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bstract

A short review on the development and application of chiral primary amine catalysts in organocatalytic enantioselective reactions has been
escribed.
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grown explosively to become the main focus of research in asym-
. Introduction

The asymmetric organocatalysis, in which small chiral
rganic molecules catalyzed enantioselective reactions, has
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etric synthesis [1–6]. Over the past few years, a number of
hiral organocatalysts have been developed for different asym-
etric transformations. Among them, chiral secondary amines
re probably the most intensively used organocatalysts so far.
n contrast, chiral primary amine catalysts are largely neglected,
robably due to unfavorable imine-enamine equilibria. Recently,
hiral primary amines have emerged as new and powerful cat-
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Scheme 1. Asymmetric Friedel–Crafts alky

lysts for enantioselective organocatalytic reactions. In this
eview, the development and application of chiral primary amine
atalysts in enantioselective organocatalytic reactions have been
escribed.

. Asymmetric organocatalytic reactions catalyzed by
hiral primary amines

Asymmetric organocatalytic reactions promoted by chi-
al primary amines occur through two types of activation
odes: enamine catalysis and iminium catalysis [7]. Alde-

ydes or ketones are activated by enamine formation, and
,�-unsaturated carbonyl compounds are activated by iminium-

on formation.

.1. Iminium catalysis

.1.1. Friedel-Crafts alkylation of indoles with
,β-unchelating unsaturated ketones

The catalytic asymmetric Friedel-Crafts alkylation of indoles
ith �,�-unsaturated carbonyl compounds is an important
ethod for the synthesis of chiral indole derivatives [8,9]. In

002, Austin and MacMillan [10] presented the first enan-
ioselective organocatalytic Friedel-Crafts indole alkylation of
,�-unsaturated aldehydes in the presence of a chiral imida-
olidinone catalyst. Nevertheless, such a catalytic system was
neffective for the stereoselective addition of indoles to �,�-
nsaturated ketones and poor enantioselectivity (25% e.e.) has

een observed [11].

The first enantioselective organocatalytic Friedel–Crafts
lkylation of indoles with simple �,�-unsaturated ketones was
eveloped by Chen et al. [12] (Scheme 1). This process,

t
d
T
t

Scheme 2. Asymmetric Friedel–Crafts alky
s of indoles with �, �-unsaturated ketones..

atalyzed by a chiral primary amine derived from natural cin-
honine, afforded chiral indole derivatives in moderate to good
ields (16–99%) and enantioselectivities (47– 89% e.e.).

This is the first organocatalytic enantioselective
riedel–Crafts alkylation of indoles with nonchelating
,�-unsaturated ketones [13,14].

More recently, Bartoli et al. [15] have developed a new
ethod for organocatalyzed enantioselective Friedel–Crafts

lkylation of indoles with simple �,�-unsaturated ketones in
he presence of a primary amine salt, in which both the cation
nd the anion are chiral (Scheme 2). The reactions gave the
nantioenriched �-indolyl derivatives in good yields and with
p to 96% e.e.

It should be noted that chiral secondary amines such as L-
roline and the MacMillan second generation imidazolidinone
atalyst have been found to be ineffective for enantioselec-
ive Friedel–Crafts alkylation of indoles with �,�-unsaturated
etones. The relative bulkiness of secondary amines was thought
o be unfavorable for the generation of congested iminium ions
rom �,�-unsaturated ketones.

.1.2. Vinylogous Michael addition of α,α-dicyanoalkenes
oα,β-unsaturated ketones

The first highly enantioselective vinylogous Michael addi-
ion of �,�-dicyanoalkenes to �,�-unsaturated ketones, in the
resence of a chiral primary aminocatalyst derived from qui-
ine, was developed by Xie et al. [16] (Scheme 3). The reaction
s applicable to a variety of �,�-dicyanoalkenes and substi-

uted �,�-unsaturated enones. High e.e. values and excellent
iastereoselectivity were observed in all the reactions tested.
he secondary amine catalysts such as L-proline and its deriva-

ives have been found to be completely inert for the vinylogous

lation of indoles with simple enones.



F. Peng, Z. Shao / Journal of Molecular Catalysis A: Chemical 285 (2008) 1–13 3

Scheme 3. Asymmetric vinylogous Michael addition of �,�-dicyanoalkenes to �,�-unsaturated ketones.
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Scheme 4. Asymmetric vinylogous Michael addition of acyclic

ichael addition of �,�-dicyanoalkenes to �,�-unsaturated
etones as the relative bulkiness of secondary amines might
e unfavorable for the formation of iminium ions with �,�-
nsaturated ketones.

Notably, when acyclic �-phenyl-�,�-dicyanoalkenes and
liphatic cyclic dicyanoalkenes were used as substrates, domino
ichael–Michael reactions occurred (Scheme 4). This is the first

eport of enantioselective domino reactions catalyzed by a chiral
rimary amine.

.1.3. Michael addition of cyclic 1,3-dicarbonyls to
,β-unsaturated ketones

The synthesis of warfarin, a widely prescribed anticoagulant
or treating thrombosis has attracted attention [17–21]. One of

he direct and appealing routes to warfarin and related important
ompounds is Michael addition of cyclic 1,3-dicarbonyl com-
ounds to �,�-unsaturated ketones. In 2003, Halland et al. [20]
eveloped the first organocatalytic asymmetric Michael addition

2
2
d
m

Scheme 5. Organocatalytic asymme
enyl-�,�-dicyanoalkenes and aliphatic cyclic dicyanoalkenes.

f cyclic 1,3-dicarbonyl compounds to �,�-unsaturated ketones,
nd (R)-warfarin was directly prepared in 96% yield and 82%
.e.Kim et al. [22] have developed a novel primary diamine cat-
lyst for enantioselective oragnocatalytic Michael addition of
-hydroxycoumarin to trans-4-phenyl-3-buten-2-one, affording
R)-warfarin in 99% yield and 92% e.e. (Scheme 5).

Recently, Xie et al. [23] have described efficient enan-
ioselective Michael addition of cyclic 1,3-dicarbonyls to
,�-unsaturated ketones catalyzed by a chiral primary amine
erived from quinine (Scheme 6). This versatile Michael addi-
ion furnished (S)-warfarin (88% yield, 96% e.e.) and other

ichael adducts in good yields (55–93%) and with excellent
nantioselectivities (89–99% e.e.).
.1.4. Cycloaddition of α-substituted acroleins

.1.4.1. [4 + 2] Cycloadditon of α-acyloxyacroleins with
ienes. The enantioselective Diels–Alder reaction is one of the
ost powerful organic transformations in organic synthesis and

tric synthesis of (R)-warfarin.
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-dicarbonyl compounds to �,�-unsaturated ketones.
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Scheme 6. Asymmetric Michael addition of 1,3

most appealing approach to many important chiral building
locks for the total synthesis of bioactive natural products [24].
few years ago, MacMillan and co-workers [25,26] reported the

rst highly enantioselective organocatalytic Diels–Alder reac-
ion of dienes with �-unsubstituted acroleins in the presence
f the secondary amine salts. Nevertheless, these salts failed
o activate �-substituted acroleins, probably due to poor gen-
ration of the corresponding iminium ions with �-substituted
croleins.

In 2005, Ishihara and Nakano [27] reported the first highly
nantioselective organocatalytic Diels–Alder reaction of dienes
ith �-substituted acroleins by employing an ammonium salt
f C6F5SO3H with chiral triamine 1 bearing a primary amino
unction group (Scheme 7). The reactions, in the presence of
0 mol% catalyst, were smoothly conducted at 0 ◦C. Good enan-
ioselectivities (74–92% e.e.) were achieved.

Recently, Sakakura et al. [28] developed a new chiral pri-
ary diamine salt catalyst for asymmetric Diels–Alder reaction

f �-substituted acroleins with dienes (Scheme 8). The catalyst
s easily prepared in situ by mixing chiral 1,1′-binaphthyl-2,2′-
iamine and Tf2NH. The chiral primary diamine salt catalyst
emonstrated excellent reactivity (up to 98% yield) and enan-
ioselectivity (up to 94% e.e.).

.1.4.2. [2 + 2] Cycloaddition of α-acyloxyacroleins with unac-
ivated alkenes. The first enantioselective organocatalytic
2 + 2] cycloaddition reactions of �-acyloxyacroleins with unac-
ivated alkenes, in the presence of 1·2.6HNTf2 were developed
y Ishihara and Nakano [29] (Scheme 9). The cycloadducts were

btained in moderate to good yields (up to 89%) and in a highly
nti-selective manner (up to 96:4), with up to 95% e.e. values.
nterestingly 1·2.75C6F5SO3H and 1·2.75TfOH were inert for
his reaction.

c
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a

Scheme 8. Asymmetric Diels–Alder reaction
cheme 7. Organocatalytic enantioselective Diels–Alder reaction of dienes with
-substituted acroleins.

The authors proposed that, in the first step, Michael addi-
ion of alkenes to a Z-iminium intermediate, which would be
enerated from �-acyloxyacroleins and 1·2.6HNTf2, then the
esulting tertiary carbocation intermediate would be intramolec-
larly cyclized (Scheme 10).

.1.4.3. 1,3-Dipolar cycloaddition of cyclic enones. Chen et al.
30] have very recently developed the first highly enantioselec-
ive 1,3-dipolar cycloaddition of cyclic enones with azomethine
mines (Scheme 11). This process, catalyzed by a multifunc-
ional primary amine derived from quinine, afforded chiral
ve-membered heterocycle compounds in good to high yields
up to 99%) and with excellent levels of enantio- (up to 95%
.e.) and diastereoselectivity (dr > 50:1).

To account for the high levels of enantio- and diastereos-
lectivity of 1,3-dipolar cycloaddition of cyclic enones with
zomethine imines, Chen et al. proposed a plausible cat-
lytic model as depicted in Fig. 1, in which the ketiminium

ation between catalyst and cyclic enone might adopt a trans-
onformation, and the hydroxyl group of catalyst may provide
n additional enantiocontrol through a hydrogen bonding inter-
ction with the carbonyl group of dipole. Moreover, the steric

of �-substituted acroleins with dienes.
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Scheme 9. Enantioselective [2 + 2] cycloaddition of unactivated alkenes with �-acyloxyacroleins.

Scheme 10. Proposed mechanism for the [2 + 2] cycloaddition of unactivated alkenes with �-acyloxyacroleins.

Scheme 11. Asymmetric 1,3-dipolar cycloadditio
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of asymmetric organocatalysts for such processes has been the
Fig. 1. Proposed 1,3-dipolar cycloaddition mode.

indrance from the ion pair of the tertiary amine moiety would
urther enforce the high endo- and re-face selectivity of the
ycloaddition product.

.1.5. Transfer hydrogenation of α,β-unsaturated ketones
Martin and List [31] have described a highly efficient

rganocatalytic method for asymmetric hydrogenation of

,�-unsaturated ketones (Scheme 12). This reaction was syn-
rgistically promoted by a primary amine salt, in which both the
ation and the anion are chiral.

f

s

n of cyclic enones and azomethine imines.

.1.6. Conjugate addition of 2-nitropropane to
yclohex-2-en-1-one

Tsogoeva and Jagtap [32] have demonstrated the effec-
iveness of the combination of the dipeptide H-Leu-His-OH
nd (1R, 2R)-(+)-1,2-diphenylethylenediamine as co-catalysts
or catalytic asymmetric conjugate addition of 2-nitropropane
o cyclohex-2-en-1-one (Scheme 13). Although neither co-
atalyst was sufficiently effective independently in terms of yield
or enantioselectivity, their combination resulted in a drastic
ncrease in yields (up to 86%) and selectivities (up to 91% e.e.),
ndicating the possibility of synergistic effects.

.2. Enamine catalysis

.2.1. Michael addition of aldehydes and ketones to nitro
lefins

Michael reactions of aldehydes and ketones with nitro olefins
epresent a convenient access to the versatile difunctional
itroketones in an atom-economical manner, and development
ocus of recent research effort [6].
Xu and Cordova [33] have demonstrated for the first time that

imple primary amino acid derivatives can catalyze the direct
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Scheme 12. Asymmetric hydrogenation of �,�-unsaturated ketones.

Scheme 13. Enantioselective conjugate addition
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ig. 2. Plausible transition state for the primary amino acid amide catalyzed
symmetric additions of ketones to nitro olefins.

nantioselective addition of ketones to nitro olefins, furnishing
he corresponding �-nitroketones in high yields with up to >38:1
r and up to 99% e.e. (Scheme 14).

To account for the observed syn-diatereoselectivity and the
bsolute configuration of products, Cordova and Xu proposed a
lausible transition state, in which si-face of the nitroalkene is
pproached by the re-face of the catalytically generated enamine

Fig. 2).

Xu et al. [34] have also shown that simple di- and tripeptides
erived from alanine can act as useful catalysts for asymmetric
ichael addition of ketones to nitro olefins.

t
t
s
(

Scheme 14. Asymmetric additions of ketones to nitro olefin
of 2-nitropropane to cyclohex-2-en-1-one.

Simple chiral primary amines derived from cinchona alka-
oids have been shown by McCooey and Connon [35] to
romote highly enantio- and diastereoselective Michael-type
ddition reactions between enolizable carbonyl compounds
nd nitroalkenes (Scheme 15). The reaction has exceptionally
road scope: ketones (cyclic/acyclic), aldehydes (straight-
hain/�,�-disubstituted), and a variety of nitro olefins are
olerated.

The development of chiral bifunctional thiourea organocata-
ysts for enantioselective reactions has attracted much interest in
he last years [36,37]. Tsogoeva and Wei [38–40] have demon-
trated for the first time that chiral primary amine-thiourea
atalysts can catalyze asymmetric addition of ketones to nitro
lefins, giving high yields (up to 82–99%), enantioselectivities
90–99% e.e.) and diastereoselectivities (up to 83:17 syn/anti)
or acetone, cyclic ketones (Scheme 16). Surprisingly, addi-

ions of unsymmetrical ketones such as methyl ethyl ketone
o �-nitrostyrene under the same conditions gave the oppo-
ite diastereomer (14:86 syn/anti) with very high enantiocontrol
99% e.e.).

s promoted by chiral primary amino acid derivatives.
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ig. 3. Proposed transition states for Michael reactions of symmetrical (A) and
nsymmetrical ketones (B) with trans-�-nitrostyrene.

The authors proposed a transition state model A, which rea-
onably explains the relative (syn) and absolute configurations
f the Michael adducts. To explain the inversion of diastereose-
ectivity with methyl ethyl ketone as a substrate, they assumed
he formation of the Z-enamine intermediate B (Fig. 3). The
ransition state geometries in this Michael addition have been
alculated and analyzed [39,40].

Meanwhile, Huang and Jacobsen [41] developed another new
rimary amine-thiourea catalyst for the addition of ketones to
itro olefins (Scheme 17). A wide range of aromatic and het-
roaromatic nitroalkenes underwent reaction with acetone in
igh yields and enantioselectivities by the addition of catalytic
mounts of weak acids, such as benzoic acid. Nitroalkenes bear-
ng aliphatic �-substituents proved to be viable electrophilic
eacting partners in the presence of added benzoic acid. The

atalyst displayed a marked bias toward activation of ethyl
etones, allowing regio- and diastereoselective formation of
variety of branched products bearing contiguous tertiary

tereocenters.

t
s

g

Scheme 15. Enantioselective additions of aldehydes and ketones

Scheme 16. Asymmetric addition of ketones to nitro o
ig. 4. Proposed intermediates in Michael reactions catalyzed by primary
mine-thiourea. (I) Favored Z-enamine. (II) Disfavored E-enamine.

The anti-diastereoselectivity was explained by formation a
-enamine intermediate. E-enamine is not favored due to steric
epulsion between R2 and R3 (Fig. 4).

Lalonde et al. [42] have also shown that a similar chi-
al primary amine-thiourea is highly effective catalyst in the
irect conjugate addition of �,�-disubstituted aldehydes to nitro
lefins, generating synthetically versatile nitroaldehyde adducts
Scheme 18).

Liu et al. [43] have very recently synthesized a new class
f bifunctional primary amine-thiourea catalysts based on sac-
harides. These simple catalysts were shown to be highly
nantioselective for direct Michael addition of aromatic ketones
o a range of nitro olefins (up to 98% e.e.) (Scheme 19).

To account for the observed absolute configuration (S) of the
onjugate adduct, the authors proposed a transition state assem-
ly (Fig. 5), in which the si-face of the nitroalkene is attacked by
namine intermediate, generated from ketone and the primary
mine group of bifunctional catalyst. The attack of the enamine

o the re-face of the nitro olefin is restricted by the cyclohexyl
caffold of the catalyst.

The chiral functionalized salt catalysts have recently received
rowing attention, due to their tuneable features for various

to nitro olefins catalyzed by cinchona alkaloid derivatives.

lefins catalyze by chiral primary amine-thiourea.



8 F. Peng, Z. Shao / Journal of Molecular Catalysis A: Chemical 285 (2008) 1–13

Scheme 17. Enantioselective conjugate addition of ketones to nitroa
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Fig. 5. Proposed transition state model.

hemical tasks. Quite recently, Xiong et al. [44] synthesized
hree types of primary amine-salt catalysts: chiral anion salt,
hiral cation salt and chiral cation-chiral anion salt, which have
een applied to asymmetric addition of ketones to nitro olefins
Scheme 20). Michael addition adducts were obtained in good
ields (up to 99%), high diastereoselectivities (up to 96:4 dr),
nd enantioselectivities (up to 96% e.e.), in the presence of these
rimary amine-salts as catalysts.
.2.2. Mannich reactions
The Mannich reaction is one of the most important

arbon–carbon bond-forming reactions for the production of
itrogenous molecules.

p

h
o

Scheme 18. Asymmetric conjugate addition of �

cheme 19. Enantioselective Michael addition of aromatic ketones to nitro olefins pr
lkenes promoted by a chiral primary amine-thiourea catalyst.

The first highly enantioselective primary amine and amino
cid-catalyzed Mannich-type reactions were developed by Ibra-
em et al. [45] (Scheme 21). The reactions gave �-amino
arbonyl products in good yields (up to 90% yields) in highly
yn-selective manner (up to >19:1), with up to >99% e.e. values.

The authors proposed the direct asymmetric Mannich reac-
ions catalyzed by chiral primary amine and amino acid occurred
ia the six-membered chair-like transition states I and II, respec-
ively, for which the si-face of the catalytically generated chiral
namine is approached by the si-face of the in situ generated
cceptor imine (Fig. 6).

The development of organocatalysts that promote reactions
n the environmentally clean, safe, and cheap solvent water is a
ignificant goal. More recently, Cheng et al. [46] have reported
threonine-derived catalyst for promoting direct asymmetric

hree-component Mannich reactions of O-benzyl hydroxyace-
one with p-anisidine and aldehydes in a purely aqueous system
Scheme 22). The reactions are anti-selective and highly enan-
ioselective, and applicable to both aromatic and aliphatic
ldehydes.

This study is the first demonstration that direct three-
omponent Mannich reactions can be promoted by a chiral

rimary amino acid in water.

Cheng et al. [47] have also shown that a similar catalyst is
ighly effective in the direct anti-selective Mannich reactions
f O-TBS-hydroxyacetone with various N-tosylimines derived

,�-disubstituted aldehydes to nitroalkenes.

omoted by chiral primary amine-thiourea catalysts based on saccharides.
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Scheme 20. Chiral functionalized salts-catalyzed asymmetric Michael addition of ketones to nitro olefins.

Scheme 21. Direct three-component asymmetric Mannich reactions catalyzed by an acyclic chiral amine or amino acid.

Scheme 22. Asymmetric three-component Mannich reactions in water.

Scheme 23. Organocatalytic asymmetric Mannich reactions of N-tosylimines.
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ig. 6. Plausible transition states I and II for the direct three-component asym-
etric Mannich reactions.

rom aromatic aldehydes (Scheme 23). The 1,2-amino alco-
ols have been obtained in good yields (up to 87%) and with
nantioselectivities of 99%.

The formation of the major anti-product was explained via a
alculated transition state as depicted in Fig. 7. Both sulfone oxy-
en atoms are involved in hydrogen bondings, and the formation
f Z-enamine is facilitated by hydrogen bonding. The predomi-
ant isomer can be formed via the attack of N-tosylimine by the
namine from the si-face.

The involvement of both oxygen atoms of sulfone in
ydrogen bonding network to stabilize the transition state is
nprecedented, and may have implications for the design of
ovel organocatalytic systems.

Ramasastry et al. [48] have described highly enantioselective
rganocatalytic Mannich reactions involving the unmodified �-
ydroxyketones in the presence of primary amine-containing
mino acids (Scheme 24). The reactions provide enantiomeri-
ally enriched 1,2-amino alcohols in good yields (up to 95%)
n a highly anti-selective manner (up to >19:1), and with up to
8% e.e. values.

.2.3. Direct α-amination of aromatic ketones
Liu et al. [49] reported the first highly enantioselective direct
-amination of aromatic ketones catalyzed by chiral primary
mines derived from cinchona alkaloids (Scheme 25). Excel-
ent enantioselectivities (88–99% e.e.) have been achieved for
broad spectrum of aryl ketones. The presence of 4 Å molecu-

i
a
l
a

Scheme 24. Catalytic asymmetric anti-Mannich reac
ig. 7. Calculated transition state for the anti-Mannich product formation.

ar sieves was of great assistance for the high conversions and
nantiocontrol.

To account for the high levels of enantioselectivity of ami-
ation reactions, Chen et al. proposed a catalytic model as
epicted in Fig. 8. It was suggested that the in situ formed
namine between the ketone and the catalyst may adopt the E-
onformation, which directs the �-methyl group away from the
atalyst. Furthermore, the protonated quinuclidine moiety of the
atalyst would act as a synergistic Brønsted acid for the activa-
ion of electrophilic diethyl azodicarboxylate through hydrogen
onding. The preferred chiral product would be produced by the
i-face attacking the enamine intermediate.

.2.4. Aldol reactions
The direct catalytic asymmetric aldol reaction is one of the

ost powerful methods for constructing carbon-carbon bonds in
rganic synthesis. An exciting new development in this reaction
s the use of chiral organic molecule catalysts.

In 2005, Amedjkouh [50] and Cordova et al. [51,52]
ndependently reported that chiral primary amino acids can
atalyze direct asymmetric intermolecular aldol reactions [53]
Scheme 26). It was demonstrated that water played a beneficial
ole in the primary amino acids-catalyzed aldol reactions, and
ight assist enamine formation via a proton relay.
Tsogoeva and Wei [54] initially demonstrated that the

rimary amine containing peptides are potential catalysts

n asymmetric aldol reaction between acetone and aromatic
ldehydes (Scheme 27). Good yields (up to 96%) and enantiose-
ectivities (up to 76% e.e.) were obtained with electron-deficient
romatic aldehydes in the presence of H-Leu-His-OH.

tions involving unmodified �-hydroxyketones.
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Scheme 25. Enantioselective direct �-amination of aromatic ketones.

Fig. 8. Proposed catalytic reaction mode through concerted activation.

direct

l
s
t

t
a
a
s
t
(
d

a
m
�

e
fi

amino acids as catalysts (Scheme 30). The reactions provide
enantiomerically enriched syn-1,2-diols in good yields (up
to >95%) with high enantioselectivities (98% e.e.) and good
diastereoselectivities (up to 18:1 syn/anti).
Scheme 26. Primary amino acids-catalyzed

Zou et al. [55] have shown that simple peptides and their ana-
ogues having a primary amino group as the catalytic residue
erve as effective catalysts for the direct asymmetric aldol reac-
ions of cyclic ketones and aldehydes (Scheme 27).

Recently, Jiang et al. [56] developed the highly enantioselec-
ive organocatalytic aldol reactions between cyclic ketones and
romatic aldehydes, catalyzed by a natural hydrophobic amino
cid with a primary amino function group, in a purely aqueous
ystem (Scheme 28). This process was carried out in mild condi-
ions to furnish �-hydroxy carbonyl compounds in good yields
up to 99%) and with good to high enantio- (up to 92% e.e.) and
iastereoselectivity (up to 78:1 dr).

Wu et al. [57] have also shown that threonine derived primary
mino acids are effecient organocatalysts for the direct asym-
etric aldol reactions of cyclohexanone and TBS-protected

-hydroxyacetone in water (Scheme 29).

Ramasastry et al. [48] have successfully developed highly
nantioselective direct aldol reactions involving the unmodi-
ed �-hydroxyketones by employing primary amine-containing

S
i

asymmetric intermolecular aldol reactions.
cheme 27. Asymmetric aldol reactions catalyze by the primary amine contain-
ng peptides.
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lyzed direct aldol reactions in water.
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Scheme 31. Chiral primary amine-catalyzed asymmetric aldol reactions of lin-
ear aliphatic ketones.
Scheme 28. L-Tryptophan-cata

Luo et al. [58] have disclosed asymmetric direct aldol reac-
ions of linear aliphatic ketones with aromatic aldehydes in the
resence of a simple chiral primary catalyst (Scheme 31). A
ange of aromatic aldehydes underwent reaction with acetone
n high yields and enantioselectivity at room temperature. The
eaction of ethyl ketones occurred preferentially at the methy-
ene carbon in good regioselectivity (4:1–20:1 b/l), favoring the
ranched aldol products with high enantioselectivity (87–96%
.e.) and diastereoselectivity (up to 12:1 syn/anti). On the other
and, the reaction of longer ketones, such as methyl propyl
etone and methyl i-butyl ketone, produced linear products
nstead of the branched ones with good regioselectivity (5:1-
20:1 l/b) and enantioselectivity (85–88% e.e.).
To account for the observed syn-diastereoselectivity, the

uthors proposed a Z-enamine transition state, in which the pro-
onated tertiary amine serves as a directing hydrogen-bonding

onor, as depicted in Fig. 9.

More recently, Zheng et al. [58] have demonstrated the effec-
iveness of a chiral primary amine derived from cinchonine for
ighly enantioselective organocatalytic aldol reactions of alde-

cheme 29. Asymmetric aldol reactions catalyzed by threonine derived primary
mino acids in water.

cheme 30. Enantioselective direct aldol reactions involving the unmodified
-hydroxyketones.

Fig. 9. Proposed transition state for the reaction of acyclic ketone.

Scheme 32. Asymmetric syn-aldol reactions of hydroxyacetone and acyclic
ketones with aldehydes.

Scheme 33. Enantioselective direct aldol reaction catalyzed by cinchona derived
primary amines.
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ydes with cyclic ketones (Scheme 32). The anti-adducts were
btained in up to 99% yield, with good diastereoselectivities (up
o 9.2: 1 dr) and excellent enantioselectivities (up to 99% e.e.).

Wu et al. [59] designed two multifunctional primary amine
atalyst for the direct syn-aldol reactions (Scheme 32). These
atalysts can be readily prepared from l-valine, demonstrating
xcellent diastereoselectivity (up to >20/1) and enantioselectiv-
ty (up to 99% e.e.).

More recently, Zheng et al. [60] have demonstrated the effec-
iveness of a chiral primary amine derived from cinchonine for
ighly enantioselective organocatalytic aldol reactions of alde-
ydes with cyclic ketones (Scheme 33). The anti-adducts were
btained in up to 99% yield, with good diastereoselectivities (up
o 9.2:1 dr) and excellent enantioselectivities (up to 99% e.e.).

. Conclusion

The chiral primary amines have been established as new
nd powerful organocatalysts for different asymmetric trans-
ormations. Remarkable progress in this area has been made
n the past few years, and many chiral primary amine catalysts
ave been developed. It can be expected that further exciting
iscoveries of novel chiral primary amine catalysts will appear
n the near future.
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