymmetric variations.15 We

found that enamine intermediates were applicable to

Boger's IED aza-DA reaction, as outlined in Scheme 3. Inter-

estingly, similar to Jørgensen's catalytic conditions,10 the

addition of a small amount of water turned out to be crucial

for the conversion, perhaps because it facilitates release of

the catalyst from the cycloadducts, which leads to the

completion of the catalytic cycle.

As summarized in Table 1, the readily available

Jørgensen�Hayashi catalyst16 R,R-diphenylprolinol O-TMS

SCHEME 1. Traditional Activation Modes for the Catalytic Diels�Alder
Reactions

SCHEME 2. Organocatalytic Asymmetric IED Hetero-DA Reaction

SCHEME 3. Catalytic Cycle of the Asymmetric IED aza-DA Reaction
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ether 1b effectively promoted the cycloaddition of N-Ts-1-

azadienes 6 and aldehydes 2 to afford the hemiaminals 7,

which bear three contiguous chiral centers, with outstanding

diastereo- (>99:1) and enantioselectivity. In general, a wide

range of 1-azadienes with aryl, heteroaryl, alkyl, and ester

groups were well tolerated for combination with linear

aldehydes (Table 1). However, both branched isovaleralde-

hyde and aqueous acetaldehyde failed to participate in this

reaction.17

A series of useful molecules, such as chiral lactam 8,

piperidine derivatives 9 and 10, trisubstituted pyridine 11,

or 1,5-dicarbonyl compound12, have been readily prepared

in a single step from the chiral hemiaminal 7a (Scheme 4).

Subsequently, aqueous acetaldehyde was used in reac-

tions involving a special typeof 1-azadienes13derived from

3-argiocarbonylcoumarins, which bear a 2,3,4-trisubstituted

pattern and which have been used to synthesize the core

structure of Streptonigrone by Boger.18 Catalyst 1b gave a

quite disappointing ee value (36%), but a bulkier analogue

1c developed in our group gave the chiral chroman-2-ones

14 with dramatically improved enantioselectivity after de-

hydroxylation (Scheme 5).19

The cycloadducts 7 possess a relatively stable hemiam-

inal functionality, which can be useful for designing domino

or tandem processes to construct highly complex fused

tetrahydropyridines. For example, we developed a domino

aza-DA�hemiacetal formation sequence involving aqueous

glutaraldehyde 15 and 1-azadienes 6; after subsequent

IBX oxidation, the corresponding chiral lactone[2,3-b]-

tetrahydropyridines 16 were efficiently obtained in an en-

antiomerically enriched form. Nevertheless, overall yields

were low to moderate due to side reactions in the final step

(Scheme 6).20

In further work we used this aminocatalysis to construct

versatile fused heterocycles with diverse skeletons. As illu-

strated in Scheme 7, aldehydes 2 tethered to an arene motif

have been used in the IEDDA reaction with 1-azadienes 6.

The corresponding hemiaminals 7 were subsequently con-

verted to electrophilic iminium ions under strongly acidic

conditions, and these underwent intramolecular Friedel�
Crafts (FC) cyclization with the tethered arene motif to give

fused tetrahydropyridine frameworks. Using this approach,

a spectrum of highly enantioenriched heterocycles 17 have

been produced in a straightforward manner. Since fused

piperidine structures are ubiquitous in natural alkaloids and

biologically important compounds, these polycyclic archi-

tectures may be of interest in medicinal chemistry.21

In addition to the aza-DA reaction of activated 1-

azadienes, we have also applied enamine species to

the construction of other types of chiral heterocycles.

SCHEME 4. Synthetic Transformations of Hemiaminal 7a

TABLE 1. Asymmetric IED aza-DA Reaction of N-Ts-1-Azadienes 6 and
Aldehydes 2

entry 7 R1 R2 R3 yield (%) ee (%)

1 7a Et Ph Ph 88 97
2 7b Et Ph 2-thienyl 87 98
3 7c Et Ph Me 83 93
4 7d Et Ph CO2Et 95 99
5 7e Et o-ClC6H4 Ph 74 99
6 7f Me Ph Ph 92 98
7 7g BnO(CH2)2 Ph Ph 72 99

SCHEME 5. Asymmetric aza-DA Reaction of 1-Azadienes Based on
Coumarin Cores

SCHEME 6. Synthesis of Lactone[2,3-b]tetrahydropyridines
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Quinoxalines and related scaffolds exist in a number of

pharmaceutical agents. Lectka developed an elegant IEDDA

reaction of o-benzoquinone diimides with ketene enolates

formed in situ from acyl chlorides; this reaction was cata-

lyzed by cinchona alkaloids, also via a HOMO-activation

strategy. Notably, low temperature (�78 �C) was necessary

to ensure high stereocontrol.22 We demonstrated that the

IED hetero-DA reaction of o-benzoquinone diimide 18 with

aldehydes 2 proceeded smoothly via the catalysis of 1b at

ambient temperature. An array of chiral quinoxalinones 19

was obtained with excellent enantioselectivity after PCC

oxidation of the hemiaminals.23 A hetero-DA�FC reaction

sequence has also been used to construct fused tetrahydro-

quinoxalines 20 in excellent stereoselectivity, while a differ-

ent trans-selectivity was observed in the later FC step

(Scheme 8).21

An asymmetric, all-carbon-based IEDDA reaction has

been reported byWang and co-workers. They disclosed that

a novel type of electron-poor dienes 23 could be generated

via a PPh3-catalyzed cascade reaction of propiolates 21 and

R,R-dicyanoolefins 22, which could then undergo asym-

metric cycloaddition with enamine species. This approach

has been used to generate a broad spectrum of highly

substituted cyclohexenols 24 in good yield and with high

stereoselectivity (Scheme 9).24

Dienamine Pathway
Chiral dienamine species derived from R,β-unsaturated ke-

tones have been used in a diastereoselective DA-type reac-

tion involving nitroolefins.7b Barbas was the first to report in

2002 that in situ-formed2-amino-1,3-butadienes II could act

as electron-rich dienes in a normal-electron-demand (NED)

DA reaction with nitroolefins 25, but poor enantioselectivity

was observed when the reaction was catalyzed by L-proline

1d (Scheme 10).25 Subsequently, this approach was im-

proved to allow synthesis of useful compounds.26 It is

possible that these reactions proceed via a stepwise cascade

sequence;27 such catalysis will not be depicted in detail here

in consideration of space limitations.28

The electrophilic iminium ions derived from R,β-unsatu-
rated aldehydes in the presence of amine catalyst can

isomerize to electron-rich 1-amino-1,3-butadiene species.

The HOMO-raised dienamines III may react either with

electron-deficient olefins in a NEDDA reaction manner or

with electron-poor dienes as regioselective dienophiles in an

IEDDA reaction (Scheme 11).

Dienamine as Diene. The first asymmetric NEDDA reac-

tion with dienamine species was reported by Serebryakov

in 1998, and the reaction was inefficient.29 In 2006, the

SCHEME 7. Assembly of Fused Heterocycles via Sequential aza-DA�FC
Reactions

SCHEME 8. Synthesis of Chiral Quinoxaline Derivatives

SCHEME 9. Asymmetric All-Carbon-Based IEDDA Reaction
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Jørgensen group achieved direct asymmetric γ-amination of

R,β-unsaturated aldehydes27with diethyl azodicarboxylate

(DEAD) 28 catalyzed by chiral amine 1e. The high enantio-

selective outcome (up to 93% ee) was rationalized by DFT

calculations, suggesting a concerted [4 þ 2] cycloaddition

pathway involving a dienamine intermediate and DEAD

(Scheme 12).30

An asymmetric intramolecular NEDDA reaction was later

developed by Christmann.31 Amine 1b was employed to

promote the cycloaddition of tethered R,β-unsaturated di-

aldehydes 30 in endo-selectivity. The unsaturated bicyclic

systems 31 were produced with good yield and excellent

optical purity, as amine 1bwas removed eliminatively after

the cycloaddition step (Scheme 13).

Dienamine as Dienophile. In addition to participating in

the NEDDA reaction, HOMO-activated 1-amino-1,3-buta-

dienes play a role as dienophiles in the IEDDA reaction.

We discovered that dienamine species of R,β-unsaturated
aldehydes and amine1b exhibited high reactivity in the aza-

DA reaction withN-Ts-1-azadienes 6. Moreover, this process

showed remarkable ipso,R-regioselectivity, delivering hemi-

aminals 32 containing an alkene moiety. After oxidation to

lactams 33, the major E-isomers were easily separated with

outstanding diastereo- (>99:1) and enantioselectivity. Reac-

tivity was even greater for γ,γ-disubstituted 4-methyl-2-

pentenal (products 32d�f). Notably, the newly generated

CdC bond in the hemiaminals allowed some simple intra-

molecular transformations, yielding a diversity of complex

frameworks 34�36 (Scheme 14).32

Interestingly, different regioselectivity was observed

when crotonaldehyde 27a was used. While 1-azadiene 6a

gave the normal ipso,R-regioselective adduct 32g, the dif-

ferently substituted 1-azadiene 6b exclusively showed

unexpected β,γ-regioselectivity.33 MacMillan's catalyst 1f

SCHEME 10. Activation of Enones via Dienamines

SCHEME 11. Activation Modes of R,β-Unsaturated Aldehydes

SCHEME 12. γ-Amination of Enals via Dienamine Pathway

SCHEME 13. Intramolecular Asymmetric NEDDA Reaction

SCHEME 14. Asymmetric ipso,R-Regioselective IED aza-DA Reactiona

aFor 32�36, >99:1 dr; yields of 33 referred to pure E-isomer.
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provided better stereocontrol, but the ee value was still

modest (Scheme 15).

Inspired by these findings, we developed the first asym-

metric, all-carbon based IEDDA reaction of electron-deficient

dienes and crotonaldehyde via dienamine activation. Using

1b as catalyst, crotonaldehyde reacted with a diversity of

dienes38withexclusive β,γ-regioselectivity, affordingmulti-

functional cyclohexenes 39 with excellent enantioselectiv-

ity and good diastereocontrol (Scheme 16). In addition, this

approach has been used to synthesize a caged polycyclic

compound 40 and a decahydroiso-quinoline 41 after some

simple derivations (Scheme 16).34

Unfortunately, crotonaldehyde was the only enal sub-

strate found to undergo the above DA reaction. Expanding

on the IEDDA reaction of chromone-fused dienes and elec-

tron-rich ethenes described by Bodwell,35 we discovered that

these dieneswere highly reactivewith the dienamine species

of β,β-disubstitutedR,β-unsaturatedaldehydes. This reactivity
may be because, although a quaternary center must be

formed in the cycloadducts, the electron-donating effects of

another β-substituent further raise the HOMO energy of the

dienamine system IV, as outlined in Scheme 17, and this

helps to overcome the reaction barrier. A domino vinylogous

aldol reaction occurred after the desired IEDDA reaction,

affording an array of natural product mimics 44 with caged

tetrahydroxanthone skeletons from chromone-fused dienes

42 bearing an ethoxycarbonyl or sulfonyl group. Most of

these reactions occurred with excellent stereoselectivity.

The domino vinylogous aldol reaction did not occur

when a 3-styryl-substituted chromone 42b was used be-

cause of the decreased acidity of vinylogous C�H in 43g, but

a similar caged compound 44g could be generated after

treating 43g with DBU. An intramolecular Stetter reaction

furnished a diverse bicyclo[3.2.1]octane system 46 in the

presence of carbene precursor 45 and NaOAc (Scheme 18).

SCHEME 15. Regioselective IEDDA Reaction of Crotonaldehyde

SCHEME 16. Asymmetric All-Carbon-Based IEDDA Reaction of
Crotonaldehyde

SCHEME 17. Asymmetric IEDDA Reaction of β,β-Disubstituted Enals
and Domino Vinylogous Aldol Reaction

SCHEME 18. Reaction of a 3-Styryl-Substituted Chromone
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A tetracyclic hemiacetal 47, rather than the vinylogous

aldol adduct, was obtained for diene 42c containing an acetyl

group. Using a bulky amine 1h gave dihydropyran 48 or

tetrahydro-pyridine 49 with high stereoselectivity after dehy-

droxylation or reductive amination, respectively (Scheme 19).36

Trienamine Pathway
A longstanding goal in organic synthesis is the discovery and

development of novel catalytic modes. In our continuing

efforts to explore asymmetric DA reactions via HOMO-

activation, we wondered whether the dienamine pathway

could be taken further. We reasoned that a polyconjugated

2,4-dienal might form an analogous trienamine intermedi-

ate Vwith an amine catalyst (Scheme 20). Since its electron-

rich property should raise the HOMO-energy of the triene

system, a NED-type DA reaction with a suitable activated

olefin would be facilitated.

We subsequently showed that the reaction of 2,4-dienals

50 and 3-olefinic oxindoles 51 proceeded smoothly with

amine 1g as catalyst. The cycloaddition exhibited exclusive

β,ε-regioselectivity and excellent stereoselectivity, affording

a spectrum of spirocyclic oxindoles 52 featuring a cyclohex-

ene motif (Scheme 21).37 Notably, excellent stereocontrol

was maintained even when a C�C bond was formed at the

remote ε-position of the 2,4-dienal skeleton, seven bonds

away from the chiral center of the amine catalyst. This can

be attributed to the concerted bond-forming reaction at the

β-site of the trienamine intermediate, as proposed in

Scheme 20.38

Highly active alkylidenecyanoacetates also exhibited

good reactivity with simple 2,4-hexadienal via the triena-

mine pathway.37 However, β-nitrostyrene remained inert

even at much higher temperature (80 �C), though this and

similar dienophiles have been widely employed in DA

reactions. By introducing an alkyl or aryl group into the

skeleton of 2,4-dienals, which may raise the HOMO-energy

of the resulting trienamine intermediatesVI (Scheme22),we

successfully carried out the NEDDA reaction with nitroole-

fins. The scope for both substrates is substantial, and a

SCHEME 19. Construction of Chiral Tetracyclic Frameworks

SCHEME 20. HOMO-Activation Mode for 2,4-Dienals

SCHEME 21. NEDDA Reaction of 2,4-Dienals and 3-Olefinic Oxindoles

SCHEME 22. HOMO-Raising Strategy in Asymmetric NEDDA Reaction
of 2,4-Dienals and Nitroolefins
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number of densely substituted cyclohexenes 53, including

bicyclic ring frameworks 53c and 53f, have been con-

structed with excellent enantioselectivity and good

diastereocontrol.

Unexpectedly, this NEDDA reaction of nitroolefins exhib-

ited abnormal exo-selectivity, though the same trienamine

pathway was involved.37 We proposed that the unique

exo-selectivity might be due to electrostatic repulsion be-

tween the π electrons of the trienamine motif and the nitro

group, as depicted in model A in Scheme 23.39

Trienamines of 2,4-dienals have also been explored by

the Jørgensen group.40 Olefinic azlactones 54 were utilized

as a new type of dienophiles, and outstanding regio- and

stereoselectivity (dr >5:1, >96% ee) were obtained in the

reaction with simple 2,4-hexadienal 50a. The optically pure

products 55 can be transformed to more useful building

blocks in protein chemistry, such as chiral, N-protected

amino acid esters 56 (Scheme 24).

Melchiorre and co-workers have made important ad-

vances in developing the trienamine concept.41 They used

R,β-unsaturated aldehydes 57 tethered to a 2-methylindole

motif as precursors of trienamines. Catalyzed by amine 1b,

the heterocyclic ortho-quinodimethanesVII (oQDMs), which

can be considered a special type ofHOMO-raised trienamine

species, were generated in situ from the enals, thereby

overcoming the high energy barrier of dearomatization.

Highly stereoselective DA cycloadditions have been realized

withnitroolefins25or 3-olefinic oxindoles51, affording awide

range of structurally complex chiral indole derivatives 58 and

59. It shouldbenoted that exo-selectivitywasalsoobserved for

cycloadducts 58.39 Such a catalytic system is compatible with

2-methylpyrrole- or furan-based enals, which yield fused het-

erocycles 60 or 61, respectively (Scheme 25).

Very recently, we expanded trienamine chemistry to

include 2,4-dienone substrates using quinine-derived pri-

mary amine 1j as catalyst. A special type of 2,4-dienones

with a δ,δ-disubstitution must be used; otherwise, the 2,4-

dienones act directly as diene counterparts in a noncatalyzed

SCHEME 23. Rationalization for exo-Selective DA Reaction of
Nitroolefins

SCHEME 24. Asymmetric NEDDA Reaction of Olefinic Azlactones

SCHEME 25. Asymmetric DA Reaction with in Situ Generated oQDMs

SCHEME 26. NEDDA Reaction of 2,4-Dienonesa

aFor cycloadducts 65�68, >19:1 dr.
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DA reaction. Several types of electron-deficient dienophiles,

such as N-phenyl maleimide 63, benzylidenecyanoacetate

64, nitroolefin 25a, and 3-olefinic oxindole 51a, have been

successfully used to react with trienamine speciesVIII, giving

multifunctional cyclohexenes 65�68 with excellent diaster-

eo- (>19:1) and enantioselectivity (Scheme 26).42,43

Conclusion
A series of HOMO-activated species, including enamines,

dienamines, and trienamines, have been efficiently applied

to asymmetric Diels�Alder reactions. A variety of simple

starting materials, such as aliphatic aldehydes, R,β-unsatu-
rated aldehydes, and even2,4-dienals or 2,4-dienones, have

been used in elegant combinations with diverse electron-

deficient dienes or dienophiles by the catalysis of a chiral

amine, providing versatile protocols to access a broad

spectrum of highly diastereo- and enantioenriched, structu-

rally complex six-membered carbo- and heterocycles. The

amine-basedHOMO-activation strategy is compatiblewith a

variety of Diels�Alder reaction patterns, including inverse-

electron-demand, normal-electron-demand, and hetero- or

all-carbon-based processes. Thus, this strategy has broad

utility and power in asymmetric catalysis. We believe that

the future will bring more exciting results.
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