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Abstract: This account focuses on novel amine-catalyzed reactions
recently discovered in our laboratories. Among the newly devel-
oped transformations are efficient proline-catalyzed intermolecular
aldol, Mannich, Michael reactions and a novel three-component re-
action.

1 Introduction
2 The Intermolecular Hajos–Parrish–Eder–Sauer–Wiechert 

Reaction
3 Proline-Catalyzed Direct Asymmetric Aldol Reactions 
3.1 Acetone as the Aldol Donor
3.2 Proline-Catalyzed Aldol Reactions with Other Ketones 
4 Mechanism of the Proline-Catalyzed Aldol Reaction
5 Potential and Limitations of Enamine Catalysis
6 The Direct Asymmetric Three-Component Mannich Reac-

tion
7 Enamine Catalysis of the Michael Reaction
8 Combining Enamine and Iminium Catalysis in the Design 

of a Novel Multicomponent Reaction 
9 Conclusions

Key words: aminocatalysis, organocatalysis, asymmetric Cataly-
sis, aldol reactions, Mannich reactions, Michael reactions, Multi-
component reactions

1  Introduction

Modern organic synthesis is very efficient in constructing
functional molecules of enormous complexity. Neverthe-
less, it seems to rely on only a relatively short list of priv-
ileged chemical reactions.1 Our interest in developing new
synthetic methodologies is fueled by an ever-increasing
demand for practically useful transformations to extend
this list. 

Several important processes utilize the chemistry of car-
bonyl compounds. These reactions typically involve met-
als and can be catalyzed by Lewis- or Brønsted acids and
bases. We recently embarked upon the question whether
or not several carbonyl transformations could also be cat-
alyzed by amines. This concept is based on electronic sim-
ilarities between a protonated (or Lewis-acid activated)
carbonyl group and an iminium ion. The reactivity of
these species is dramatically enhanced and both, electro-
philicity and �-C-H-acidity increase (Scheme 1).2,3

There are two aminocatalytic pathways. Iminium cataly-
sis directly utilizes the higher reactivity of the iminium

ion in comparison to the carbonyl species and facilitates
Knoevenagel-type condensations,4 cyclo- and nucleo-
philic additions,5,6 and cleavage of �-bonds adjacent to the
�-carbon.7,3c Enamine catalysis on the other hand involves
catalytically generated enamine intermediates that are
formed via deprotonation of an iminium ion, and react
with various electrophiles or undergo pericyclic reac-
tions.8,2b

Several valuable and broadly applicable transformations,
including, aldol, Michael, Mannich, and Diels–Alder re-
actions are amenable to aminocatalysis. This account
summarizes recent contributions from our laboratory to
this exciting area of organocatalysis.

2 The Intermolecular Hajos–Parrish–Eder–
Sauer–Wiechert Reaction

Aminocatalysis is a biomimetic strategy used by impor-
tant enzymes such as class I aldolases (enamine catalysis)
and ketoacid decarboxylases (iminium catalysis).9,3c Ap-
plications in asymmetric organic synthesis are relatively
rare despite the well-known Hajos–Parrish–Eder–Sauer–
Wiechert process,10,11 a proline-catalyzed reaction that
most likely involves enamines (Scheme 2).12,13

Scheme 2 The Hajos–Parrish–Eder–Sauer–Wiechert reaction

Our interest in aminocatalysis is based on this remarkable
reaction and on studying enamine catalytic aldolase anti-
bodies developed in the laboratories of Lerner.14–19 Like
natural class I aldolases these antibodies catalyze asym-

Scheme 1 Activation of the carbonyl group by acids (M+) and by
amines
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metric aldol reactions between ketones and aldehydes.
This “direct” approach to the catalytic asymmetric aldol
reaction has recently been introduced as a synthetic meth-
od by Shibasaki et al.20,21,22 

We initially asked a seemingly simple question: If proline
catalyzes intramolecular aldol reactions using an enamine
mechanism like natural and antibody aldolases, could it
also catalyze the intermolecular aldol reaction? The
Hajos–Parrish–Eder–Sauer–Wiechert reaction is an in-
tramolecular process and the type of enantioselectivity
(enantiogroup-differentiation) is distinct from the �-enan-
tiofacial selectivity required for asymmetric aldol addi-
tion reactions. Furthermore, it is known that proline reacts
with both aliphatic and aromatic aldehydes.23 These facts
considered, it was by no means clear that proline would
also catalyze intermolecular aldol reactions. Nevertheless,
in May 1999 we conducted the experiment and were de-
lighted to find that (L)-proline catalyzed the reaction of p-
nitrobenzaldehyde with an excess of acetone to furnish the
aldol product in 76% ee (Scheme 3).24

Scheme 3 The first proline-catalyzed asymmetric intermolecular
aldol reaction

This particular experiment constitutes the first low molec-
ular weight amine-catalyzed direct asymmetric aldol reac-
tion and was the starting point for the experiments
described in this account. 

3 Proline-Catalyzed Direct Asymmetric Aldol 
Reactions

3.1 Acetone as the Aldol Donor

We have studied the proline-catalyzed aldol reaction of
acetone with several aromatic aldehydes and found the
products to be formed with good ee’s (Table 1, entries 1–
5). �-Substituted aliphatic aldehydes gave the products in

even higher enantioselectivities (entries 6–9). For exam-
ple the use of isobutyraldehyde resulted in the formation
of aldol 6 in 96% ee and 97% yield. Later we observed ex-
cellent (>99%) enantioselectivities in aldol reactions of
acetone with tertiary aldehydes.25,27 Direct and indirect
asymmetric aldol reactions with acetone (or equivalents)
as the donor are generally considered to be very challeng-
ing and our results compare well with many of the best
known catalyst- or auxiliary based procedures.20,21,26,28

�-Unbranched aldehydes did not produce the desired
products under our standard conditions using DMSO as
the solvent. Homo-aldol-addition- and condensation of
the aldehyde or elimination of the cross-aldol product to
the �,�-unsaturated ketone appeared to be the main side
reactions. However, after screening several solvents, we
found that by using acetone or acetone/CHCl3 mixtures,
the cross-aldol products were obtained in modest yields
and good enantioselectivities (Table 2).27 The only sub-
stantial side-products observed in these reactions, are the
cross-aldol condensation products and the homo-aldol ad-
dition product of acetone. Yields and ee’s are rather mod-
est but comparable to those obtained using Shibasaki’s
and Trost’s catalysts.20,21,28 Advantages of the proline-cat-
alyzed reactions include operational simplicity and avail-
ability of both enantiomeric catalysts. The reactions can
easily be performed on a multi-gram scale, required for
complex molecule syntheses. This was demonstrated with
a short synthesis of (S)-ipsenol (17), a major component
of the sex pheromone of the bark beetle and needed in kg-
quantities for insect traps.29,30 Our synthesis used aldol 13
as the starting material, which was protected and convert-
ed to enoltriflate 15. Subsequent Stille coupling with vi-
nyltributylstannane furnished known diene 16, which
after deprotection gave natural (S)-ipsenol (Scheme 4).
This synthesis is one of the shortest disclosed and high-
lights the potential of the proline-catalyzed aldol reaction
for the asymmetric synthesis biologically active com-
pounds.

3.2 Proline-Catalyzed Aldol Reactions with
Other Ketones

After evaluating the acceptor-scope of the proline-cata-
lyzed aldol reaction we next focused on the use of other
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donors. We could establish that a variety of cyclic and
acyclic ketones including butanone, cyclopentanone, and
cyclohexanone furnish the products in useful regio-, dia-

stereo-, and enantioselectivities (Table 3).25,27 Unfortu-
nately, other important ketones, including acetophenone
and 3-pentanone failed in these reactions.

Among the ketones studied so far, remarkable results
were obtained with hydroxyacetone. We found that hy-
droxyacetone typically reacts with aldehydes to furnish
the corresponding anti-1,2-diols in high regio-, diastereo-
and enantioselectivities (Table 4).31

Our method represents the first catalytic asymmetric syn-
thesis of anti-1,2-diols and complements the Sharpless
asymmetric dihydroxylation, which provides syn-diols
from (E)-olefins in high ee’s but gives rather low ee’s in
the synthesis of anti-diols from (Z)-olefins.32

Table 2 Proline-Catalyzed Aldol Reactions of Acetone with �-Un-
branched Aldehydes

Entry Product Yield ee

1

10

31% 67%

2

11

35% 73%

3

12

34% 72%

4

13

34% 73%

5

14

22% 36%

O OH

O OH

O OH

O OH

O OH

Table 1 Proline-Catalyzed Aldol Reactions of Acetone with Sev-
eral Aldehydes

Entry Product Yield ee

1

1

68% 76%

2

2

62% 60%

3

3

74% 65%

4

4

94% 69%

5

5

54% 77%

6

6

97% 96%

7

7

63% 84%

8

8

81% >99%

9

9

85% >99%

O OH
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Br

O OH Cl
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OHO
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Scheme 4 Asymmetric total synthesis of (S)-ipsenol
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4 Mechanism of the Proline-Catalyzed Aldol 
Reaction

We proposed that proline-catalyzed intermolecular aldol
reactions follow an enamine mechanism that is closely re-
lated to the one used by natural aldolases (Scheme 5).

Scheme 5 Proposed mechanism of the proline-catalyzed aldol
reaction

According to our proposal, proline functions as a micro-
aldolase with the secondary amine as a nucleophilic
enamine catalyst and the carboxylic acid as general Brøn-
sted cocatalyst. Our mechanism is based on concepts on
the Hajos-Parrish-Eder-Sauer-Wiechert reaction that
were originally proposed by Eschenmoser33 and have

been experimentally supported by Agami.12,13 Although,
an alternative ammonium enolate mechanism can not be
ruled out at the present time, several indirect pieces of ev-
idence for the proposed covalent aminocatalysis can be
found in the literature. Among those are the rapid forma-
tion of covalent products from reactions of proline with �-
ketoesters, �-diketones, and both aromatic and aliphatic
aldehydes.34,23 It is furthermore known that proline can be
reductively alkylated with unactivated ketones.35 This ob-
servation parallels reductive alkylation of an active site
lysine residue in class I aldolases, a result that has been in-
terpreted as evidence for enamine catalysis by these en-
zymes.36 We have obtained additional indirect support for
the proposed mechanism, including the fact that N-methyl
proline is not catalytically active at all, which is consistent
with iminium and enamine intermediates. Furthermore,
we found that in contrast to acetone and 2-butanone, 3-
pentanone is inactive as an aldol donor, which may be ex-
plained with the characteristic sensitivity of enamine reac-
tions to sterical hindrance.37 A final piece of evidence
comes from the observation that like 3-pentanone, ace-
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Table 3 Some Proline-Catalyzed Aldol Reactions with Cyclic
Ketones

Products Yield anti:syn

anti-18 (85% ee) syn-18 (76% ee)

85% 1:1

anti-19 (86% ee) syn-19 (89% ee)

41% 7:1

anti-20 (97% ee) syn-20 (not detected)

68% >20:1

anti-21 (95% ee) syn-21 (20% ee)

77% 2.5:1
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Table 4 Products form Proline-Catalyzed Aldol Reactions with 
Hydroxyacetone

Entry Product Yield dr ee

1

22

60% >20:1 >99%

2

23

62% >20:1 >99%

3

24

51% >20:1 >95%

4
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95% 1.5:1 67%
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tophenone is ineffective as a donor. This result is incon-
sistent with an enolate mechanism, according to which
acetophenone, based on its lower pKa (24.7, DMSO)
should be more reactive than acetone (26.5, DMSO).38

An uncertainty still concerns the number of proline mole-
cules that participate in the transition-state. According to
the Eschenmoser-Agami-mechanism, two proline mole-
cules are involved in the intramolecular aldol reaction,
while we have speculated that only one proline molecule
is required for the intermolecular reaction. In contrast to
Agami’s studies, we found a linear relationship of proline
ee vs. aldol ee for the intermolecular aldol reaction be-
tween acetone and p-nitrobenzaldehyde to aldol 1
(Figure 1).39

Figure 1 Proline vs. aldol enantiomeric excess in an intermolecu-
lar aldol reaction

This behavior is consistent with the proposed first order
mechanism but has to be interpreted with caution. While
a nonlinear relationship provides clear evidence for higher
order mechanisms, the observed linear relationship alone
does not proof a first order mechanism. Additional cata-
lyst molecules may be involved in the transition-state
without influencing enantioselectivity. Clearly, more re-
search is needed to gain further understanding of the de-
tails of this operationally simple yet mechanistically
complex reaction.

5 Potential and Limitations of Enamine
Catalysis

An important consequence of the proposed aminocatalyt-
ic mechanism is the potential for catalysis of other trans-
formations that involve enolate equivalents. We have
developed a generalized enamine catalysis cycle that de-
scribes amine-catalyzed reactions of carbonyl compounds
with electrophiles (Scheme 6). 

According to this scheme, a secondary (or primary) amine
(a) reacts reversibly with a ketone or aldehyde to furnish,
via carbinolamine and iminium ion, an enamine (b) and
water. This enamine reacts with an electrophile to give a
modified iminium ion (c) that upon hydrolysis furnishes

the product and regenerates the aminocatalyst. A potential
limitation of this cycle would be the irreversible deactiva-
tion of the nucleophilic aminocatalyst by the electrophile.
For example, the use of alkyl halides as electrophiles in a
potential catalytic asymmetric ketone alkylation may lead
to alkylation of the aminocatalyst and subsequent inhibi-
tion of the reaction. However, if the aminocatalyst reacts
only reversibly with the electrophile, catalysis can pro-
ceed. For example, if aldehydes are used as electrophiles,
iminium ions, carbinolamines, or in the case of proline,
oxazolidinones are formed reversibly. These “side reac-
tions” may best be described as parasitic equilibria40

since they can limit reaction rates but still allow for turn-
over. Other electrophiles that can react reversibly with the
aminocatalyst include Michael acceptors and imines.
Again other useful electrophiles may not react with
amines at all, but only with enamines. Further potential
applications of enamine catalysis are pericyclic reac-
tions,8 including sigmatropic rearrangements.

6 The Direct Asymmetric Three-Component 
Mannich Reaction

Realizing the potential of enamine catalysis, we immedi-
ately focused our attention on the Mannich reaction.41

While this reaction is enormously useful for the construc-
tion of nitrogenous molecules, first catalytic asymmetric
Mannich variants were only developed in recent years.42

Despite some earlier attempts,43 all of these variants are
indirect, and either the enolate equivalent and/or the imine
have to be preformed (Scheme 7). The direct three-com-
ponent Mannich reaction stood as a major challenge for
asymmetric catalysis. 

Aldol and Mannich reactions principally compete if the
imine is not preformed but present in equilibrium with the
free aldehyde. We hoped that nucleophilic addition of the
proline enamine would be faster to an imine than to an al-
dehyde. Consequently, we believed that Mannich reac-
tions catalyzed by a chiral aminocatalyst could be
performed directly as a three-component reaction utiliz-
ing an aldehyde, a ketone and a primary amine.44 We

Scheme 6 The enamine catalysis-cycle
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found that this concept worked extremely well. Reacting
p-nitrobenzaldehyde (1 equiv) with proline (0.35 equiv)
and p-anisidine (1.1 equiv) in DMSO–acetone (4:1) fur-
nished Mannich product 26 in excellent enantioselectivity
(Scheme 8).45,46

We found that several other ketones can be used in pro-
line-catalyzed Mannich three-component reactions with
excellent results (Table 5). In reactions of three different
ketones with p-anisidine and p-nitrobenzaldehyde not one
product was formed with an ee below 94%! In addition
very high diastereoselectivities and regioselectivities
could be obtained.

Several aldehydes have been successfully studied. Most
importantly, aliphatic �-unbranched aldehydes can readi-
ly be used in this novel reaction (Table 6, entries 1–3).

Interestingly and in contrast to the proline-catalyzed aldol
reactions, the best enantioselectivities in these Mannich
reactions were obtained with aromatic aldehydes. 

We have studied several commercially available proline
derivatives (including a thiaproline derivative, entry 6) as
catalysts for the reaction leading to ketone 31 (Table 7).
So far, proline is still the most efficient catalyst for aldol
and Mannich reactions. 

The potential of hydroxylated products such as ketone 35
as precursor for �-amino acid derivatives was illustrated
by converting 35 into (D)-N-BOC-valinol (37) in >99%
optical purity after one recrystallization of intermediate
36 (Scheme 9). 

Scheme 7 Direct and indirect Mannich reactions
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Table 5 Three-Component Mannich Reactions with Different Ketones
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Scheme 8 The first highly enantioselective three-component
Mannich reaction
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Scheme 9 Synthesis of (D)-N-BOC-valinol

The absolute configuration of the Mannich products was
determined via comparison of the optical rotation of 37
with an authentic sample (obtained from Aldrich) and by
correlation of amino ketone 34 with aldol 6 (Scheme 10).

Scheme 10 Absolute Configuration of 34 was determined by
correlation with aldol 6

Remarkably, the products from proline-catalyzed Man-
nich reactions had the opposite absolute configuration
from the aldol products. This means that Mannich and al-
dol reactions have opposite enantiofacial selectivities (si
and re respectively). Currently, we speculate that both re-
actions follow an enamine mechanism but the transition
states of the enantioselectivity determining steps differ
because of the additional imine nitrogen substituent in the
Mannich reaction (Scheme 11).

We assume a fixed (E)-configuration of both the proline
enamine and the imine.47 The enamine selectively attacks
the si-face of the imine to allow protonation of its lone
pair. Access to the corresponding re-face is limited by un-
favorable steric interactions between the pyrrolidine and
aromatic ring (a). These interactions do not exist in the al-
dol reaction and steric repulsion between aldehyde and
enamine carbon substituents dominates (b).
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1. HOCH2CH2OH
H+, C6H6 

2. MsCl,  pyridine
3. PMP-NH2, DMF

HOCH2CH2OH
H+, C6H6

Table 6 Three-Component Mannich Reactions with Different Al-
dehydes

Entry Product Yield ee

1

30

74% 73%

2

31

90% 93%

3

32

82% 75%

4

33

35% 96%

5

34

56% 70%

O NHPMP

O HN
PMP

O NHPMP

OBn

O NHPMP

O NHPMP

Table 7 Some Catalysts that were Studied for the Three-Compo-
nent Mannich Reaction

Entry Catalyst (35 mol%) Yield ee

1 90% 93%

2 56% 76%

3 22% 12%

4 22% 15%

5 26% 0%

6 60% 16%

O O HNO

H
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Scheme 11 Opposite enantiofacial selectivities in aldol and
Mannich transition states
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7 Enamine Catalysis of the Michael Reaction

The Michael reaction is another excellent candidate for
aminocatalysis. Two different modes can be envisioned:
(a) An unmodified ketone donor may be activated as an
enamine and (b) an acceptor �,�-unsaturated carbonyl-
compound may be activated as an iminium ion
(Scheme 12). Both strategies could potentially be com-
bined. 

Scheme 12 Enamine (a) and iminium catalysis (b) of the Michael
reaction

Only strategy (b) has been used thus far.6 We are particu-
larly interested in intermolecular aminocatalyzed Michael
reactions according to strategy (a), that follow in an enam-
ine mechanism. To our surprise, we found this reaction to
be essentially unknown. Initial experiments strongly sug-
gested the feasibility of this new strategy. Treating a mix-
ture of acetone (20 vol%) and proline (35 mol%) in
DMSO with Michael-acceptors, including enones, nitro
olefins and alkylidene malonates resulted in the formation
of the expected products. While some of these reactions
are rapid and efficient, enantioselectivities are still unsat-
isfactory (Scheme 13).

Scheme 13 Proline-catalyzed intermolecular Michael reactions

The remarkable efficiency of the proline-catalyzed
Michael addition of acetone to �-nitrostyrene combined
with the value of the produced �-nitro ketones such as 41
as pyrrolidine precursors prompted us to further study the
scope of this reaction (Table 8).48,49

Typically, very good yields but low enantioselectivities
were obtained. However, excellent regio- and diastereose-
lectivities were observed (entries 2–4). Both aromatic (en-
tries 1–4) and aliphatic nitro olefins, either saturated
(entries 5,6) or conjugated (entry 7), may be used effi-
ciently. Nitroketones such as 41–47 are valuable precur-

sors for several functionalized organic compounds,50

including pyrrolidines.51 As an illustration, nitroketone 41
was hydrogenated to give pyrrolidine 48 in 87% yield as
a mixture of diastereomers (Scheme 14). Pyrrolidine 48
and similar compounds are pharmacologically active and
selectively block presynaptic dopamine receptors.

Scheme 14 Reductive cyclization of 41 to pyrrolidine 48
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Future studies will focus on the design of new catalysts to
improve the level of enantioselectivity in these efficient
enamine catalytic Michael reactions. 

8 Combining Enamine and Iminium Catalysis 
in the Design of a Novel Multicomponent
Reaction 

Our observation that alkylidene malonates are efficient
acceptors in proline-catalyzed Michael reactions with un-
activated ketones becomes more interesting in the context
that alkylidene malonates themselves can be prepared in a
proline-catalyzed Knoevenagel reaction.52 It occurred to
us that proline-catalyzed Knoevenagel and Michael reac-
tions may be combined to an in situ sequence related to the
Tietze reaction (Scheme 15).53,54 Tietze’s domino Knoe-
venagel–hetero-Diels–Alder reaction uses aldehydes,
Knoevenagel nucleophiles (typically Meldrum’s acid)
and preformed enolate equivalents (a). In contrast, the
proposed three-component reaction (b) would directly use
unmodified ketones instead of preformed enolate equiva-
lents (Scheme 15). The overall transformation could be
described as carba-analogue Mannich reaction or as car-
ba-acetalization. We realized this concept for the first
time when we discovered the proline-catalyzed reaction
of p-nitrobenzaldehyde with acetone and Meldrum’s acid
(Scheme 16). Crystalline product 49 was formed in essen-
tially racemic form but in good yield considering that two
new carbon-carbon bonds from three different compo-
nents are formed in the process. We have studied this re-
action in some more detail with the following results:
Other aldehydes including �-branched (entry 4), �-un-
branched (entries 2 and 3) and cyclic aldehydes (entry 5)
as well as cyclic ketones (entries 6 and 7) can readily be
used to give the products in good yields and diasteroese-
lectivities (Table 9). Unfortunately, the reactions are not
enantioselective.55

We assume the reaction involves a Knoevenagel–hetero-
Diels–Alder sequence,56 in which proline uses both imin-
ium- and enamine-catalysis (Scheme 17). Accordingly,
the initial Knoevenagel condensation (a–c) proceeds via

iminium ion 56 and ammonium ion 57 to give olefin 58.
The role of proline in the hetero-Diels–Alder step (d–f) is
to generate the dienophile, enamine 59, which reacts with
hetero diene 58 furnishing cyclo-adduct 60 and upon hy-
drolysis the final product under concomitant regeneration
of the catalyst.

Meldrum’s acid derivatives such as 49–55 are valuable
precursors of 3-substituted-1,5-dicarbonyl derivatives in-
cluding 3-alkyl-5-oxo-hexanoates. This was demonstrat-
ed by methanolysis and in situ decarboxylation of
compound 50 to give keto ester 61 in good yield
(Scheme 18).

Scheme 17 Proposed mechanism of the proline-catalyzed carba-acetalization
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Scheme 15 Proposed three-component reaction and Tietze reaction
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Scheme 18 Methanolysis and decarboxylation of compound 50

We currently search for new aminocatalysts that provide
the products of our new three-component reaction enanti-
oselectively.

9 Conclusions

This account focused on novel amine-catalyzed reactions
recently discovered in our laboratories.57 Among the new-
ly developed transformations are efficient proline-cata-
lyzed intermolecular aldol, Mannich and Michael
reactions and a novel three-component reaction
(Scheme 19).

Designing new catalytic reactions is a domain of organo-
metallic chemistry and we agree with Seebach’s analysis

that truly novel reactions are to be expected from  this
area.58 However, despite some promising exceptions, or-
ganocatalysis in general and aminocatalysis in particular
seem to be neglected fields.59,60 While the unique reactiv-
ity of iminium ions and enamines has long been used in
organic synthesis, most of these reactions use stoichio-
metric quantities of the amine. Amines have rarely been
used catalytically despite the fact that they are readily
available in enantiomercially pure form from several
sources including the chiral pool. We hope this account
contributes to a greater realization that aminocatalysis
could complement transition metal catalysis in many as-
pects and ultimately might expand the list of privileged
chemical reactions.
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