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The field of asymmetric organocatalysis is rapidly developing and attracts an increasing number of research groups
around the world. Here we present a brief overview of this area, guided by a mechanistic classification. Accordingly,
organocatalysts are categorized as either Lewis base, Lewis acid, Bronsted base, or Bronsted acid catalysts.

Introduction

Enzymes are enormously efficient and enantioselective. While
chemists use mostly metal-based catalysts, about half of known
enzymes do not contain metals in their active sites. In recent
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years it has been established that small organic molecules, in
addition to metal complexes and biocatalysts, can be highly se-
lective and efficient catalysts. As a consequence, organocatalysis
is gaining importance in asymmetric synthesis, complementing
bio- and metal-catalysis. Although the first examples were
reported several decades ago,' the area of enantioselective
organocatalysis became a main focus of research only recently.?
This article provides an overview of this exciting and rapidly
growing field.

Most but not all organocatalysts can be broadly classified as
Lewis bases, Lewis acids, Bronsted bases, and Bronsted acids.
The corresponding (simplified) catalytic cycles are shown in
Scheme 1. Accordingly, Lewis base catalysts (B:) initiate the
catalytic cycle via nucleophilic addition to the substrate (S). The
resulting complex undergoes a reaction and then releases the
product (P) and the catalyst for further turnover. Lewis acid
catalysts (A) activate nucleophilic substrates (S:) in a similar
manner. Bronsted base and acid catalytic cycles are initiated via
a (partial) deprotonation or protonation, respectively. We have
structured the text by describing recent examples of the different
catalysis types illustrated in the context of asymmetric catalysis.
A major limitation of our mechanistic classification approach
is the typical lack of information on the mechanisms of most
organocatalytic reactions, in particular kinetic data.> However,
we feel this drawback to be more than counterbalanced with the
obvious benefit of giving the field a somewhat logical structure.
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Scheme 1 Organocatalytic cycles.
Lewis base catalysis

The majority of organocatalysts are N-, C-, O-, P-, and S-
based Lewis bases that operate through diverse mechanisms
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and convert the substrates either into activated nucleophiles or
electrophiles. Typical reactive intermediates are iminium ions,
enamines, acyl ammonium ions, 1-, 2-, or 3-ammonium enolates,
etc. (Scheme 2).
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Scheme 2 Examples of Lewis base organocatalysis.

In iminium catalysis, the active species is an iminium ion
formed by the reversible reaction of an amine catalyst with
a carbonyl substrate. The higher reactivity of the iminium
ion compared to the carbonyl species is utilized to facilitate
reactions such as Knoevenagel condensations, cyclo- and nu-
cleophilic additions, and cleavage of o-bonds adjacent to the a-
carbon.* The pioneering example of modern iminium catalysis
is Macmillan’s enantioselective Diels—Alder reaction of o,p-
unsaturated aldehydes and ketones® with dienes using the chiral
imidazolidinone catalyst 3 (Scheme 3a).## The condensation
of the a,B-unsaturated aldehyde with the enantiopure amine
catalyst forms an activated iminium ion with lowered LUMO
energy, which reacts with the diene leading to a Diels—Alder
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cycloaddition. This concept has been further extended to
other reactions of o,B-unsaturated aldehydes, such as [3+ 2]
cycloaddition with nitrones (up to 98% yields, dr = 98 : 2, and
99% ee),*s Friedel-Crafts alkylation with pyrroles,’indoles,?
and benzenes (Scheme 3b)(up to 97% yield and 99% ee),’
and Mukaiyama—Michael reactions (up to 93% yield and 98%
ee),® achieving high yields and enantioselectivities. Other recent
examples that may involve iminium catalysis are the Michael
addition of malonates'! and nitroalkanes™ to enones using (.S)-
proline or a similar catalyst system that presumably activates the
enone (Michael acceptor) by forming an iminium intermediate.

Enamine catalysis involves a catalytically generated enamine
intermediate that is formed via deprotonation of an iminium ion
and that reacts with various electrophiles or undergoes pericyclic
reactions. The first example of asymmetric enamine catal-
ysis was the Hajos—Parrish-Eder—Sauer—Wiechert reaction,
an intramolecular aldol reaction catalyzed by proline. About
30 years later, List et al., followed by other research groups,
discovered proline-catalyzed enantioselective intermolecular al-
dol reactions (Scheme 3c¢),'* Mannich reactions (Scheme 3d)"
and Michael additions,'® opening up new areas for enamine
catalysis."” This concept has also been extended to highly enan-
tioselective a-functionalizations of aldehydes and ketones such
as aminations (Scheme 3¢),'®* hydroxylations (Scheme 3f),2*
alkylations (Scheme 3g),” chlorinations (Scheme 3h)** and an
intramolecular Michael reaction (Scheme 3i).2

In the case of I-ammonium enolate catalysis, a ketene interacts
with a nucleophilic amine catalyst (typically a quinine or quini-
dine derivative) forming a 1-ammonium enolate intermediate
which reacts with electrophiles e.g. ketenes (up to 88% yield and
97% ee),” aldehydes (up to 98% ee)®® or imines (up to 65% yield
and 99% ee) (Scheme 4a),” forming the corresponding lactones
or lactams. Very recently, Gaunt et al.*® reported the cinchona
alkaloid catalyzed inter- and intramolecular cyclopropanation
of a-halo ketones with electron withdrawing alkenes, which
proceed through a catalytically generated ammonium ylide
or 2-ammonium enolate species (Scheme 4b). Hatakeyama
and co-workers® reported the enantioselective Baylis—Hillmann
reaction of aldehydes with acrylates using quinidine catalysts
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Scheme 3 Examples of enantioselective iminium and enamine catalysis.
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Scheme 4 Other examples of enantioselective N-based Lewis base
catalysis.

(up to 58% yield and 99% ee) proceeding through the formation
of a 3-ammonium enolate species (Scheme 4c). Important
examples of acyl-ammonium catalysis are acyl-transfer reactions.
Fu et al.* developed planar chiral DMAP analogues such as
47 for kinetic resolutions and desymmetrizations (Scheme 4d).
Miller et al.®® developed peptide catalysts containing an N-
alkylimidazole substructure that presumably form acyl imida-
zolium intermdediates on reaction with acetic anydride and
catalyze the kinetic resolution of alcohols (Scheme 4e). Here
enhanced rigidity and increased structural complexity lead to
highly enantioselective catalysts.

In carbene catalysis the carbene catalyst reacts with the alde-
hyde forming the nucleophilic Breslow intermediate, facilitating
addition to an electrophile (Scheme 2). Typical examples of car-
bene catalysis* include reactions that take advantage of umpol-
ung aldehyde reactivity, wherein an acyl anion equivalent reacts
with an electrophile e.g. aldehyde (benzoin condensation),*
or an electron-deficient olefin (Stetter reaction). Enders et al.
achieved the enantioselective benzoin condensation of aromatic
aldehydes (up to 100% yield and 95% ee) using a tert-leucine-
derived nucleophilic carbene catalyst 54 (Scheme 5a). Rovis
and co-workers*® reported examples of the enantioselective
intramolecular Stetter reaction (Scheme 5b,c) using triazolium
catalysts 57 and 60.

Denmark et al.¥ and TIseki er al®® reported chiral phos-
phoramides (62) and formamides (65) as Lewis base catalysts
for the enantioselective allylation and crotylation of aromatic
and aliphatic aldehydes (Scheme 6a,b). Metzner and co-workers
developed an asymmetric conversion of aldehydes to oxiranes
using sulfonium ylides (Scheme 6¢).* Vedejs et al.* reported
enantioselective acylations using chiral phosphine catalysts
(Scheme 6d). In another example of Lewis base catalysis, Zhang
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Scheme 5 Carbenes as asymmetric organic catalysts.
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Scheme 6 Examples for O- S- and P-based chiral Lewis base catalysts.

and co-workers developed chiral phosphine catalyzed [3 + 2] cy-
cloadditions of 2,3-butadienoates and electron-deficient olefins
(up to 92% yield and 93% ee) (Scheme 6¢).*!

Lewis acid catalysis

An important class of organic catalysts that can be considered
as Lewis acids are phase transfer catalysts. A group at Merck
developed the first efficient chiral phase-transfer catalyst, N-
benzyl cinchoninium salt 77 for the asymmetric a-methylation
of indanone 76 in 95% yield and 92% ee (Scheme 7a).*
Using similar cinchonine and cinchonidine catalysts, O’Donnel
et al.® achieved the a-alkylation of protected glycine derivative
79 to furnish o-amino acids enantioselectively. Later on, the
research groups of Lygo and Corey independently developed N-
anthracenyl cinchonidium salts 82 and 83 as second-generation
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Scheme 7 Enantioselective phase transfer catalysis.

chiral phase transfer catalysts, achieving remarkably high asym-
metric inductions (up to 99.5%) in the a-alkylation of glycine
derivatives.** Recently, Maruoka and co-workers developed
highly efficient and enantioselective C,-symmetric chiral spiro
ammonium salt catalysts such as 84, derived from commercially
available (S)- or (R)-1,1’-bi-2-naphthol, and successfully applied
them to enantioselective o-alkylations as well as aldol and
Michael reactions.**

Another important example of Lewis acid catalysis is the
epoxidation of olefins using chiral dioxiranes generated in
situ from chiral ketone catalysts and Oxone (potassium per-
oxomonosulfate) as oxidant.®® Shi et al. developed elegant
D-fructose derived ketone catalysts for the enantioselective
epoxidation of stilbenes,™ o,B-unsaturated esters* and terminal
olefins (Scheme 8).5
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Scheme8 A ketone-catalyzed enantioselective epoxidation of an olefin.

Bronsted base catalysis

Typical examples of organic Brensted base catalysis in asym-
metric synthesis are hydrocyanation reactions e.g. cyanohydrin
synthesis and the Strecker reaction. Inoue and co-workers stud-
ied the addition of HCN to various aldehydes using cyclopep-
tide 88 as a catalyst, achieving high asymmetric inductions
(Scheme 9a).>* Lipton and co-workers used a similar cyclopep-
tide 91 for the Strecker reaction of various N-benzhydryl imines
to a-aminonitriles (Scheme 9b).>* Corey and Grogan reported
the Strecker reaction using a synthetic chiral C,-symmetric
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Scheme 9 Organic Bronsted base catalysis.

guanidine 93 (Scheme 9¢).* In these cases, hydrogen cyanide
interacts with the nitrogen base by hydrogen bonding to form
a cyanide ion, which can then add to the carbonyl compound
or the imine coordinated with the peptide/guanidine hydrogen
through hydrogen bonding. Another example of Bronsted base
catalysis is the Michael reaction of a prochiral glycine derivative
tert-butyl diphenyliminoacetate in the presence of a modified
guanidine 97 under solvent free conditions (Scheme 9d).”
Deng and co-workers® reported the desymmetrization of cyclic
meso-anhydrides such as 99 by alcoholysis using commercially
available modified cinchona alkaloids (e.g. 100 (Scheme 9e¢).
Mechanistic studies suggest that the amine catalyst operates
by general base catalysis, activating the alcohol via hydrogen
bonding for nucleophilic attack on the anhydride.

Bronsted acid catalysis

Recently, catalysis through hydrogen bonding® has been in-
troduced as a powerful methodology for asymmetric catalysis.
Similarly to enzymatic catalysis where H-bonding to a transition
state occurs, this type of catalysis may be described as general
acid catalysis.

For example, Jacobsen and co-workers developed enantios-
elective Strecker (Scheme 10a),** Mannich (Scheme 10b),%!
hydrophosphonylatlon and Pictet-Spengler®® reactions of
imines, using urea and thiourea catalyst-motifs. These catalysts
seem to activate the imine substrate by forming hydrogen
bonds from the urea hydrogens to the imine nitrogen in a
bridging mode. Takemoto and co-workers demonstrated that
chiral thiourea derivatives with neighboring tertiary amino
groups function as bifunctional organic catalysts, activating
nitro compounds for enantioselective aza-Henry* and Michael®
reactions. The thiourea moiety interacts with the nitro group
via hydrogen-bonding activation and the neighboring tertiary
amino group activates the nucleophile. For example, nitroolefins
react with malonates in the presence of 111, forming the
corresponding Michael adducts in up to 93% ee (Scheme 10c).
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Scheme 10 Examples for N-H-based enantioselective Bronsted acid
catalysts.

Johnston er al® reported an enantioselective chiral proton
source (containing a polar ionic hydrogen bond) as a catalyst for
the aza-Henry reaction. For example, the reaction of nitroethane
and the p-nitrobenzylimine 113 in the presence of 115 yielded
the corresponding aza-Henry adduct in 90% ee (Scheme 10c).

Rawal and co-workers®” discovered that chiral alcohols
catalyze the enantioselective hetero-Diels—Alder reaction of
aldehydes with dienes. For instance, benzaldehyde and diene 117
in the presence of the chiral alcohol (R, R)-1-naphthyl TADDOL
(118) formed the cycloadduct 119 as a single diastereomer,
which was converted to dihydropyrone 120 (99 : 1 er) on
treatment with acetyl chloride (Scheme 11a). It is proposed
that the alcohol activates the carbonyl compound via hydrogen
bonding. McDougal and Schaus® reported the enantioselective
asymmetric Morita-Baylis—Hillman reaction catalyzed by a
chiral BINOL-derived Bronsted acid 123 (Scheme 11b). Here
the Bronsted acid promotes the conjugate addition step of the
reaction, and then remains hydrogen-bonded to the resulting
enolate in the enantioselectivity-determining aldehyde addition
step.

Japanese groups have made the very exciting discovery that
even relatively strong acids can be efficient asymmetric catalysts.
Very recently, Akiyama et al.® and Terada er al™ reported
Mannich reactions (Scheme 11c,d) and aza-Friedel-Crafts alky-
lations of aldimines using chiral Brensted acid catalysts (127,
131). To stay in enzyme-catalysis terminology, this catalysis
may be classified as specific acid catalysis, as protonation of
the substrate is likely to be occurring.

Conclusions

Selected recent developments in the area of asymmetric
organocatalysis have been summarized in this review article. We
have chosen a mechanistic classification, which in our opinion
helps the organization of the field, although exact mechanisms
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Scheme 11  Other examples of enantioselective Bronsted acid catalysis.

are not often available. Despite its deep roots, asymmetric
organocatalysis is a relatively new and explosively growing field
that, without doubt, will continue to yield impressive results for
some time to come.
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