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has become a well-established and powerful synthetic tool for the

chemo- and enantioselective functionalization of carbonyl
compounds. In the last eight years alone, this field has grown at such an
extraordinary pace that it is now recognized as an independent area of

synthetic chemistry, where the goal is the preparation of any chiral

molecule in an efficient, rapid, and stereoselective manner. This has
been made possible by the impressive level of scientific competition

and high quality research generated in this area. This Review describes

this “Asymmetric Aminocatalysis Gold Rush” and charts the mile-

stones in its development. As in all areas of science, progress depends

on human effort.

1. Introduction

Nowadays, asymmetric organocatalysis is recognized as an
efficient and reliable strategy for the stereoselective prepa-
ration of valuable chiral compounds.! The use of purely
organic molecules as chiral catalysts complements the tradi-
tional organometallic and biological approaches to asymmet-
ric catalysis, thus enabling synthetic chemists to move closer
to being able to construct any chiral scaffold in an efficient,
rapid, and stereoselective manner. Asymmetric organocatal-
ysis offers alternatives to the activation of substrates, and can
deliver unique, orthogonal, or complementary selectivities
compared to metal-catalyzed processes. In addition, it offers
some attractive benefits: The metal-free organic catalysts are
generally nontoxic, readily available, and stable. These
properties allow most reactions to be performed in wet
solvent and in air, which increases the reproducibility and
operational simplicity.

Asymmetric organocatalysis is impressive because of its
synthetic utility and because it gained its prominent role in
such a short period of time: from 2000 to now! Although it
was known for a long time that chiral small organic molecules
were able to promote different transformations in a stereo-
selective fashion, it was not until two seminal reports by List,
Lerner, and Barbas,” and MacMillan and co-workers on
catalysis by chiral secondary amines® that the potential of
this approach was realized. Following these publications,
numerous high quality studies on catalysis by chiral secondary
amines (asymmetric aminocatalysis) were reported.!! This
was quickly extended to different organocatalytic activation
concepts,*7 and the “asymmetric aminocatalysis gold rush”
was on.

“The California Gold Rush (1848-1855) began on January
24, 1848, when gold was discovered at Sutter’s Mill. As news
of the discovery spread, some 300000 people came to
California from the rest of the United States and abroad.
While most of the newly arrived were Americans, the Gold
Rush also attracted tens of thousands from Latin America,
Europe, Australia, and Asia. At first, the prospectors
retrieved the gold from streams and riverbeds using simple
techniques, such as panning, and later developed more
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sophisticated methods of gold recovery that were adopted
around the world.”

This excerpt® about the California Gold Rush could also
describe the development of asymmetric aminocatalysis. The
“asymmetric aminocatalysis gold rush” was started by a few
leading research groups. Now, thousands of researchers from
academia and the chemical industry are involved in this field.
As a result, new ideas, new approaches, and creative thinking
have flowed freely, substantially raising the level of quality.

Instead of providing an exhaustive list of catalysts and
reactions, this Review aims to critically describe the develop-
ments achieved in the last eight years, charting the ideas,
challenges, and milestone reactions that were essential for the
progress of the field. It is remarkable how, whenever this
stream of innovation seemed to lose momentum, a new
breakthrough reaction was disclosed. A large number of
challenging concepts were developed independently (and
almost simultaneously) by different research groups. This
developed into tremendous scientific competition which has
guided asymmetric aminocatalysis towards excellent levels of
development, and opened up new synthetic opportunities that
were considered inaccessible only a few years before. This
“aminocatalytic gold rush” emphasizes a general aspect of
science: progress depends on human effort.

Undoubtedly, we are not at the end of the story, and
asymmetric aminocatalysis will be further developed in the
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near future. Thus, we will discuss possible future challenges
and describe some of the new research lines arising from the
latest studies, such as dienamine activation and singly
occupied molecular orbital (SOMO) catalysis.

2. Activation Modes in Aminocatalysis

In 2000, two seminal reports established the possibility of
employing simple, chiral cyclic secondary amines to effi-
ciently catalyze the asymmetric functionalization of carbonyl
compounds. List, Lerner, and Barbas reported that a catalytic
amount of the proteinogenic amino acid L-proline (I) was able
to promote the enantioselective direct aldol reaction between
an unmodified ketone, such as acetone, and a variety of
aldehydes (Scheme 1a).! Soon after this publication, Mac-
Millan and co-workers described the first amine-catalyzed
asymmetric Diels—Alder reaction, and demonstrated the
effectiveness of the newly designed imidazolidinone catalyst
(II) in the activation of a.B-unsaturated aldehydes
(Scheme 1b).F!

Besides offering alternative asymmetric and catalytic
methods for two fundamental C—C bond-forming reactions,
these studies constituted the basis for two novel organo-
catalytic activation modes of carbonyl compounds, thereby
establishing the origin of asymmetric aminocatalysis. Both
activation modes were based on covalent active intermediates
generated by the condensation of chiral cyclic amines with a
carbonyl group. The principle for aminocatalytic activation
emulates the mechanism of the activation of carbonyl
compounds by Lewis acids. This is a well-established strategy
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Scheme 1. a) Proline-catalyzed intermolecular aldol reaction between
acetone (donor) and aldehydes (acceptors). b) Imidazolidinone Il
catalyzed asymmetric Diels—Alder reaction.

for enantioselective catalysis, in which rate acceleration
occurs through the reversible binding of the Lewis acid to
isolated or conjugated m systems, thereby resulting in an
redistribution of the electronic density toward the positively
charged metal center (Scheme 2). The reversible condensa-
tion of a chiral secondary amine with carbonyl compounds to
form positively charged iminium ion intermediates mimics
the electronic situation of the s orbitals in Lewis acid
catalysis. Thus, the energy of the lowest unoccupied molecular
orbital (LUMO) of the system is effectively lowered. For
conjugated 7 systems, the electronic redistribution induced by
the iminium intermediates facilitates nucleophilic additions,
including conjugate additions and pericyclic reactions
(LUMO activation). In the case of isolated = systems, the
lowering of the LUMO energy increases the acidity of the

Armando Carlone was born in Campobasso
(Italy) in 1979. In 2000 he spent one year
at the University of Utrecht (The Nether-
lands) working on colloids. In 2003 he
stayed at Paris VI-Jussieu (France) working
on organometallic compounds. In 2003 he
i completed his MSc in Industrial Chemistry
| in Bologna under the supervision of Prof.
Alfredo Ricci. In 2005 he started PhD
research on asymmetric organocatalysis at
the University of Bologna under the super-
vision of Prof. Giuseppe Bartoli and Dr.
Paolo Melchiorre. In 2006 he spent nine
months in Aarhus (Denmark) in Prof.

Karl Anker Jorgensen’s research group.

Giuseppe Bartoli graduated from the Univer-
sity of Bologna in 1967 with a Laurea in
Industrial Chemistry. He was Assistant Pro-

. W98 fessor of Organic Chemistry at the University
B4 of Bari (Italy) from 1968, then moved to
the University of Bologna (ltaly) as Associate

Professor, and then to the University of
Camerino in 1986 as Full Professor. In 1993
he returned to the University of Bologna
where he is currently Professor of Organic
Chemistry. From 2001 to 2007, he was

= Head of the Department of Organic
Chemistry “A. Mangini”.

Angew. Chem. Int. Ed. 2008, 47, 61386171


http://www.angewandte.org

Organocatalysis

a) LUMO-lowering

(0] FAR
3R N i N
N R“J\/\RZ

i forth Nu
R1MR2 0 y/
LA _— RWJ\/\RZ

b) )
LUMO-lowering

HOMO-raising

F)R

R +
(37 AR N -H N
N —_— ) — . /’ E
H R +H* R1TTX
R? R2
e}
+ LA .
R1JJ\/R2 o -H O/LA
LA —— RY . /’ E
+H R
R? R2

Scheme 2. Comparison of the activation of carbonyl compounds by a
Lewis acids (LA) and by aminocatalysis. E=electrophiles, Nu=nucleo-
philes.

o proton. This induces a fast deprotonation, which leads to
the generation of the enamine—a nucleophilic enolate
equivalent (HOMO activation). Here too, the raising of the
energy of the highest occupied molecular orbital (HOMO)
leads to activation of the carbonyl compounds, similar to the
generation of activated nucleophiles by Lewis acids.

The potential of asymmetric aminocatalysis for the highly
enantioselective functionalization of a broad range of car-
bonyl compounds was quickly recognized and stimulated a
massive growth of interest and competition.

By exploiting the HOMO-raising activation pathway
(enamine catalysis),”) a vast number of a-functionalizations
of aldehydes and ketones with carbon- and heteroatom-based
electrophilic reagents has been accomplished.!'” The LUMO-
lowering approach (iminium ion catalysis)” enabled the
asymmetric introduction of several nucleophiles to the
B position of unsaturated aldehydes and ketones
(Figure 1).1 Two new methods for the enantioselective
functionalization of carbonyl compounds have recently been
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Figure 1. Asymmetric aminocatalytic reaction pathways.
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described: Dienamine catalysis accounts for the y-function-
alization of a,f-unsaturated aldehydes, which proceeds by
reaction of the electron-rich dienamine intermediate with
electrophilic dienophiles.'” A fourth aminocatalytic pathway
involves the formation of a single unpaired electron in the
activated enamine intermediate (SOMO catalysis).'” The use
of all these aminocatalytic strategies has enabled chemists to
stereoselectively incorporate all the non-inert “nonmetals”
into carbonyl compounds. At present, aminocatalysis is
considered a well-established and reliable tool in asymmetric
synthesis.

3. Proline Catalysis
(4
...quegli che pigliavano per altore altro che la natura, maestra
de’ maestri, s'affaticavano invano..“
“...those who took inspiration from anywhere but nature, master
of masters, were laboring in vain...
Leonardo da Vinci (1500)"

Nature has inspired scientists for millennia, offering them
the necessary tools to accomplish their goals. Natural
molecules provide chemists with a nearly limitless fount of
stereochemically defined complex architectures, and we can
learn much from nature in regard to asymmetric synthesis:
enzymatic catalysis promotes stereoselective processes with
very high fidelity.

In proline catalysis,' a simple natural amino acid
efficiently imitates the concept of enzymatic catalysis. Proline
catalysis has been developed extensively and with such
impressive results that proline has been considered the
“simplest enzyme” in nature.!'*!

3.1. Lessons from Nature

List, Lerner, and Barbas?® established proline as an
efficient catalyst for the asymmetric intermolecular aldol
reaction (Scheme 1a) and provided the prototype reaction for
enamine-centered asymmetric catalysis. Their seminal dis-
covery stems from two fundamental observations from differ-
ent chemical areas: organic and biochemistry./*! The pioneer-
ing research by Hajos, Parrish, Eder, Sauer, and Wiechert in
the early 1970s on the proline-catalyzed intramolecular aldol
cyclization of triketone 177 (Scheme 3) first showed the
potential for a simple natural molecule to act as a highly
enantioselective chiral catalyst for a fundamental chemical
transformation. Hajos and Parrish interpreted their results as
“a simplified model of a biological system in which (S)-
proline plays the role of an enzyme”."¥ They advanced two
possible mechanisms, one of which was based on a postulated
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M
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Scheme 3. The Hajos—Parrish—-Eder—Sauer—Wiechert reaction.

99% yield
Q,
DMF, 20h o 93% eo

2 OH

7]

www.angewandte.org

Chemie

6141


http://www.angewandte.org

Reviews

6142

enamine intermediate as the nucleophilic counterpart.!®!

However, the great potential of this discovery was not
realized by the chemical community for 30 years.

The second series of studies dates to the late 1990s. The
research group of Lerner and Barbas was involved in the
design of catalysts for aldolase antibodies that were able to
promote intermolecular aldol reactions by a chemical mech-
anism analogous to that employed by the natural Type I
aldolase enzymes.'”! These enzymes use an enamine-based
mechanism to catalyze the direct aldolization of two unmodi-
fied carbonyl compounds.”” Their studies were aimed at
expanding the scope and versatility of aldolase enzymes,
while preserving their exceptional catalytic efficiency. During
these studies, they found that the aldolase antibody 38C2 was
an effective catalyst for enantiodifferentiating aldol cyclo-
dehydration reactions, including the Hajos—Parrish-Eder—
Sauer-Wiechert reaction.”!

These findings highlighted a close mechanistic analogy
between proline- and enzyme-catalyzed aldol reactions, with
the enamine activation being at the heart of both strategies.
They thus suggested the potential employment of proline as a
catalyst for the direct asymmetric intermolecular aldolization
of unmodified carbonyl compounds—the actual aldolase
reaction.

3.2. The Mechanism of Proline-Catalyzed Aldolization

The proline-catalyzed asymmetric intermolecular aldol
reaction with aldehyde acceptors was successfully extended to
different types of ketone donors, including cyclic substrates
(Scheme 4).1%?

o O OH
] 1 (10-30 mol%)
RJ\ D Qhltadiiiiis SRR NG
2 R™ "H  DMSO or DMF -
R R?
excess
) . O OH
m Aliphatic aldehydes 97% yield
around 90% ee )W 96% ee
® Aromatic aldehydes O  OH 62% yield
around 70% ee MPh 72% ee
O OH )
® Asymmetric synthesis 60% yield
of anti-1,2-diols . d.r. >20:1
C:) H >99% ee

Scheme 4. The proline-catalyzed intermolecular aldol reaction of
unmodified ketones with aldehydes.

The use of an excess of the ketone component allows the
isolation of the cross-aldol products in good yields and high
enantiomeric excess (ee). The enantioselectivity depends on
the nature of aldehydic substituents: aromatic aldehydes give
around 70 % ee, whereas branched substituents give greater
than 90% ee. Guided by studies initially performed with
aldolase antibodies”™® and by the mechanistic parallel with
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proline, the use of hydroxyacetone as a donor for the highly
diastereo- and enantioselective proline-catalyzed addition to
aldehydes was next investigated.®< This powerful procedure
furnishes synthetically useful anti-1,2-diols, which comple-
ment the Sharpless syn-dyhydroxylation of these important
building blocks.

From a mechanistic standpoint, the proline-catalyzed
intermolecular aldol reaction of acetone with a variety of
aldehydes proceeds through an enamine-based mecha-
nism,?*<! as summarized in Scheme 5. The high levels of
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Scheme 5. The proposed mechanism for the direct asymmetric inter-
molecular aldolization of acetone. The transition state contains a
single proline molecule.

reactivity and selectivity induced by proline stem from the
simultaneous exploitation of both amino acid functionalities.
Primarily, the nucleophilicity associated with the nitrogen
atom of the pyrrolidine portion of proline facilitates the
condensation with a carbonyl substrate. This yields a tetrahe-
dral carbinolamine intermediate A which then collapses to an
electrophilic iminium ion B. Although this intermediate can
be susceptible to nucleophilic attack, it can also evolve to a
nucleophilic enamine intermediate C through an a-deproto-
nation step. This last process mimics the condensation of the
active-site lysine residue with a carbonyl substrate in Type I
aldolases. The carboxylic acid moiety of the enamine inter-
mediate can then direct the approach of the electrophilic
carbonyl group through formation of a specific hydrogen
bond. This provides both preorganization of the substrates in
a highly structured transition state TS and stabilization of the
forming alkoxyde. The crucial formation of the enamine aldol
bond occurs together with hydrogen transfer from the
carboxylic acid,™ which is anti to the E-enamine double
bond, and actually controls the facial selectivity of the
process. The aldehyde acceptor is attacked on the Re face to
place the aldehydic substituent R in a pseudoequatorial
arrangement. The resulting iminium ion D is then hydrolyzed
to release the desired aldol product and the proline, which can
proceed in another catalytic cycle. This type of transition state

Angew. Chem. Int. Ed. 2008, 47, 61386171
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involves a single proline at the carbon—carbon bond-forming
step and is based on the formation of an enamine intermedi-
ate. It is closely related to the mechanism of enzymatic aldol
catalysis, and it has been widely supported by experimental
evidence and theoretical investigations.™’

Recent studies have elucidated the role of water in
proline-mediated aldol reactions. Although water suppresses
the formation of the active enamine intermediate through
Le Chatelier’s principle, its presence also increases the total
concentration of the catalyst, thereby reducing parasitic
equilibria and the consequent proline degradation pathways.
The net effects of such complex and dichotomic roles of water
in aldol transformations are strictly dependent on the reaction
conditions and on the nature of the reactants employed.”!

Interestingly, the mechanism of the intermolecular aldo-
lization involving one proline molecule is not consistent with
the formerly accepted mechanism of the Hajos—Parrish—
Eder-Sauer—Wiechert reaction advanced by Agami and co-
workers. To account for the weak nonlinear effect and
concentration-dependent stereoselectivity observed, they
proposed the involvement of two proline molecules in the
transition state of the intramolecular aldol reaction.””
Importantly, these observations prompted Kagan and co-
workers to include this example in their seminal report on the
nonlinear correlation in asymmetric catalysis between the
enantiomeric excess of the catalyst and the enantiopurity of
the product.” The apparent discrepancy was resolved by
experiments carried out by Houk, List, and colleagues, which
revealed a linearity between the enantiomeric excess of the
proline catalyst and the product in both intra- and intermo-
lecular aldolizations.””! At the time, the differences observed
in the two studies was explained by the fact that Agami’s
experiment was based on only five data points and on optical
rotation measurements, a relatively inaccurate method com-
pared to HPLC analysis on a chiral stationary phase.”*”!

Further investigations by Blackmond and co-workers on
proline-catalyzed aldol reactions revealed a more complex
behavior.’” It was found that the optical purity of the aldol
product is largely independent of the ee value of the proline
when a high catalyst concentration is used, so that the
dissolved proline is in equilibrium with the solid proline. For
such a scalemic system, the solution composition at the
eutectic point is fixed and the ee value of dissolved proline in
DMSO is about 50 %, regardless of the overall ee value of the
proline employed. This type of solid-liquid phase behavior,
which is common to many proteinogenic amino acids,
constitutes a new and efficient mechanism that gives rise to
asymmetric amplification. It thus supports the idea that
catalysis by amino acids may have played a role in the
prebiotic evolution of homochirality (see also Section 7.1).B!
Further studies on nonlinear effects arising from physical
phase behavior led Blackmond and co-workers to introduce
“the concept of a kinetic conglomerate phase [that] can
rationalize the findings of Kagan and co-workers in a manner
that remains compatible with the currently accepted one-
proline reaction mechanism and reconciles reports of both
linearity and nonlinearity” of proline-catalyzed aldoliza-
tion.’ This behavior, which has deep implications for the
interpretation of nonlinear effects in mixed-phase systems,
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depends on the temporal evolution of the ee value of the
catalyst in solution and is sensitive to factors such as mixing
times and water content.

Significantly, all the above experimental and theoretical
studies®™! support a unified mechanism of intra- and inter-
molecular proline-catalyzed aldolization. Understanding
enamine catalysis was essential to expanding the asymmetric
proline catalysis beyond nature’s aldol transformations by
replacing the aldehydic counterpart with diverse electrophilic
components.

3.3. Proline in Action

Extensive mechanistic investigations of proline-catalyzed
aldol reactions have demonstrated that the formation of a
carbon—carbon bond requires both the enamine intermediate
and proton transfer from the proline carboxylic acid to the
forming alkoxyde. As well as providing electrophilic activa-
tion and stabilization of the transition state (TS), this specific
hydrogen-bonding interaction determines the stereoselectiv-
ity of the process by directing the electrophile approach from
the upper face of the enamine. This bifunctional activation by

O\(O Ts H
N = R,/JyN
Y’:X.-!-H
\ O
(o)

Xl--H/O

y

R
proline might be extended to electrophilic substrates with a
basic lone pair of electrons that can efficiently interact with
the carboxylic moiety of proline. This condition is generally
found in electrophilic substrates Y=X that have a lone pair of
electrons centered on the heteroatom X of a double bond.

The intriguing prospect arose that the applicability of

proline catalysis may be far more general than originally
thought. Catalytic amounts of proline could be used to
generate enamines as chiral enolate equivalents, which could
then react with a series of different electrophiles. It would
thus be possible to access stereochemically complex mole-
cules from simple, unmodified, and readily available precur-
sors by employing operationally simple procedures. These
ideas greatly increased the interest in proline catalysis and
prompted the start of a remarkable competition.

3.4. The “Proline Gold Rush”
3.4.1. Beyond Aldol Reactions

Following the studies on the proline-catalyzed intermo-
lecular asymmetric aldolization, List applied the enamine
activation strategy to realize the first, direct, catalytic, and
asymmetric Mannich reaction between an aldehyde, p-
anisidine, and a ketone, without prior formation of an enolate
or imine (Scheme 6).%* The Mannich reaction constitutes one
of the most powerful organic transformations for the con-
struction of chiral nitrogen-containing molecules.” In addi-
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Scheme 6. The proline-catalyzed asymmetric Mannich reaction.
PMP = p-methoxy phenyl.

tion to its synthetic value, this organocatalytic approach
established the possibility of using electrophiles other than
aldehydes, and thus represents a cornerstone in the area of
proline catalysis. Under the mild conditions of proline
catalysis, which allows the insitu generation of the imine,
the direct three-component Mannich reaction of various
ketones has been accomplished to furnish the desired
products in high yield and enantioselectivity: the aldol
derivatives were not detected. Notably, the use of o-oxy-
genated ketones results in complete regioselectivity for the
hydroxy-substituted alkyl chain, and allows the highly chemo-
, diastereo-, and enantioselective synthesis of syn-1,2-amino
alcohols.**!

An intriguing aspect of the proline-catalyzed Mannich
reaction concerns the reversal of the observed diastereo- and
enantioselectivity with respect to aldol reactions (Scheme 7).
While the facial selectivity of the enamine (Si when X is of
highest priority) is common to both transformations, the facial
selectivity of the electrophile is opposite, thereby resulting in
“like” topicity for the Mannich reaction and in “unlike”
topicity for aldolization (Scheme 7). The discordant stereo-

a) - enamine Si t

aldehyde Re
Uy 0 OH

N unlike
/\ = = Jc;fH MR
e x

large R anti
affords high ee

enamine Si Me

|m|neS/ HN’PMP
“//ke” ? R
)L _-—O N X”N H X

‘ H
XR\ \% syn

/ E imine

L small (planar)
R affords high ee

Scheme 7. Reversal of the stereoselectivities in proline-catalyzed aldol
(a) and Mannich reactions (b).
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chemical outcomes have been rationalized on the basis of
transition-state models involving an intramolecular proton
transfer from the carboxylic moiety to the lone pair of
electrons on the N or O atoms.’! This specific hydrogen-
bonding interaction occurs readily when the enamine double
bond is anti to the carboxylic acid group of proline. In
Zimmerman-Traxler-type transition states, the aldehyde
substituent assumes a pseudoequatorial conformation in the
aldol transformation, thus allowing the nucleophilic attack to
occur on the aldehydic Re face. In contrast, the major stability
of the E imine in the Mannich reaction forces the substituent
R into a pseudoaxial arrangement (imine Si face exposed).

The demonstration of the ability of proline to efficiently
activate different types of electrophiles such as imines toward
highly selective transformations provided the impetus for
seeking alternative and suitable electrophilic components.
Indeed, List et al.’! as well as Barbas and co-workers®
independently demonstrated that Michael acceptors such as
nitro olefins react with unmodified ketones under proline
catalysis (Scheme 8).%° Although the resulting vy-nitro

(@] O Ph
~_NO
. Ph/\/NOQ 1 (15 mol%) - 2
DMSO, 16h 3
excess 94% d.r. >20:1
23% ee

Scheme 8. The proline-catalyzed Michael reaction.

ketones are produced in very poor optical purity, the
extension of the concept of enamine activation to fundamen-
tal chemical transformations such as Michael reactions paved
the way for the future optimization®! of highly efficient and
enantioselective protocols based on newly designed organo-
catalysts (Section 5). Moreover, these studies highlighted the
stringent necessity for the specific interaction between the
electrophilic components and the carboxylic moiety of pro-
line to enforce excellent stereocontrol. When this interaction
is not optimal, as in the case of Michael acceptors, the
enantioselectivity is very modest.

3.4.2. Aldehydes as Donors

In 2001, an important breakthrough was advanced by
Barbas and co-workers, who established the possibility of
employing o-unbranched aldehydes, in addition to unmodi-
fied ketones, as donors in enamine catalysis.*”! In particular,
they described the proline-catalyzed direct self-aldolization of
acetaldehyde to afford (5S)-hydroxy-(2E)-hexenal (3) in
90% ee (Scheme 9).[**! The involvement of “naked” alde-
hyde donors in proline catalysis had a profound impact on

OH O
)OJ\ ! /:\/\)I\
3 _—
H
Me™ 'H  THF,0°C 3
5h 10% vield
90% ee

Scheme 9. The first use of aldehydes as donors in proline catalysis.
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asymmetric aminocatalysis, encouraging the development of
new aldehyde-based transformations with a wide range of
electrophilic partners. Aldehydes quickly gained a central
role in organocatalysis because of their high reactivity in
reactions catalyzed by enamines and iminium ions and
because of their great versatility as building blocks.

3.4.3. Proline-Catalyzed Nucleophilic Additions

The notions that proline-catalysis could be extended to
different classes of electrophiles and could involve unmodi-
fied aldehydes as donors led to the development of highly
stereoselective, organocatalytic transformations that had not
before been realized through traditional stoichiometric
enamine reactions*! or transition-metal catalysis. The first
fruitful combination of these concepts was achieved by
Barbas and co-workers, who disclosed the use of unmodified
aliphatic aldehydes in the direct catalytic asymmetric Man-
nich addition to preformed N-PMP-protected a-imino ethyl
glyoxylate (PMP = p-methoxyphenyl, Scheme 10).?! This

PMP
1% O HN’
K PMP\N 1 (5 mol%) | -
+ —_—
R H” “co.gt dioxane, 2-24h T COkEt
2 RT R syn
1.5 equiv

up tod.r. >19:1
up to >99% ee

Scheme 10. Unmodified aldehydes as donors in the Mannich reaction.

proline-catalyzed transformation provides synthetically
useful amino acid derivatives with excellent enantioselectivity
and high syn diastereoselectivity. Interestingly, the use of a
low catalyst loading (5mol%) and a small excess of the
aldehyde component (1.5 equiv) does not affect the efficiency
of the catalytic system. From an atom-economy standpoint,
these conditions constitute a significant improvement over
the previously reported proline-catalyzed transformations
with unmodified ketones.*>*?"]

The remarkably high stereoselectivity associated with the
proline-promoted Mannich transformations, and their syn-
thetic usefulness, led to the investigation of several substrates.
Hayashi et al. and Cérdova independently developed the
direct and enantioselective one-pot, three-component Man-
nich reaction between two different aldehydes and p-anisi-
dine.® This method requires one aldehydic substrate to
selectively function as the donor while the other constitutes
the acceptor. This chemoselective and syn-stereoselective
route gives highly enantioenriched [(-amino aldehydes.
Recently, reaction conditions were identified that allow the
use of the preformed N-Boc-imine (Boc = tert-butoxycar-
bonyl) in proline-catalyzed Mannich reactions.[*! Despite the
difficulty in employing aliphatic imines, these studies intro-
duced important synthetic advances: The easy and efficient
removal of the N-protecting group allows easy access to
unfunctionalized chiral amines.

The ability of proline to generate an active enamine
intermediate from enolizable aldehydes was exploited by
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Jorgensen and co-workers in their development of the first
direct asymmetric aldol addition of aldehydes to activated
ketones (Scheme 11).%! This transformation represented the
first intermolecular organocatalytic aldol reaction involving
ketone acceptors. The use of different unsymmetrical ketones
as acceptors in proline-catalyzed aldolizations was later
accomplished, which allowed the concise synthesis of com-
pounds with a quaternary carbon center.*

0
i 0 1omol%) QO
oA eomath) R?
1, RTUCOEt cHcl, 13h ~ CojEt
RT R
R? = CF;, CO,Et 88-98% yield
81-00% ee

Scheme 11. Unmodified aldehydes as donors in the aldol reaction.

An impressive advance in the area of aldol chemistry was
reported by Northrup and MacMillan, who documented the
first direct enantioselective catalytic cross-aldol reaction of
two unmodified aldehydes: a powerful transformation
(Scheme 12).1! This reaction requires that the non-equiva-

9 9 1 (10 mol% CI) ol

|

e, U, toomom T

d t DMF, 4 °C F:z1

onor acceptor anti
uptod.r. 24:1

up to 99% ee

Scheme 12. Asymmetric direct cross-coupling reaction of aldehydes.

lent aldehydes selectively partition into two discrete compo-
nents—the nucleophilic donor and the electrophilic acceptor.
The formation of by-products arising from dehydration of the
products or from a self-aldolization process is suppressed by
using DMF as the solvent and by the slow addition (syringe
pump) of the aldehyde donors. Under these conditions, the
presence of proline (10 mol%) results in the chemo- and
diastereoselective aldol cross-coupling of a-alkyl aldehydes to
furnish highly enantioenriched anti-hydroxy aldehydes.

The crucial observation that the aldehydic products of this
reaction resist further aldol reactions with proline, prompted
Northrup, MacMillan et al. to extend this methodology to the
coupling of a-oxygenated aldehydes (Scheme 13).*8! The
proline-catalyzed aldolization provides selective access to
the dimerization product 4 in a stereoselective fashion, thus
setting the stage for a two-step de novo synthesis of carbohy-
drates.[*)

Although 4 is relatively inert to enamine addition, it can
be activated by Lewis acids to undergo a selective Mukaiyama
aldol-type addition with an o-oxy-enolsilane 5§ to provide a
transient oxocarbenium ion 6, which rapidly undergoes
cyclization to the pyran ring of the hexoses 7. Interestingly,
the selective preparation of either mannose, glucose, or allose
can be accomplished by tuning the experimental condi-
tions.[*”! Different tactics, based on an iterative aldol reaction
or on the addition of an dihydroxyacetone equivalent to
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a) O
L_oTips | 10 mor O OH
. (10 mol%) L_X_ots
o} DMF, 4 °C :
k/o'nps 92% vyield 4 OTIP‘S d.r(.)4:1
anti 99% ee
b)o o ™S
L1 omps , O™ 1A | QT gR
+ E—— OTIPS
- R/OAC H
oTIPS OAc OTIPS
4 5 6
LA Carbohydrates l
MgBr,/CH,Cl, Mannose TIPSO™ O ~OH
MgBr,/Et,0 Glucose TlF’SOL;OAC
7 OH
TiCl,/CH,Cl, Allose

Scheme 13. lterative two-step synthesis of carbohydrates by aldol
reactions: a) proline-catalyzed aldol dimerization of an a-oxyaldehyde,
b) Lewis acid promoted Mukaiyama aldol reaction. TIPS =triisopropyl-
silyl, TMS =trimethylsilyl.

aldehydes, have been exploited for the direct proline-cata-
lyzed de novo synthesis of carbohydrates.”” These studies
highlight the ability of proline to effect the clean and rapid
asymmetric synthesis of stereochemically defined complex
molecules using simple achiral building blocks.

The next milestone of the “proline gold rush” was the
extension of the enamine activation concept to the direct
functionalization of aldehydes and ketones with an a-
heteroatom. In nearly all areas of organic chemistry, a
fundamental role is played by optically active molecules
containing a stereogenic carbon atom attached to a heter-
oatom adjacent to a carbonyl moiety. In 2002, Jgrgensen and
co-workers and List almost simultaneously reported an
efficient and simple method for the direct highly enantiose-
lective o-amination of aldehydes! This expanded the
applicability of proline catalysis beyond the established C—
C bond-forming processes (Scheme 14). The use of azodicar-

.CO,R?
T REOLo 1 (10 mol%) NaBH "
mo a N.
H N N > ! HO" > CO,R?
R “CO,R?  CH,Cl, MeOH R
8 or CH;CN 9
R'=Alkyl R2=Et, Bn, Bu 1-3h 89-97% ee

Scheme 14. The first proline-catalyzed asymmetric o-heterofunctionali-
zation of aldehydes (a-amination).

boxylates 8 as the electrophilic nitrogen source and 10 mol %
proline in aprotic solvents furnishes the a-hydrazino alde-
hydes in good yield and high enantioselectivity. Given the
tendency of the a-aminated products to slowly racemize, the
in situ reduction with NaBH, leads to the configurationally
stable 2-hydrazino alcohols 9. These are versatile intermedi-
ates for accessing important chiral building blocks such as
oxazolidinones and a-amino acid derivatives. The proline-
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catalyzed direct o-amination was later successfully extended
to include ketones and a,o-disubstituted aldehydes, and was
also applied in the total synthesis of biologically active
compounds.’? From a mechanistic standpoint,”” this trans-
formation is part of the general bifunctional activation mode
of proline—the azodicarboxylate is activated towards enam-
ine attack by the hydrogen bond of the carboxylic acid group.

In this context, the direct asymmetric a-oxygenation of
aldehydes (Scheme 15), with nitrosobenzene 10 used as the

:
H .o 1(2-20mol%)  NaBH, Ho O
R ) Oph DMSO MeOH R
R= Alkyl or CH3CN 94-99% ee

Scheme 15. Proline-catalyzed asymmetric a-oxygenation of aldehydes.

oxygen electrophilic source, provides the best evidence for
the high efficiency associated with the catalytic behavior of
proline. In addition to imparting high ste-
reocontrol, as in other proline-catalyzed
transformations, the hydrogen bond in the
transition state E is selectively formed with
the nitrogen atom of nitrosobenzene,
because of the enhanced Brgnsted basicity
with respect to the oxygen atom. This
accounts for the high regiocontrol of the reaction in terms
of the desired addition at the oxygen atom.¥

On this basis, three different research groups separately
exploited the ability of proline to control both the O/N
selectivity and enantioselectivity of the direct a-oxygenation
of aldehydes (Scheme 15).°! The a-oxyaldehyde products are
oligomeric in solution and are most conveniently isolated as
the corresponding alcohols after insitu reduction with
NaBH,. Nonetheless, these oligomeric aldehydes smoothly
undergo reactions typical of aldehydes, and direct trans-
formations performed on the crude reaction mixture allow
the synthesis of useful, optically active scaffolds.”

A very interesting application of the organocatalytic o-
oxidation strategy was the asymmetric incorporation of
singlet molecular oxygen, generated by the UV irradiation
of molecular oxygen or air in the presence of tetraphenylpor-
phyrin (TPP) as the sensitizer, under enamine catalysis
conditions (Scheme 16). Cérdova et al. demonstrated the
effectiveness of proline and, in particular, of the related
a-methylproline (III) for catalyzing the a-oxidation of

o) catalyst
| TPP, UV light NaBH
H v 0, 4 HO/\L/OH
Bn DMF, -5 °C Bn
catalyst: &X
” COOH

I, X =H: 91% yield, 48% ee
I, X = Me: 77% yield, 66% ee

Scheme 16. An asymmetric reaction with molecular oxygen.
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aldehydes to afford optically active terminal diols from
renewable materials.””!

3.4.4. Proline-Catalyzed Nucleophilic Substitution

In 2004, the massive competition in proline catalysis led
this strategy toward an excellent standard of efficiency. The
unusual activation mode of catalysis allowed a number of
different electrophiles to be stereoselectively incorporated
into carbonyl compounds through highly enantioselective
nucleophilic additions. On the other hand, the need for an
available lone pair of electrons in the electrophiles to achieve
such levels of stereocontrol set considerable limits for proline
catalysis. Within this context, Vignola and List presented the
first catalytic asymmetric intramolecular a-alkylation of halo-
aldehydes under enamine catalysis, an unprecedented and
highly useful transformation.”® Proline and its derivative a-
methylproline (IIT) can effectively cyclize 6-halo aldehydes 11
to give cyclopentancarbaldehydes 12 in excellent yields and
enantioselectivity (Scheme 17).

I CHO catalyst CHO
Et;N (1 equiv)
COOEt —— COOEt
1 COOEt CHCly COOEt

-30 °C, 24h 12

catalyst: &X

COOH

I, X=H: 80% yleld, 68% ee
I, X = Me: 92% vyield, 95% ee

Scheme 17. Proline-catalyzed asymmetric nucleophilic substitution.

This study represented a fundamental breakthrough in the
field of asymmetric aminocatalysis, and the described cata-
Iytic system also solves the challenging problems of catalyst
deactivation by N-alkylation or possible product racemiza-
tion. This first nucleophilic substitution reaction that proceeds
through enamine activation opened up unexplored routes
that allowed the “aminocatalysis gold rush” to continue (see
Section 5).

4. Iminium Catalysis

The asymmetric Diels—Alder reaction between a,f3-unsa-
turated aldehydes and various dienes catalyzed by imidazo-
lidinone II represents a milestone for asymmetric organo-
catalysis.”! With this study, MacMillan and co-workers
introduced the novel catalytic activation concept termed
iminium catalysis, which led to the development of a large
range of asymmetric transformations involving unsaturated
carbonyl compounds.

This organocatalytic activation mode exploits the rever-
sible condensation of a chiral amine, such as II, with an
unsaturated aldehyde to form an iminium ion intermediate. In
this system, a rapid equilibrium exists between an electron-
deficient and an electron-rich state, which effectively lowers
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the LUMO energy of the x system and enhances its suscept-
ibility toward nucleophilic attack.”” Importantly, further
studies on LUMO-lowering organocatalysis by MacMillan
and co-workers established the effectiveness of the readily
available chiral imidazolinone II to promote mechanistically
distinct transformations of o,fB-unsaturated aldehydes in a
highly enantioselective fashion (Scheme 18).% It is important
to point out that the nature of the anion of the catalytically
active salt is essential for modulating both the reactivity as
well as the stereoselectivity of the process.

(0] Me
ff Jate
N
Ph e
I
1I-HCI
© /\/o (5 mol%) , 32‘;/0 Yieéis
enao/exo .
MeOH/H,0 CHO 94% ee
b) +
M Me
PhSNTC IHHCIO, N-0 o vi
N 20 mol%) 66% yield
. 0 (20 mol% - oy endo/exo 95:5
— Ph Me “ogu,
CH,CN/H,0 ° e
Me. _~0 CHO
) = I TFA J \
N- :
I;\ Me 20 mol%) Z° 7% yield
+ — N gsz/yee
{]
Pho_~ O THF/H,0 Me Ph

Scheme 18. Asymmetric iminium catalysis by imidazolidinone Il:
a) Diels—Alder reaction,?! b) [34-2] cycloaddition with nitrones, ¥ and
c) Friedel—Crafts alkylation of pyrroles.l*®!

4.1. MacMillan's Imidazolidinone Catalysts

Central to the success of imidazolidinone II as a stereo-
selective iminium activator is its ability to effectively and
reversibly form a reactive iminium ion intermediate with high
levels of both configurational control and m-facial discrim-
ination (Scheme 19). The activated iminium intermediate

E-iminium geometry

O, Me O, Me
Me
RN r% = X N )(Me
|| -, Ph Me ——— Ph Me,
/‘9\ H severe
Si face blocked ‘ nonbonding
R™ % interactions

Re face exposed R

Scheme 19. Control of the configuration of the iminium ion and -
facial shielding by the imidazolidinone catalyst II.

predominantly exists in the E conformation to avoid prob-
lematic nonbonding interactions between the double bond of
the substrate and the gem-dimethyl groups on the catalyst.
The selective m-facial blocking of the imidazolidinone frame-
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work by the benzyl group leaves the Re face of the iminium
ion exposed for the nucleophilic attack, thereby resulting in a
highly enantioselective bond formation.

Having identified imidazolidinone II as an efficient
catalyst to mediate the asymmetric addition of pyrroles to
unsaturated aldehydes,®! MacMillan and co-workers sought
to also extend this organocatalytic Friedel-Crafts strategy to
heteroaromatic indole and furan derivatives, which are less-
activated m nucleophiles.® The poor results in terms of both
reactivity and enantioselectivity obtained in the reaction
catalyzed by II highlighted the need for a new, more reactive,
and versatile amine catalyst, which would allow for the
enantioselective catalytic addition of less reactive nucleo-
philes. Kinetic studies on the reaction with imidazolidinone IT
as the catalyst suggested that the formation of the iminium ion
and the C—C bond-forming step both influence the reaction
rate. On this basis, it was theorized that replacement of the
trans-methyl group (with respect to the benzyl moiety) with a
hydrogen atom would reduce the steric hindrance on the
participating free lone pair of electrons on the nitrogen atom,
thereby increasing its nucleophilic tendency to rapidly form
an iminium ion and increasing the overall rate of reaction
(Scheme 20). At the same time, replacement of the cis-methyl

Q Me Me
N 0 N_Me o} Ilj Me
S I — e
@ o
Ph | H Ph Q H Ph HoH v

m Substitution of
cis-methyl group

m Removal of
trans-methyl group

Lone pair of electrons
on N atom more exposed
faster iminium formation

higher geometry control

Scheme 20. Logical development of imidazolidinone catalysts.

group with a larger substituent, such as a fert-butyl moiety,
provided increased control over the geometry of the iminium
ion and better coverage of the blocked Sienantioface.

Furthermore, the lack of a methyl

Q [\r{:e group in catalyst I'V allowed the nucle-

//2; y ophile to approach the Re face of the

PH N 5 / formed chiral iminium ion without steric
Vi Me hindrance.l*"®)

Since its introduction in 2002, the

new imidazolidinone catalyst IV has

been applied successfully to the catalysis of a wide range of
asymmetric transformations of unsaturated aldehydes, includ-
ing cycloaddition reactions and conjugate additions with
different nucleophiles.*® Importantly, iminium catalysis can
deliver unique, orthogonal, or complementary selectivities
compared to established metal-catalyzed transformations, as
in the synthesis of butenolides by the Mukaiyama—Michael
addition of silyloxyfurans to enals.®® Perhaps the most
impressive validation of this concept has been offered by the
metal-free, organocatalytic asymmetric transfer hydrogena-
tion of a,p-unsaturated aldehydes. The metal-catalyzed
hydrogenations of double bonds are by far the most predom-
inant asymmetric transformations applied to industrial pro-
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cesses. Their usefulness was recognized with the award of the
Nobel Prize in Chemistry to Knowles and Noyori in 2001. The
development of organocatalytic asymmetric reductions with
hydride would thus be useful to solve toxicity concerns about
the complete removal of metal impurities. The research
groups of MacMillan and List demonstrated that iminium
catalysis is a suitable strategy for accomplishing the highly
enantioselective reduction of enals by using synthetic

Hantzsch  dihydropyridines 13 as hydride donors
(Scheme 21).14
R? ROOC COOR R?
RJ\/CHO + [l — R1/'\/CHO
mixture of RN R 90-97% e
£ and Z isomers 13 R'= alkyl, aryl, COOMe
R2= alkyl
List: MacMillan:
o, Me o, Me
N
f%)j/\Me %N Me
N Me N Me
Phiv H  Me V. H Me

cocatalyst: TFA
CHCls, -30 °C

cocatalyst: Cl;CO,H
dioxane, 13 °C

Scheme 21. Iminium ion catalyzed transfer hydrogenation. TFA=tri-
fluoroacetic acid.

Interestingly, List and co-workers employed imidazolidi-
none IV as the catalyst, whereas MacMillan and co-workers
designed the new organocatalyst V to impart high stereocon-
trol and reactivity. Both processes are enantioconvergent,
since the formation of an E- or Z-configured double bond
does not influence the sense of the asymmetric induction and
furnishes the same product enantiomer. This stereoconver-
gent outcome has been rationalized by assuming a fast
isomerization (an equilibrium iminium-dienamine intermedi-
ate, Section 7.3.1) induced by the catalyst. These results,
which enhance the synthetic value of such approaches, are in
marked contrast to most metal-mediated hydrogenations,
wherein the configuration of the double bond dictates
enantiospecific reductions.

4.2. Iminium lon Activation of Unsaturated Ketones

Stereoselective Michael additions to a,f-unsaturated
ketones represents a challenging objective in asymmetric
catalysis. In metal-catalyzed asymmetric processes, the steric
and electronic similarity of the two carbonyl substituents does
not generally permit high levels of discrimination between the
free lone pairs of electrons in the metal-association step,
which is an essential requirement for achieving high stereo-
control in the conjugate addition.

The activation as an iminium ion, which overcomes the
necessity of coordination to a specific lone pair of electrons,
can in principle constitute a suitable and general method for
accomplishing highly stereoselective transformations of
enones. However, the inherent problems of forming highly
substituted iminium ions from ketones, along with the issue
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associated with a more difficult control over the configuration
of the iminium ion, have complicated the development of an
efficient chiral organocatalyst for ketones. The first advance
in this challenging area came from the MacMillan research
group, with the development of a new imidazolidinone
catalyst (VI) that allowed the first catalytic Diels—Alder
reaction with simple a,B-unsaturated ketones.® Whereas
oxazolidinones II and IV, which are valuable activators of
aldehydes as iminium ions, were almost inactive and non-
selective with this type of substrates, catalyst VI allowed
enantioselective access to substituted cyclohexenyl ketones.

Imidazolidinone VI, however, has not demonstrated a
wide generality as a ketone activator.® In this context,
important expansions of iminium catalysis to the asymmetric
additions of acyclic enones!® came from Jgrgensen and co-
workers, who introduced chiral secondary amine catalysts VII
and VIIL®"' These readily available organocatalysts have
broad applicability in the conjugate addition of unsaturated
ketones. They promote the highly enantioselective addition of
different carbogenic nucleophiles such as nitroalkanes,®"!
malonates,® and p-keto-esters’® or -sulfones,’¥ thus
providing access to useful building blocks for organic syn-
thesis (Figure 2). Despite the relative low activity of VII and

Me
N m Addition of nitromethane
N)"" CO,H m Addition of 1,3-dicarbonyl compounds
H
Ph Vil = Addition of 3-keto sulfones
Ph, H ® Synthesis of warfarin
>MCOOH OH Ph O
N
PR™ 1 v x Me
82% ee---»99.9% ee
o o single
14 recrystallization

Figure 2. Catalysts that activate acyclic enones as iminium ions.

VIII (the reaction time being generally on the order of four or
more days), their utility as iminium activators has been
further attested to by the one-pot direct synthesis of
enantioenriched biological active compounds, such as the
anticoagulant warfarin (14).57¢!

At the end of 2004, thanks to contributions from the
research groups of MacMillan and, later, Jgrgensen, iminium
catalysis assumed a prominent role in asymmetric synthesis as
an established catalytic method for the asymmetric -
functionalization of unsaturated carbonyl compounds. This
field, together with enamine catalysis, began to attract the
interest of many researchers from both academia and the
chemical industry, who recognized the synthetic potential of
such strategies. At the time, enamine and iminium catalysis
were still considered two divergent and separate amino-
catalytic pathways, which allowed discrete types of trans-
formations. This view would shortly be challenged by the idea
of combining the two aminocatalytic activation modes. In the
next two chapters, we will discuss the theoretical context that
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provided the suitable conditions for the merging of enamine
and iminium catalysis, and the associated synthetic conse-
quences.

5. Beyond Proline

(4

...dove la Natura finisce di produrre le sue spezie, I'uomo quivi
comincia con le cose naturali, con 'aiutoro di essa Natura, a
creare infinite spezie...“
“...where nature finishes producing its species, there man begins
with natural things to make, with the aid of this nature, an
infinite number of species...
Leonardo da Vincil®®

Deciphering the molecular logic behind the bifunctional
activation mode of proline was invaluable for the develop-
ment of asymmetric aminocatalysis (Section 3). However, the
scientific community realized that, to expand the scope of
enamine catalysis it was necessary to design new families of
chiral amine catalysts.

5.1. “Improving” Proline

The most straightforward approach to a new catalyst
began with the derivatization of proline. The design of new
organocatalysts has focused on the introduction of tunable
hydrogen-bonding donor groups to improve the dual activa-
tion ability while preserving the molecular scaffold created by
nature as a central design element. A series of modifications
of the structure of proline was accomplished by different
research groups, who aimed mainly at improving the solubility

R “‘j
N. ; é
m ;N O\/N‘R N
N—-N N /L'HC|

e
H - H
CF,CO,l Me Me
IX X Xl
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H H
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R
R NH 7 % o)
H HN R N\jj N

hd (NO.CeH;SOH H  OH
X1l X XIv

O :

N 0

H un.$ H HN-g ~R

§_CF3 1 \ /
xv O xvi ©

and/or enhancing the acidity of the directing acid proton. In
this research area, the aldol reaction and the conjugate
addition of carbonyl compounds to nitrostyrene derivatives
were often chosen as benchmark reactions.® It is remarkable
that these catalysts showed major improvements in terms of
reactivity or enantioselectivity in some specific transforma-
tion, yet all lacked the generality of the natural amino acid
proline (I).
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Reactions catalyzed by proline or by its synthetic ana-
logues quickly reached very high levels of efficiency, but the
requirement of an available lone pair of electrons in the
electrophiles represented a serious limitation. To overcome
this problem, the researchers began to focus on exploitating
different catalytic patterns that do not require a specific
hydrogen-bonding interaction to impart high stereocontrol.
In particular, chiral cyclic amines with bulky substituents,
instead of the acidic functional group, could control the
stereoselectivity by using the steric hindrance of the chiral
architecture. This new tactic opened up new opportunities for
the transformation of new reagents not suitable for proline
catalysis.

5.2. Enantioselective Chlorination

Until 2004, there were few successful enamine-catalyzed
reactions in which alternative secondary amines were used.["”!
In this context, the a-chlorination of aldehydes represented a
huge step forward in the establishment of organocatalysis as a
versatile and reliable synthetic strategy. Two important
mechanistic goals were simultaneously achieved: Firstly, the
reaction expanded the scope of enamine catalysis to inter-
molecular nucleophilic substitution reactions, and secondly, it
was definitively demonstrated that enamine catalysis is not
limited to proline. The reaction is also very important because
it provides easy access to a large number of simple but
extremely versatile building blocks."! The almost simulta-
neous publications by the research groups of MacMillan™
and Jgrgensen are a nice example of how organocatalysis
can deliver more that one solution for the same problem. The
two alternative protocols are based on very different catalysts
and chlorine sources, but furnish similarly excellent results.

Scheme 22 shows the excellent results obtained with the
MacMillan catalyst II in combination with perchlorinated
quinone 15,7 and with 2,5-diphenylpyrrolidine (XVII) when
N-chlorosuccinimide (16) is the chlorine source. Interestingly,

(? C1atalys|£ o
‘\ + C|/LG m K*(CI + H,LG
R R
Catalyst Chlorinating Agent
o)
o M
N cl cl
Me
);Me Cl 15 80-95% ee
Ph N I c c
cl
Ph™ SN~ Ph 2 81-97% ee
H Xxvil
N-CI
O\(o % NCS (16)
N 70-95% ee
N g, Xvm o

Scheme 22. The enantioselective amino-catalyzed chlorination of
aldehydes. LG =leaving group.
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the very simple prolinamide XVIII also shows very good
reactivity and good enantioselectivity.” The authors also
described how the products of the reaction could easily be
converted into terminal epoxides, amino acids, or amino
alcohols, while maintaining the high enantiomeric excess.

To gain insight into the reaction mechanism, the Jgrgen-
sen research group began a more detailed investigation of the
a-chlorination reaction.” This study was triggered mainly by
the apparently minimum degree of face-shielding provided by
the two o substituents in the C,-symmetric diphenylpyrroli-
dine XVII, but also by the “catalyst generality” observed. In
fact, although proline promoted an almost nonselective
transformation (<25% ee), an unusually large number of
diverse enantiomerically pure amines catalyzed the formation
of the a-chlorinated products with promising levels of
asymmetric induction.” These studies led to the proposal
of a new mechanism for the o-chlorination of aldehydes
catalyzed by the chiral pyrrolidine XVIL It was suggested
that, in this case, the chlorination does not take place directly
at the a-carbon atom, but involves a two-step process
constituting the initial chlorination of the nitrogen atom of
the enamine, followed by a fast [1,3] sigmatropic shift, as
summarized in Scheme 23. This theory was corroborated by a

R™™ ;\rl R2 R1“'@‘R2
NCS CI” 1,3-shift al
— . %H —, %H

R® R®
F G

XVII: R'= Ph; R?= Ph
XVIII; R'= H; R2= CONH,

=4

Scheme 23. Mechanistic studies on the direct a-chlorination of
aldehydes.

series of experimental results and DFT calculations, although
the key intermediate F could not be detected.” Very
recently, this mechanism was supported by studied by
Metzger and co-workers, who used electrospray ionization
mass spectroscopy to successfully intercept and characterize
the N-chlorinated intermediate F formed when prolinamide
XVIIT was used as the catalyst.”! The reaction rate appears to
be independent of the conversion of the two reagents, and it
can be significantly increased by adding simple acids and
water. The presented data suggest that the rate-determining
step of this chlorination reaction is the hydrolysis of the
iminium ion G (Scheme 23). This is notably different to the
aldol reaction, where computational analysis suggests that the
formation of a C—C bond is the rate-determining step.?>*

The enantioselective chlorination was a milestone in the
field of aminocatalysis. It became the inspiration for, and the
beginning of, a series of enantioselective a-halogenations®
of both aldehydes and ketones, which culminated in the
successful development of the particularly challenging o-
fluorination of aldehydes.
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5.3. Enantioselective Fluorination Reactions

The electrophilic fluorination reaction whetted the scien-
tific appetite of many chemists."”! The large electronegativity
and small van der Walls radius of the fluorine atom clearly
differentiates it from the other halogens. This helps explain
the great interest in this reaction. The potential applications
of the fluorinated products were also a strong incentive to
optimize this reaction. Fluorine substituents usually affect the
overall physicochemical properties of a molecule.” For
example, the addition of fluorine atom to a biologically active
compound can significantly improve its metabolic stability.

The race towards an efficient a-fluorination of carbonyl
compounds led to the publication of four independent
contributions in a very short period of time (Scheme 24).

1 Catalyst 0
LG atalys
R’ * F —_ R1J\(F + H’LG
R? R2
excess
Catalyst Fluorinating Agent
X/,
R'= alkyl & Selectfluor
X =H, up to 29% ee N~ CO,H “17)

X=0H,upto36%ee

R'=H

up to 88% ee Ph H
o} Me @
N

RizH Me S0,
91-99% ee N° Me PN
° Ph H.pca I SO,
/PrOH @
CF, CF,
NFSI (18
R'=H O (a8
91-97% ee OTMS

N
H O XIXa
CFy CF,4

Scheme 24. The enantioselective amino-catalyzed a-fluorination of car-
bonyl compounds. LG =leaving group, DCA=dichloroacetic acid.

The first a-fluorination of aldehydes and ketones was
reported by Enders and Hiittl.”® They described how differ-
ent chiral amines catalyzed the o functionalization of car-
bonyl compounds by using selectfluor (17) as the source of
electrophilic fluorine. However, the maximum enantiomeric
excess observed in the fluorination of cyclohexanone was only
36% ee. Barbas and co-workers””! applied the imidazolidi-
none catalyst II to the reaction of aldehydes with the milder
electrophilic fluorine source N-fluorodibenzenesulfonimide
(NFSI, 18). Despite the moderate catalyst turnover (catalyst
loading 30-100 mol %), high levels of stereocontrol were
achieved (up to 88 % ee). Beeson and MacMillan® reported
that the imidazolidinone II is a much more efficient catalyst
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for this transformation if used in combination with 10 mol %
of an appropriate acid and 2-propanol. These improved
reaction conditions, with a much lower catalyst loading,
provide the fluorinated aldehydes in moderate to high yields
and up to 99% ee. Jgrgensen and co-workers®™ found that
(8)-2-[bis-(3,5-bis-trifluoromethylphenyl)trimethylsilanylox-
ymethyl]pyrrolidine (XIXa; see Section5.5) was also a
suitable catalyst for the a-fluorination of aldehydes with 18.
Products were obtained in good yields and with excellent
selectivities (91-97 % ee) under mild conditions and using
only 1 mol% of the catalyst. Interestingly, it was demon-
strated that the catalytic system controls the stereochemical
output of the reaction by means of two distinct, but clearly
connected, patterns. The main one, of course, is the highly
stereoselective formation of the C—F bond. Studies on the
kinetic and the positive nonlinear effects in the reaction also
indicated that the system is capable of “metabolizing” the
minor enantiomer by catalyzing a selective second a-fluori-
nation.®"

5.4. Imidazolidinone Catalysts in Enamine Catalysis

In addition to promoting highly enantioselective conju-
gate additions of different nucleophiles to o,p-unsaturated
compounds (Section 4), the MacMillan imidazolidinone cata-
lysts II and IV proved to effectively participate in HOMO-
raising enamine activation with aldehydes. The shift from the
iminium to activation by imidazolidinones followed mecha-
nistic considerations: a computational study on the aldol
reaction indicated the involvement of a late transition state,
thus suggesting that the development of the iminium st bond
preceeds formation of the carbon-carbon bond.™ On this
basis, MacMillan and co-workers hypothesized that the ability
of the chiral amine to control the iminium geometry in the
transition state might be a crucial factor for achieving high
enantiofacial discrimination in the enamine additions. The
efficiency of imidazolidinones in activating carbonyl groups
as iminium ions imparting high level of geometric control led
to the authors wondering if the same chiral amine scaffolds
might readily function as highly selective enamine catalysts.
This hypothesis was validated by performing an asymmetric
enamine-aldol reaction catalyzed by imidazolidinone IV
(Scheme 25),% and was further corroborated by the halo-
genation!’>"*3% of aldehydes (see Sections 5.2 and 5.3) and by
other asymmetric enamine-based transformations.!

o]
% IV-TFA OMe OH
5 -
Ve Et,0/4°C MeO Me
Amberlyst-15, MeOH Me
86% yield
I dr. 41
O Me 94% ee
Me
N Me
Ph Me
# H
Me

Scheme 25. Imidazolidinone IV as an enamine catalyst.
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5.5. Diaryl Prolinol Ethers in Enamine and Iminium Catalysis

The excellent results obtained in the halogenation reac-
tions revealed the tremendous potential of the organocata-
lytic approach. This approach opened up unexplored possi-
bilities for many asymmetric nucleophilic substitutions that
proceed through activation as enamines. When the organo-
catalytic chlorination reaction first appeared in the literature,
the organocatalytic electrophilic a-sulfenylation reaction of
aldehydes was already being studied. In early 2005, Jgrgensen
and co-workers published the first highly enantioselective
version of this elusive yet important transformation, which
was not possible with other asymmetric catalytic methods
(Scheme 26).

Catalyst 0
| o
H 4+ PO g LG _(10mol%) KKS‘PG N
R additive R
Catalyst: Sulfenylating Agent
Ar
A Ph \/S\N . N\
N r = V
H X 19 N
XiIXb: X = OH Ar =Ph
XX :X=H Ar =Ph
XiXe: X=0TMS Ar=Ph
XIXd: X = OTMS  Ar = 2-Napht

XIXe: X = OTMS
XIXa: X = 0OTMS

Ar = 3,5-(CH,3),CgH3
Ar = 3,5-(CF3),CgH;

Scheme 26. The enantioselective amino-catalyzed sulfenylation of alde-
hydes. LG=leaving group, PG = protecting group.

The novel sulfenylating agent 1-benzylsulfanyl-1,2,4-tria-
zole (19) represents the best compromise in terms of stability,
reactivity, ease of preparation, and synthetic utility for this
reaction. In addition to the value of this transformation,®*!
the highlight of this study is without doubt the synthesis of a
new class of organocatalysts. Simple protection of the oxygen
atom of the inactive diphenylprolinol (XIXb) with a trime-
thylsilyl (TMS) group produced the catalyst XIXec, excellent
in terms of both yield (90 %) and enantioselectivity (77 % ee).
A small modification of the aromatic moieties of the catalyst
led to the optimized Jgrgensen catalyst (S)-2-[bis(3,5-bis(tri-
fluoromethyl)phenyl)trimethylsilanyloxymethyl]pyrrolidine
(XIXa), which catalyzes the formation of sulfenylated
products in high yield and in over 95 % ee.[5*!

Diphenylprolinol (XIXb) is an amino alcohol which was
first synthesized in the 1930s.%% It was used by Enders
et al.®! as a chiral auxiliary and by Corey et al. as a ligand in
Lewis acid catalyzed reactions.®™ The compound rarely
demonstrated useful catalytic activity when used as an
enamine activator, although in some transformations it
could induce high stereocontrol.® The poor yields obtained
with XIXb were explained by the larger size of the
substituents relative to catalyst XX, which, in contrast, often
showed good activity and low levels of stereocontrol.”¢l
Jgrgensen and co-workers, however, suggested that the
reason for the disappointing behavior of XIXb was the
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formation of unreactive hemiaminal species (Scheme 27).*")

It was not the size but the chemical reactivity of the free
hydroxy group that was the deciding factor. A simple
protection of this functionality consequently restored the
high activity.

o

+ +

N Ph -H N Ph
R2, H'V OH R2, ﬁo Ph

R R
R? = H, electrophilic group

Scheme 27. The hemiaminal equilibrium.

Outstanding enantiomeric excess and a consistent abso-
lute configuration were observed for the transformations
catalyzed by diarylprolinol silyl ethers. These findings are in
agreement with a transition state that minimizes the steric
interactions between the bulky substituents on the pyrrolidine
ring and the reactive carbon atom ( E-anti configuration of the
enamine).®! At the same time, the catalyst structure guaran-
tees an excellent shielding of the Si face of the enamine, and
the overall result is an almost complete stereocontrol in the
reaction (Figure 3). Furthermore, the sterically encumbered

up to 99% ee

(0]

Wg | E. 2
. Ar | :
N 1 R

2\
/R m C electrophiles m S electrophiles
Re face m O electrophiles m Se electrophiles
exposed ! m Nelectrophiles  m Halogen electrophiles

Figure 3. Enantioselectivity in the reactions catalyzed by diaryl prolinol
ethers through enamine activation.

chiral amine seems to prevent racemization of the optically
active products, as exemplified by the sulfenylation®® and
fluorination reactions.”™! Notably, the proposed model, which
explains the activity and the asymmetric induction, does not
rely upon the structure of the electrophile. This points to the
possible use of this new class of catalysts in reactions other
than the o-sulfenylation reaction.®” The more general
potential of this type of catalyst was soon confirmed by its
application in the previously described a-fluorination reac-
tion.

Interestingly, a few months after these first publications by
Jgrgensen and co-workers on the use of O-silyl derivatives of
diarylprolinol as efficient enamine-based organocatalysts,
Hayashi et al. demonstrated the efficiency of these type of
catalysts as highly stereoselective promoters of the asymmet-
ric conjugate addition of aldehydes to nitroalkenes, a bench-
mark C—C bond-forming reaction.”” The ability of catalysts
XIXa-e to promote asymmetric nucleophilic additions other
than substitution reactions was exploited, for example, in
enantioselective conjugate additions,®”°! arylations,”” Man-
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nich reactions®” and aminomethylation reactions.”” C—N
(o amination® and oxyamination®) and C—O bond-forming
reactions™ also take place under similar conditions and
afford the same excellent enantioselectivities. The “journey”
around the periodic table continues with the publication of a-
bromination,®”! a-selenenylation,” the previously described
a-fluorination, and a-sulfenylation reactions (Figure 3).

Just as the MacMillan catalysts, which were designed for
iminium ion catalysis, turned out to be effective for enamine
catalysis, so the diaryl prolinol silyl ethers (designed for
application in enamine-catalyzed reactions) found application
in iminium ion catalysis. The addition of C-,*! N-""1 O-"8l S-
L1 and P-based™ nucleophiles to a,B-unsaturated aldehydes
was reported to be highly enantioselective in the presence of
catalytic amounts of Jgrgensen catalyst XIXa or its deriva-
tives (Figure 4). Here too, the excellent stereoselectivities

Nu up to 98% ee

m C nucleophiles m S nucleophiles

® O nucleophiles m P nucleophiles

i m N nucleophiles m [3+2] cycloadditions

Re face exposed

Figure 4. Enantioselectivity in the reactions catalyzed by diaryl prolinol
ethers through activation as iminium ions.

reported are closely connected to the size of the substituents
on the catalyst. The configuration of the iminium ion in the
transition state is such that steric repulsions are minimized.
The chiral fragment extends enough to provide efficient face-
shielding to the more distant 3-carbon atom. The addition of
catalytic amounts of an organic acid usually increases the rate
of this kind of transformation. There is most likely a
relationship between the energy of the LUMO of the iminium
ion and the nature of its counteranion. However, the role of
these additives has not been completely clarified and might
not be the same in all situations. It is commonly accepted that
acids are able to increase the rate of the overall catalytic
process by accelerating the formation of the enamine and/or
its hydrolysis. (A new perspective on the role of the counter-
anion in asymmetric iminium catalysis can be found in
Section 7.2.)

In both models (Figure 3 and 4), the efficiency of the O-
protected diaryl prolinols seems to be related only to the size
of the substituents on the catalyst and not to their chemical
nature. The first consequence of this is that fine-tuning of the
catalytic activity can easily be achieved by subtle modification
of the aryl structure. The smaller® 7 (and often, therefore,
more reactive) catalyst XIXc with the phenyl substituents
could be applied in some transformations, while maintaining
outstanding levels of selectivity. The research groups of
Gellman,”'* Hayashi,”? and Wang”®" reported that it is also
possible to change the protecting group on the oxygen atom
(methyl, fert-butyldimethylsilyl (TBDMS), or triethylsilyl
(TES)) to modulate the reactivity and improve the chemical
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stability of the catalyst. More recently, Palomo et al. de-
scribed excellent results in a series of enantioselective trans-
formations with a catalyst bearing long aliphatic chains in
place of the aryl groups.'"”

There are two further properties of O-protected diaryl
prolinols that need to be mentioned. First, they are poor
catalysts for the homo-aldol reaction of aldehydes under the
mild conditions in which they are usually applied. This is very
important since the formation of such by-products often
forces the use of a large excess of aldehyde when other chiral
amines are used as the organocatalysts. Secondly, the catalysts
are compatible with different reaction media. Successful
applications have been reported in a variety of solvents
ranging from the apolar and aprotic hexane and toluene to
polar and protic solvents such as ethanol or water.

5.6. General Catalysts and Specific Designs

The development of new enantioselective reactions is the
ultimate goal for organic chemists involved in this highly
competitive and stimulating research field. The combined
efficiency of the natural “universal catalyst” proline and the
synthetic MacMillan catalysts and the silyl-protected diaryl
prolinol catalysts is a precious tool for synthetic chemists, who
can avoid screening large numbers of catalysts when search-
ing for the optimal conditions for new asymmetric processes.
The successes obtained using these catalytic systems
increased the enthusiasm of chemists to investigate ever
more challenging combinations of electrophiles and nucleo-
philes. However, the progress obtained should not just be
measured by the number of new reactions that have been
discovered. Aminocatalysis is not limited to the application of
a few efficient organocatalysts. The most important achieve-
ment has been a deeper understanding of the complex
mechanisms associated with the multistep catalytic processes.

The development of the efficient anti-selective Mannich
reaction is just one example of how aminocatalysis has
already become a versatile tool for synthetic organic chemists.
This reaction represents a difficult task, since proline is able to
catalyze exclusively the formation of the syn product with
excellent levels of stereocontrol (Section 3.4). Activation by
the acidic proton results in the Siface of the enamine
approaching the Si face of the imine with the formation of a
nine-membered ring transition state (Figure 5a; see Sec-
tion 3.4.1 for a mechanistic discussion). A highly enantiose-
lective anti-selective Mannich reaction was later reported by
Jgrgensen and co-workers: by using organocatalyst XIXa, the
products could be obtained with moderate to good diaste-
reoselectivities (anti:syn 4:1-15:1) and in up to 98% ee
(Figure 5b).®” However, organocatalysts that have general
applicability do not perform at their optimum ability in every
single transformation.

The results obtained by the research group of Maruokal'*
and by Barbas, Houk, and co-workers!'"! with specifically
designed catalysts demonstrate the full power of the amino-
catalytic approach. Maruoka and co-workers used their
familiarity with axial chirality®™ and their initial investiga-
tions on non-natural axially chiral amino acids as enamine
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6. Amino-Catalyzed Domino Reactions

The synthesis of complex, optically active
molecules is usually the result of multistep syn-
theses and often requires the isolation and purifi-
cation of many intermediates. In contrast, the
biosynthesis of complex natural products is ach-
ieved by highly regulated catalytic cascade reac-
tions that do not require these time-consuming
and costly operations. Once more, the efficiency of
nature is a fount of inspiration, and the design of
catalytic enantioselective domino transformations
has become an essential goal.l'® Such an
approach might reduce the great need for protect-
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Figure 5. Highly efficient control of the relative and absolute configuration in the
Mannich reaction. a) Proline-catalyzed syn-Mannich reaction. b)—d) Amino-catalyzed

anti-selective Mannich reactions.

catalysts.'"™ The extraordinary chiral amino sulfonamide XXI
is capable of catalyzing the anti-selective Mannich reaction
with a diastereoselectivity of at least 11:1 and 97 % ee for all
the substrates tested (Figure 5c¢).'" The ten-membered-ring
transition state H in which the Si face of the imine approaches
the Re face of the E enamine is the only one that can fully
benefit from the double activation of the aldehyde (by the
seven-membered ring amine) and of the electrophile (by the
acidic proton of the sulfonamide). Houk etal. found an
elegant solution to the issues raised by the anti-selective
Mannich reaction. The most important feature is the control
of the enamine conformation and the correct positioning of
the key proton activation of the imine (ten-membered-ring
transition state I, Figure 5d).'") Their experience with pro-
line-catalyzed reactions**® and computational investiga-
tions™™ prompted the authors to introduce two important
modifications to the proline structure: they moved the
carboxylic acid from position 2 to position 3 of the pyrrolidine
ring, and an additional methyl group was introduced at
position 5. The resulting active catalyst XXII has almost
complete control over both the diastereomeric and enantio-
meric ratios, despite its simple molecular structure.

The general and readilyy available catalysts'® represent
an important starting point for the investigation of new
reactions. However, aminocatalysis will face problems of
increasing complexity and diversity in the near future. It is
realistic to assume that these problems will also be solved by
using different catalysts, rationally designed to perform best
in a single application.
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ing groups, which is a serious limitation in the
overall atom economy of every synthesis. The
knowledge accumulated on the mechanism of
enamine and iminium catalysis has allowed the
integration of these activation modes into more

Me elaborate reaction sequences, with the aim of

securing direct and simple access to complex
products.'”)

The first example of an organocatalytic
domino reaction was presented in 2000 by Bui
and Barbas (Scheme 28)."®! In this Robinson
annulation,'” L-proline (I) first catalyzes the
conjugate addition of 2-methyl-1,3-cyclohexadie-

L/r\ o
+
o) /\j/ij
(6]
20

Scheme 28. Asymmetric Robinson annulation (iminium ion/enamine-
catalyzed domino reaction).

O

/J/ijij 49% vyield
O 76% ee

21

) (35 mol%)

DMSO, 35°C

none 20 to methyl vinyl ketone. The achiral intermediate is
then converted into tetrahydronaphthalene-1,6(2H,7H)-
dione 21 in 49 % yield and 76 % ee.

In 2004, Jgrgensen and co-workers described a new
domino reaction involving [-ketoesters and unsaturated
ketones (Scheme 29),[? with a mechanism closely related
to the Robinson annulation. The chiral imidazolidinone VII
catalyzes the enantioselective Michael addition (Section 4.2)
of 1,3-dicarbonyl compounds to the enone through activation

Me
N
//q‘/\""‘COZH
H
Ph Vil

o Ar' (|)

VN J

= (10 mol%) J\ORz

+ OR?
o N EtOH, RT 07 AR
R! O7 TAr? Y OH

22-80% yield
dr.>97:3
83-99% ee

Scheme 29. Asymmetric conjugate addition/aldol reaction.

Angew. Chem. Int. Ed. 2008, 47, 61386171


http://www.angewandte.org

Organocatalysis

as an iminium ion, followed by a diastereoselective ring
closure. Interestingly, under the described reaction condi-
tions, the dehydratation does not occur and products with up
to four stereocenters were obtained diastereomerically pure
(d.r.>97:3) and with excellent enantiomeric excess.

In 2003, Barbas and co-workers started an interesting
series of investigations on the coupling of three components
through sequential Knoevenagel and Diels—Alder reac-
tions."™ One example of the efficiency and broad scope of
their approach is summarized in Scheme 30.'%" In the first
step, the aldehyde reacts with Meldrum acid to form the

o
<N CO,H

A’ H xxim Ar' O O7L
-, o><o . )? (20 mol%) o
OMO Ar MeOH, RT 0
o 72-96h 07, A
80-99% yield
84-99% ee
>< Ar'
e
HO,C ﬁ
o o)
| JN ~
2
J Ar S K

Scheme 30. Asymmetric Knoevenagel/Diels—Alder reaction.

reactive dienophile J. In the second step, the chiral dienamine
intermediate K, formed by condensation of 5,5-dimethyl-
thiazolidinium-4-carboxylate (XXIII) with the enone, reacts
in a highly diastereoselctive manner with the product J of the
Knoevenagel condensation. The optically active products 22
of the Diels—Alder reaction are obtained with up to 99 % ee
after hydrolysis of the catalyst.

Another important example of an organocatalyzed
domino reaction involving unsaturated ketones was reported
by Yamamoto and co-workers (Scheme 31)."% Here, the
catalyst combines different characteristics of aminocatalysis
to promote both steps in the addition of cyclic enones to

/N‘
N N "
o o H GHN-N i o
N @mo%) O 0 p=12
) + = | - . N 34-64% yield
~'n o 0 98-99% ee
7 Ngz  MeCN, 40°C /3 o
23 = g2

Scheme 31. Domino enamine/iminium ion catalyzed reaction.
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nitrosobenzene or its derivatives 23. Initial condensation of
the proline-based tetrazole IX with cyclic enones generates
the electron-rich dienamine intermediate L, which chemo-
selectively reacts with the oxygen atom of the nitrosobenzene
23 (see Section 3.4.3). In the second stereodefining step, the
iminium ion M, formed from IX and the a,f-unsaturated
product, undergoes the conjugate intramolecular addition
that closes the six-membered ring with up to 99 % ee.

The first example of a domino reaction involving a.,f3-
unsaturated aldehydes was presented in 2004 by the MacMil-
lan research group.''! First, the nucleophilic indole 24 attacks
the chiral iminium ion formed from the imidazolidinone II
and the o,fB-unsaturated aldehyde (Scheme 32). This highly

6} Me
R4\/\CHO N CHO
Me 4
x-H P R
+ Me
ph N el X
X n PTSA ~Z~N"H
r24 N L1
i R
ZN 24 5
R d.r. 10:1-50:1
89-99% ee

(-)-Flustramine B

Scheme 32. Domino conjugate addition/cyclization reaction.

enantioselective formation of a quaternary all-carbon-sub-
stituted stereocenter is then followed by the trapping of the
indolinium ion N by the appended alcohol or carbamate-
protected amino moieties. The pyrroloindolines 25 are thus
synthesized in high yields and with excellent diastereomeric
and enantiomeric ratios in one single and simple operation.
Many analogues of naturally occurring compounds could be
accessed by this approach. For example, (—)-flustramine B
was synthesized in just five steps starting from the product of
an organocatalytic reaction.

A different approach to aminocatalyzed domino reactions
is based on the conjugate addition of a nucleophile to a,p3-
unsaturated aldehydes followed by the a-functionalization of
the resulting saturated aldehydes (Scheme 33). The catalyst
has an active role in both steps of this sequence: initially it
forms the activated iminium ion species and later it forms the
electron-rich enamine intermediate.

E
iminium ion /' enamine E
R\/vo catalysis R _0 catalysis R _« _0
= -~ \(\/ it Aty *

Nu-/ Nu Nu

Scheme 33. Domino iminium ion/enamine catalyzed reaction.
Nu = nucleophile, E=electrophile.
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In 2005, Kunz and MacMillan applied 2-carboxylic acid
dihydroindole (XXIV) as a catalyst in the reaction between
a,p-unsaturated aldehydes and stabilized sulfur ylides 26
(Scheme 34). The cylopropane derivatives 27 were formed in
good yields, high diastereoselectivity, and very good enantio-
meric excess (up to 96% ee).""”

R1
S~ CHO
. o R%, .CHO
Me N
SR XXIWH  oH Ri  63-85% yield
Me” d.r.6:1-72:1
26 27 89-99% ee

DMF: 20% conv. -30% ee
6] Acetone: 16% conv. 28% ee

THF: 25% conv. 77% ee
CHClj: 85% conv. 95% ee

Scheme 34. Organocatalytic cyclopropanation.

The authors advanced a peculiar mechanism of chiral
induction, termed “direct electrostatic activation” (DEA).
The interaction between the carboxylate group on the chiral
fragment and the thionium substituents helps the nucleophilic
reagent to get in close to the f-carbon atom of the iminium
ion (see intermediate O, Scheme 34), thereby facilitating the
formation of a carbon-carbon bond. Catalyst XXIV achieves
higher enantioselectivities than proline (46 % ee), because of
better control over the conformation of the iminium ion
through steric repulsion between the olefin substrate and the
hydrogen atom of the aromatic ring. The postulated DEA
mechanism is supported by solvent studies. A slower reaction
and poor enantiomeric excess was observed in polar solvents,
which can disrupt the described charge—charge interaction.
The inversion of the absolute configuration observed in DMF
can probably be associated with a different enantiodifferen-
tiating pathway, in which the face-shielding of the carboxylate
substituent prevails over the now weak or absent charge—
charge interaction.

Shortly after, Jgrgensen and co-workers demonstrated
that the O-TMS diaryl prolinol XIXa can catalyze the direct
epoxidation of P-mono or disubstituted o,p-unsaturated
aldehydes under very mild conditions (Scheme 35).'"*!

~CHO

e

63-90% yield

XIXa (10 mol%
j/\CHo + R0, Xa (10 mo)
(;H20|2 RT

\. 9™™s dr. 3:1-49:1
N Ar 75-98% ee
Ar
r\(\/
HO-0,,
R" gz P

Scheme 35. Organocatalytic epoxidation.
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Although the reaction seems to proceed best in dichloro-
methane, it is efficient in many different solvents, including
alcohols and water. Hydrogen peroxide (35 % in water) was
used as the oxidant to achieve very good yields and excellent
diastereomeric ratios and enantioselectivities. The mecha-
nism first involves activation of the unsaturated aldehydes as
an iminium ion and then nucleophilic addition of the hydro-
gen peroxide. The newly formed enamine intermediate P
attacks the electrophilic peroxide unit and closes the three-
membered ring. The protocol is also applicable to a,p-
disubstituted acrolein derivatives. Mixtures of E and Z olefins
are transformed with very good stereoselectivity. Such a
stereoconvergent outcome, independent of the configuration
of the double bond, has been observed in other iminium-
catalyzed transformations (see Section 4.1).

Approximately two years after these ground-breaking
discoveries, the Cérdova research group reported the asym-
metric  aziridination of  o,f-unsaturated aldehydes
(Scheme 36)."Y The key factor for the success of this

AcO. .Cbz

R\/\CHO + ” XIXc (10 mol%) CbZ~N wCHO
28 CHCl;, RT A
54-78% yield
.. QTMS d.r. 5:1-10:1
N Ar 90-99% ee
Ar
~ {2
AcO-N,,
Cbz K

Scheme 36. Organocatalytic aziridination. Cbz = benzyloxycarbonyl.

aminocatalytic asymmetric transformation was the choice of
the nitrogen source 28. The valuable aziridine scaffolds with
an easily removable benzyl carbamate protecting group were
obtained directly with very high enantiomeric excess (90—
99 % ee) by using the smallest of the Jgrgensen-type catalysts
XIXc (Ar=Ph).

Fundamental developments in the application of the
iminium ion—-enamine activation strategy were independently
and simultaneously reported by the research groups of List,
Jgrgensen, and MacMillan. List and co-workers disclosed a
domino organocatalytic hydrogenation/Michael cyclization.
They used the HCl salt of MacMillan catalyst II and obtained
excellent yields and levels of stereocontrol under very mild
reaction conditions (Scheme 37).01%%!

COR2

II-HCI 1 COR?
\ “ Etozcj\)ICOQEt (20 mol%) Rl
~1CHO
_ / CHO Me N dloxane =
H 86-98% yield
excess d.r. 5:1-50:1
86-97% ee

Scheme 37. Organocatalytic hydrogenation/Michael cyclization
sequence.
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The research groups of Jgrgensen™ and MacMillan!'®!
went one step further by applying the iminium ion/enamine
activation strategy to develop a series of new multicomponent
reactions in which the two stereoselective steps are intermo-
lecular reactions. Jgrgensen and co-workers combined the
first highly enantioselective organocatalytic addition of thiols
to a,p-unsaturated aldehydes in an o-amination reaction
(Scheme 38).”1 The products were further reduced and

CHO XiXa-PhCO,H
~ J o coR® (10mol%) GHO
JSH = N N s
N o R N-COR
R%0,C” toluene, -15°C R' HN-CO,R®
1.2 equiv 1.5 equiv

38-72% yield
d.r. 7:1-24:1
97-99% ee

Scheme 38. Aminocatalytic sulfa-Michael addition/amination
sequence.

cyclizated in a one-pot process to afford 29 in good yields
with excellent diastereomeric ratios and enantiomeric excess.
One important aspect of this reaction is that moderate to
good yields could be maintained when all three components
were present in an approximately equimolar ratio in the
multicomponent reaction.

MacMillan and co-workers used a variation of their chiral
imidazolidinones (XXV) to combine the enantioselective
conjugate addition of a large number of diverse carbon-based
nucleophiles with an a-chlorination (Scheme 39).!1°!

CHO  ~  XXV-TFA (20 mol%) CHO
N NP e XL Nu"-H"’x
i ACOEt, -40°C R
67-97% yield
d.r. 8:1-25:1

0 N,Me 99% ee
N H
Bn xxv

Scheme 39. Aminocatalytic conjugate addition/halogenation.
LG =leaving group.

An extremely appealing feature of these domino sequen-
ces was observed by the research groups of both Jgrgensen!'!”!
and MacMillan."'*! They found that the interaction between
the chiral catalyst and the chiral intermediate, resulting from
the first conjugate addition, induces a remarkable enantioen-
richment in the final enamine step. This approach affords
rapid access to products with generally over 99 % ee.

Furthermore, MacMillan and co-workers performed a
series of investigations that significantly expanded the scope
of this approach.!"'® It was demonstrated clearly that organo-
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catalysts with different iminium ion/enamine activities can
coexist, thus allowing the preparation of both diastereoiso-
mers of the optically active products. The Hantzsch ester 13
and NFSI (18) constitute the nucleophile and the electrophile,
respectively, in a domino hydrogenation/fluorination reaction
which, according to the catalyst combination, can give syn or
anti addition products in good yield and with 99 % ee
(Scheme 40).

V (7.5 mol%)

CHO~ 11 (30 mol%) CHO CHO
Meu o Lo = el A el
W e CHCl )6
THF/iPrOH 09% ce
O .
N'M;[ syn anti yield
N (S , .
o N e (R-V+(SHE 16 1 81%
o Me (R)-V + (R)-I: 1 9 62%
N
f  Me (RV
N) /ﬁMe
H Me

Scheme 40. Aminocatalytic syn- or anti-diastereoselective hydrogena-
tion/fluorination reaction. LG =leaving group.

Enders and co-workers found success in the even more
ambitious synthetic task of controlling four stereocenters in a
triple domino reaction by using the aminocatalyst to perform
an outstanding sequential enamine/iminium/enamine activa-
tion sequence (Scheme 41)."'8I The O-TMS diphenylproli-

1 o~ CHo ix 1 OH R CHO
R'__CHO c R CHO
~ \g (10 moi%) \i:[ — :CE s
N (R v R YR
o R2 - RS -
AP 0°C - RT - 20 NO,
NO, NO,
29-54% yield
d.r.2:1to >50:1
O\CEMS >99% ee
Ph
N
H Ph
XiXc

Scheme 41. Aminocatalytic enamine/iminium ion/enamine catalyzed
domino reaction.

nol catalyst (XIXc) first controls a Michael addition of the
aliphatic aldehydes to nitrostyrene derivatives. In the second
step, the chiral amine catalyzes the conjugate addition of the
nitroalkane intermediate to o,fB-unsaturated aldehydes. The
last step is an aldol reaction, where the less-hindered
aldehyde acts as a nucleophile, which is followed by the
elimination of water. The highly functionalized products 30
are obtained in essentially enantiopure form in a simple single
operation."

In parallel with the rush to reach the limits (three reaction
partners and/or three catalytic steps) of aminocatalyzed
domino reactions, the different research groups began a
series of investigations that focused on the assembly of
functionalized cyclic structures that could represent good
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starting points for the synthesis of naturally occurring or
biologically active compounds. Most of the recent organo-
catalytic domino reactions have a common strategy. The
Michael addition is generally the first step. It creates a
stereocenter with excellent enantiomeric excess but also the
“tool” that links together, for example, an a,p-unsaturated
aldehyde with a second bifunctional building block. Five- and
six-membered rings were the main targets of initial experi-
ments since they are kinetically or thermodynamically
favored.

As a first example, Jgrgensen and co-workers reported a
domino conjugate addition and aldol reaction, followed by an
in situ base-catalyzed intramolecular alkylation
(Scheme 42).°! The chiral catalyst controls only the first

0o © o o
C'\)K/U\ow XiXa, al
AcONa OR!
aldol ( + ) MA ,
HO “R?
N CH,Cl,, RT
K,CO,
one-pot DMF, RT

0] O O
40-57% yield 4
d.r. 99:1 o<j U O@AOR
84-97% ee “R2 "Rz 31

Scheme 42. Organocatalytic iminium ion/cyclization.

step in this synthesis, while the weak base catalyzes the aldol
condensation. Such transformations catalyzed by iminium
ions are compatible with different organic as well as inorganic
bases. Moreover, the enantiomeric excess in the overall
process is not affected by their presence. The products 31 of
this one-pot conjugate addition and Darzens condensation
are obtained in good yield, remarkably so given the complex-
ity of these molecules. More importantly, the first stereocen-
ter, forged by the catalyst, induces complete stereocontrol
over the other steps. After hydrolysis and decarboxylation of
the ester group, the product containing three stereocenters is
diastereomerically pure with up to 97 % ee.

The principle of the most successful domino reactions is
presented in Figure 6. As previously mentioned, the first step
is often a conjugate addition, where the nucleophilic partner
of the a,pB-unsaturated aldehyde can be an activated methyl-
ene group (C—C bond formation).'”! Alternatively C—S, C—
N, and C—O bonds can be formed using thiols,'??! amines,**!
and alcohols, ' respectively. In the cyclization step, the
newly formed saturated aldehyde can act as an electrophile
(Figure 6a; for example, for aldol,'*? nitroaldol,'*#1 and
Morita-Baylis-Hillman (MBH) reactions® or carbamate
addition™'™) or as a nucleophile (Figure 6b). In this last case,
the intramolecular o functionalization might occur via an
enamine intermediate, as was presented earlier by the
research groups of MacMillan, List, and Jgrgensen. Examples
involving aldol*'** (often followed by elimination), alkyla-
tion,*d or Michael additions!"? have already been
reported by different research groups. The optically active
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Jas 3
a) | 2 b) f‘-i&?
R;? R.?
@ = $-SH $-NH, $-OH §@NOZ e
EWG
. o>L """""""""""""""
. R NO, R
@ - 1 d" 1% i =4
@ -4 4 14 19

Figure 6. Organocatalytic iminium ion/cyclizations promoted by diaryl
prolinol ethers and basic or acid co-catalysts. a) Domino nucleophilic
additions to o,p-unsaturated aldehydes. b) Domino (- and a-function-
alization of a,f-unsaturated aldehydes. EWG = electron-withdrawing

group.

cyclized products with up to fivel’!! newly formed stereocen-
ters are always characterized not just by an excellent
enantiomeric excess but, generally, by high to excellent
diastereomeric ratios.

It is impossible to predict how extensive the application of
organocatalyzed domino reactions will be in organic synthesis
since every new report seems to expand the possibilities of
this approach. When these ideas are combined with the
possibility of one-pot oxidation, reduction, reductive amina-
tion, or Wittig reactions, the limits seem set only by the
imagination of the chemists. It also seems reasonable that the
particular thermodynamic and kinetic aspects of the different
intramolecular steps will enable the broad generality of
proline and of the different variations of the MacMillan or
Jgrgensen catalysts to be complemented by new and specif-
ically designed catalyst structures. A host of new possibilities
would appear if the concept of the coexistence of different
organocatalysts, as introduced by MacMillan and co-work-
ers,"" could be exploited to control and engineer both the
absolute and relative configuration of all the stereocenters of
these complex optically active products. Furthermore, reac-
tions catalyzed by iminium ions and enamines take place in
the presence of strong acids and strong bases. They therefore
seem perfectly suited to be combined with other organo-
catalytic strategies in even more efficient multicomponent or
one-pot sequences, as was recently demonstrated by List and
co-workers (Section 7.2).

7. New Directions

Asymmetric aminocatalysis has become established as a
reliable and powerful tool for modern synthetic chemistry. It
can deliver unique and divergent carbonyl activation path-

ways, complementing and often overcoming the inherent
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restrictions of classic asymmetric methods. This has prompted
recent research towards more ambitious objectives. The
fundamental principles of aminocatalysis have been estab-
lished, and now it can be combined with concepts from other
areas of chemistry to develop previously unknown trans-
formations.

7.1. Catalysis with Chiral Primary Amines

Chiral secondary amine catalysts have been the “stars” in
asymmetric aminocatalytic. By contrast, little attention has
been paid to the development of chiral primary amine
catalysts. Yet, primary amine catalysis is effectively exploited
by natural enzymes such as Type I aldolases and decarbox-
ylases, both of which contain catalytically active lysine
residues.” Moreover, since the pioneering studies in the
early 1970s on intramolecular aldol cyclizations,'” it was
established that natural amino acids other than proline (such
as L-phenylalanine) can promote enamine-based asymmetric
transformations.'"” The notion of unfavorable imine—enam-
ine equilibria may explain the low level of interest in the use
of primary amines.'”® A more important reason is perhaps
the excitement generated by the advent of proline in the field
of asymmetric catalysis and the consequent great emphasis
placed on cyclic secondary amines as organocatalysts.

In 2004, Pizzarello and Weber reported on the catalytic
influence of two nonracemic primary amino acids, alanine and
isovaline, on a water-based prebiotic model of sugar synthesis
by self-aldolization of glycol aldehydes 32 (Scheme 43).P!

H,N._ .COO 2

Me Et ~OH ~OH

HOMO XXVI . +
32 buffer pH5.4 O oH HO OH

glycolaldehyde XXVl  33a: L-Threose 33b: D-Erythrose

, 100 10.7 438

hee 25 35 0.2

10 1.4 0.8

Scheme 43. Primary amino acids as prebiotic asymmetric catalysts.

The choice of isovaline XX VI was due to the observation that
this chiral amino acid is the most abundant in meteorites. The
aminocatalyzed aldol condensation, carried out in aqueous
triethylammonium acetate buffer (pH 5.4 at 50°C), produced
tetroses 33 with low enantiomeric excess. However, the
asymmetric effect of the catalysts was still observed at the low
levels of catalyst ee values found in meteorites. This finding
corroborated the already proposed idea"™ that aminocata-
lytic reactions might have played a crucial role in the prebiotic
asymmetric synthesis of the building blocks of life. This report
generated a great drive towards the investigation of asym-
metric amplification with amino acids as catalysis and its
implication to the prebiotic evolution of homochirality
(Section 3.2).F%3U It also drew renewed attention towards
primary amines as potentially useful organocatalysts.
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Along these lines, some recent reports have demonstrated
the ability of simple derivatives of natural and unnatural
primary amino acids to efficiently promote important pro-
cesses such as aldol™ and Michael reactions."”! An inter-
esting application was described by Barbas and co-workers,
who used L-tryptophan and L-threonine to catalyze the
asymmetric syn-aldol and anti-selective Mannich reactions
of hydroxy ketones (Scheme 44).1%% This approach represents
an important synthetic advance, as it complements the ability
of proline catalysis to afford only syn-1,2-amino alcohols and
anti-1,2-diols (Section 3.4).

PMP_
\
K@L o HN,PMP
NO,
——
- H
L-tryptophan o} NO,
anti
Q 95% yield
)]\ — d.r. 12:1, 95% ee
OH

T
NO,

L-threonine

O OH
L
NO,
syn
75% yield

d.r. 15:1, 90% ee

Scheme 44. Primary amines in enamine catalysis.

Catalysis with primary amines encompasses the classical
activation modes of proline-derived catalysts, but also offers
the unique possibility of effecting processes between sterically
demanding partners. It thus overcomes the inherent difficul-
ties of chiral secondary amines in generating congested
covalent intermediates. An important example of the poten-
tial of primary amines for enamine activation was reported by
Jacobsen and co-workers,*!! who employed a new bifunc-
tional organocatalyst XXVII for the highly enantioselective
direct conjugate addition of a,a-disubstituted aldehydes™ to
nitroalkenes (Scheme 45). Originally, such catalysts with
primary amine groups and thiourea units were introduced
independently by Tsogoeva and Wey as well as by Huang and

% XXVIE @0 mol%) 0 Ve
AN o e SN oy N
Me H,O (5 equiv) Ph" Me

CH,Cl,, RT 4
91% yield
d.r. 23:1

99% ee

H\I/S

Ph N A
TN

o}
XXVII)

activate electrophile

NH,
\> activate nucleophile

Scheme 45. Bifunctional catalysts by primary amine and thiourea
groups.
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Jacobsen for the organocatalytic asymmetric addition of
ketones to nitroalkenes.*3l However, the innovative aspect of
this study was the use of a challenging class of carbonyl
compounds as nucleophilic counterparts—because of the
inherent steric bias of the enamine intermediate—and the
consequent construction of products 34 with two adjacent
stereogenic carbon atoms (one of which is quaternary). The
bifunctional catalyst XXVII combines the benefits associated
with a primary amine moiety and a Brgnsted acidic thiourea
unit, an established framework which can effectively activate
electrophiles through the formation of two hydrogen
bonds.” 3 These reports highlight how the capacity to
extrapolate and combine concepts from different areas of
organocatalysis is a crucial requirement for future progress.

Chiral primary amine derivatives have recently also been
employed to activate challenging classes of unsaturated
carbonyl compounds as iminium ions, thereby overcoming
the restrictions associated with secondary amine catalysis. For
example, the efficient activation of a-substituted a,f-unsatu-
rated aldehydes by the MacMillan imidazolidinone catalysts
or by Jgrgensen-type catalysts is generally not possible
because of steric constraints. Ishihara and Nakano succeeded
in this important goal by identifying a novel primary amine
organocatalyst XXVIII for the first enantioselective Diels—
Alder reaction with a-substituted acroleins."*! In particular,
a-acyloxyacroleins underwent exo-selective cycloaddition
with a variety of dienes in very good yields and high
enantioselectivity (Scheme 46). Notably, development of the
best organocatalyst for this transformation was by a mecha-
nism-guided design strategy based on a postulated five-
membered cyclic cis or trans transition state (TS). Exploiting
the m—m attractive interaction between the benzyl moiety of
the catalyst and the  system of the iminium intermediate in
the cis-TS Q and maximizing the steric hindrance between the
counterion (C¢FsSO;7), the catalyst architecture, and H,C=
CY in trans-TS R, catalyst XXVIII is able to promote the
Diels—Alder reaction with high enantiocontrol.

The asymmetric p-functionalization of unsaturated
ketones by iminium ion activation represents another difficult

OCOCgzH,-pOMe

Me, : j@HCHO
<: © :< 92% ee

XXVIII (2.5-20 mol%)
CeFs SOSH (2.75 equiv)

NH N— | O
Q ; dlenes
NH, !
Ph xxvin ; OCOCGH4-pOMe

«2.75 C4F5SO3H
e 91% ee

J: tH' ll{ 5"
T BT N | X3

interaction . ‘r:—_\‘;
cis-TS Q frans-TSR

Scheme 46. Primary amines in iminium catalysis: Diels—Alder reaction
of a-substituted acroleins.
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task, as sluggish reaction rates are usually observed under
secondary chiral amine catalysis, probably because of the
generation of only small amounts of the catalytically active
adducts (see Section 4.2). Also in this context, primary amines
could overcome the inherent limitations of the established
organocatalysts. In particular, it was demonstrated that the
salts of 9-amino-9-deoxyepiquinine (XXIXa) and 9-amino-9-
deoxyepihydroquinine (XXIXb), prepared in a single step by
a Mitsunobu reaction on the OH group of readily available
cinchona alkaloids, are effective catalysts for the activation of
enones (Scheme 47).°° By choosing the appropriate counter-

0 XXIX (x mol%) 0
OMe /Hk acid (2x mol%)
E R2 R2
NH; ; | iminiumion~_ J.,
N R activation R 'Nu
= ! .
R | high ee
N : = C nuclophiles
XXIXa: R = vinyl m O nucleophiles

XXIXb: R = ethyl m S nucleophiles

Scheme 47. Primary amine salts as activators of enones as iminium
ions.

anions (such as from TFA or the chiral p-N-Boc phenyl-
glycine), it was possible to tune the reactivity and the
selectivity of the catalyst system, thereby allowing the
highly enantioselective conjugate addition of a series of
different nucleophiles. In addition to their generality as
activators in iminium catalysis, catalysts XXIX have also been
successfully employed for the asymmetric a functionalization
of ketones via enamine intermediates.!"””

The recent results obtained by using chiral primary
amines have shown the potential of this approach. It seems
reasonable to expect that future studies on both enamine and
iminium catalysis will expand the range of possible electro-
philes or nucleophiles that can be stereoselectively introduced
into ketones, and thereby approach the excellent levels of
efficiency already reached in the aminocatalyzed functional-
ization of aldehydes. On the other hand, transformations
involving a-substituted a,f-unsaturated carbonyl compounds
still represent an important challenge. It is likely that much
effort will be devoted to the design of novel catalysts to
address this synthetic problem.

7.2. Asymmetric Aminocatalysis by Chiral Counteranions

List and co-workers recently introduced a novel strategy
for enantioselective synthesis: asymmetric counterion-
directed catalysis (ACDC).'*¥! This approach exploits the
fact that most chemical transformations proceed via charged
intermediates or transition states. High stereocontrol can thus
be induced by the use of suitable chiral catalysts able to form
chiral ion pairs.'*” Accordingly, catalytic reactions proceed-
ing through cationic intermediates can be performed enan-
tioselectively by introducing a chiral counteranion into the
catalyst. The List research group applied this concept to
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iminium catalysis, since the fundamental covalent intermedi-
ates derived from the condensation of amine catalysts and
carbonyl compounds are positively charged. As a proof of
concept, the asymmetric biomimetic transfer hydrogenation
of a,B-unsaturated aldehydes was studied.'® This trans-
formation had already been achieved by employing salts of
chiral secondary amines (Section 4.1).1 By applying ACDC,
it was demonstrated that the catalytic ammonium salt XXXI,
made by combining an achiral secondary amine such as
morpholine and the chiral phosphoric acid 3,3'-bis(2.4,6-
triisopropylphenyl)1,1’-diylhydrogen ~ phosphate (XXX,
TRIP), can function as a highly enantioselective iminium
catalyst in the conjugate reduction of enals (Scheme 48).13%
The use of the chiral binaphthol-based phosphoric acid
derivatives as the counteranions was inspired by their recent
application as highly efficient chiral Brgnsted acids to
catalyze highly stereoselective nucleophilic additions to
imines.*

R R

Aldehyde Reduction:

o)
()\JH -TRIP

; XXXI

Ketone Reduction:

tBuCOZINH2 .TRIP

XXXN

TRIP (XXX)

Scheme 48. Asymmetric counterion directed catalysis (ACDC).

The ACDC approach was later extended to the asym-
metric transfer hydrogenation of o,fp-unsaturated keto-
nes."* To obtain high reactivity as well asymmetry in the
process, the new salt XXXII, which consists of a chiral
primary amine and a chiral anion, was developed as the
catalyst. Efficient activation relies on the proven ability of
primary amines to form congested iminium ion intermediates
from ketones, together with the benefits of asymmetric
counteranion-directed catalysis.

The potential of this new concept is far from being fully
disclosed."*! An impressive example of its utility was
recently demonstrated by Zhou and List. They combined
ACDC and Brgnsted acid activations in a new triple organo-
cascade sequence to give pharmaceutically relevant substi-
tuted cyclohexylamines 37 (Scheme 49).1“"! Starting from 2.6-
diketones 35 and Hantzsch ester 13, the combination of an
achiral primary amine such as p-alkoxy anilines 36 with a
catalytic amount of TRIP (XXX) promotes an aldolization/
dehydration step (S) by enamine activation. This step is
followed by asymmetric conjugate reduction proceeding
through ACDC (T) and a final Brgnsted acid catalyzed
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o (10 mol%) | 13 R2
2 N -
/k ('3 2'22333) H o (2equiv) TN
x_ o =>ed 37
% M.S. 5A cyclohexane, 35 °C X
35 R1 R1
| 'l
NHR? + R2 + R2
A HN HN
S TRIP T TRIP
x;/(O |
R X R’ % R’
Enamine ACDC Chiral Brensted Acid
Catalysis Catalysis

Scheme 49. Combining aminocatalysis and ACDC.

reductive amination (U) to give the product.'!! Interestingly,
both the amine and the phosphoric acid are essential for
promoting the first two reaction steps, and, of a series of chiral
acids tested, only TRIP gave the observed cis selectivity in the
final reductive step.

It is unclear why the the potential role of the counterion in
iminium catalysis was underrated for so long, particularly
when considering that strong counterion effects on both
reactivity and selectivity had already been found in early
studies of aminocatalytic activation. The introduction of
ACDC into aminocatalysis illustrates how the “aminocatal-
ysis gold rush” may be sustained by “thinking out of the box”
and by combining ideas from different areas of organo-
catalysis, for example, catalysis by chiral hydrogen-bond
donors®! and phase-transfer catalysis.*!*! Notably, it was
recently demonstrated how the ACDC strategy can be
applied not only to purely organic catalysts, but also to
organometallic systems, thus providing new opportunities for
asymmetric catalysis.'*” These reports illustrate how concepts
of organocatalysis are starting to positively influence other
established synthetic areas.

7.3- New Activation Modes

Asymmetric aminocatalysis, with activation as enamines
and iminium ions, has resulted in a number of highly chemo-
and stereoselective a- and B-functionalizations of carbonyl
compounds with electrophilic and nucleophilic reagents,
respectively. The current goal for the progress and imple-
mentation of organocatalysis is the exploration of new
activation modes that will allow transformations that cannot
be realized by other means. Along these lines, two new
activation concepts based on the use of chiral secondary
amines have recently been introduced which enable the y-
functionalization of a,p-unsaturated aldehydes and the chal-
lenging a-alkylations of aldehydes.

7.3.1. Dienamine Catalysis for y-Functionalization of
o,f-Unsaturated Aldehydes

The addition of nucleophiles to a,f-unsaturated alde-
hydes is one of the most important strategies in organo-
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catalysis, and the key intermediate in these catalytic processes
is the highly electrophilic iminium ion. However, Jgrgensen
and co-workers!'” reported that the concentration of the
iminium ion formed in the reaction between catalyst XIXa
and (E)-pent-2-enal (38) is so low under conditions generally
used for 1,4-additions that it could not be detected by
'"H NMR spectroscopy. The negatively charged counterion
can easily extract the y proton of the iminium ion and, as a
result, the electron-rich dienamine 39 is the most abundant
species in solution (Scheme 50).

OTMS — -
N Ar OTMS
H Ar XiXa OTMS N Ar
* 5 @‘FAF ~HX Ar
2 39
Hes ~
38 Me
M
Me © ]
Iminium ion Dienamine

Scheme 50. HOMO activation of a,B-unsaturated aldehydes to form
dienamines.

Dienamines are well-known compounds, and their tran-
sient formation has been proposed as an important step in
organocatalytic domino reactions involving o,B-unsaturated
ketones (Section 6). The equilibrium between the iminium
ion and dienamine was also invoked as the reason for the
enantioconvergence observed in the enantioselective amino-
catalyzed transfer hydrogenation reaction (Section 4.2).
However, the possibility of taking advantage of these reactive
intermediates for the y functionalization of a,B-unsaturated
carbonyl compounds had surprisingly been ignored.

Based on the results of a simple spectroscopic experiment,
Jgrgensen and co-workers developed the first y-amination of
a,B-unsaturated aldehydes (Scheme 51).1'” The chiral amine
XIXa catalyzes the nucleophilic addition of a number of a,f3-
unsaturated aldehydes with aliphatic substituents in the
B position to diethyl azodicarboxylate (DEAD, 40). The
products 41 were obtained in moderate yield and with very

(e}
] |
& BtOLL XIXa-PhCO,H (10 mol%) FtO2C~\y ‘
1 I
N,
CO,Et Toluene, RT EtOZC’N
R 40 R 41
40-58% vield
88-93% ee
OTMS OTMS OTMS
N Ar N Ar N Ar
Ar Ar Ar
= S *& [ N-COEt
J N N-CO,Et
_E£/Z mi 3-E onl *~.. Re-face
R 3 mix y R exposed R v

Conformational equilibrium cycloaddition

product

Scheme 51. Dienamine-catalyzed y-amination of a,f-unsaturated
aldehydes.
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similar enantiomeric excess (88-93 % ee). The high enantio-
meric excess observed seems not to be consistent with the
direct functionalization of the fy-carbon atom, since the
dienamine is present as a Z/E mixture: a racemic product
would be expected if the two isomers have similar reactivity.
On the basis of the experimental evidence and computational
investigations, the authors proposed that the y-amination of
o,p-unsaturated aldehydes might be the result of a
[442] cycloaddition between the (E,s-cis,E)-dienamine and
diethyl azodicarboxylate (40) as the dienophile. The hydrol-
ysis of the cyclic aminal intermediate V leads to the release of
the catalyst and the optically active product 41.

The research group of Hong applied dienamine catalysis
to a highly enantioselective Robinson annulation of a,f3-
unsaturated aldehydes.'*'*] The authors proposed that, in
this case, the products 44 are the result of a domino conjugate
addition/aldol/elimination reaction rather than a [4+2] cyclo-
addition (Scheme 52).1 The nucleophilic addition of the

0-72% vyield

cat-PhCO,H (20 mol%)
85-99% ee

Toluene, RT

(0] O
[ TN | | R!
R R3 R2TN 0

2 N =W
42 R 43 (S)-1 (50 mol%) R* 44
base (50 mol%)
59-85% yield
MeCN, RT d.r. 99:1%
40-95% ee

Scheme 52. Asymmetric Robinson annulation of a,f-unsaturated alde-
hydes initiated by the formation of a dienamine. R' =alkyl or H;
cat. = (S)-XIXc (or (R)-XIXd); base =Et;N or (—)-sparteine.

dienamine, formed by reaction of enals 42 with the chiral
amine (XIXe, XIXd, or I), to the Michael acceptor 43
proceeds with moderate to good yields and generally with
high enantiomeric excess. The catalyst might be necessary not
just for the formation of the dienamine, but also for the
simultaneous activation of the Michael acceptor 43 as an
iminium ion and/or in the cyclization step. It is also very
interesting how, in this case, catalysts XIXc¢ (derived from L-
proline) and L-proline (I) promote the formation of products
with the same absolute configuration.*! It is therefore
possible that the complex mechanism of the reaction and of
the chiral induction might not be the same for both catalytic
systems and for all the substrates. When both a,f-unsaturated
aldehydes can act as nucleophiles (R?*=CH,R), the chemo-
selectivity observed is in accordance with the preferred
formation of the most substituted dienamine. In general,
diaryl prolinols lead to very enantioselective reactions (up to
99 % ee). However, the application of catalyst XIXe,d is
possible only in the case of B-disubstituted pronucleophiles
(R!'=alkyl); proline is a good catalyst for a wider range of
reagent combinations. For example, dimerization of (E)-4-
oxobut-2-enyl acetate (R'=H, R*=O0Ac, R*=CH,0Ac)
took place only in the presence of proline (I); the product
was obtained with 95 % ee and used as a starting point for the
synthesis of (+)-palitantin.

Previous examples underscore how the dienamine equi-
librium can be used to perform a new series of y-function-
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alization of carbonyl compounds. However, a recent paper by
Barbas and co-workers demonstrated that the reactivity of
this conjugate enamine can be selectively controlled.!'*!
Proline (I) catalyzes the direct a-functionalization of o,f3-
unsaturated aldehydes with N-PMP-protected a-imino ethyl
glyoxylate instead of the addition at the y-carbon atom
(Scheme 53). The products 45 of the aza-Morita—Baylis—
Hillman (MBH) reaction are formed in moderate yields (39—
68 % yield), but with excellent enantioselectivities (up to

[4+2] O|
+
_PMP
PMP.. HN
N |
' R! CO,Et
CO,Et R2 R®
o 1 (30 mol%)
| +
‘ , DMF, 4°C
R! R
RZ

direct
a-funct.

39-68% vyield
EIZ 4:1-16:1
91-99% ee

Scheme 53. Comparison of dienamine catalysis by y-functionalization
and a-functionalization. Mannich reaction for the formation of aza-

Morita—Baylis—Hillman-type products. Structure W shows the Bifunc-
tional proline catalysis, structure X is a nonconjugated intermediate.

99% ee). In the transition state W, he simultaneous activation
of the imine by the acid functionalities of proline probably
compensates for the higher energy required for the formation
of an intermediate X that is not stabilized by conjugation.
Isomerization of the double bond that leads to the final
product 45 can occur spontaneously or is catalyzed by proline
itself or by additives such imidazole.

Dienamine catalysis offers a number of new possibilities
to synthetic chemists.'¥”! The high reactivity of these con-
jugate enamines can be controlled by careful choice of
catalyst, reagents, and conditions. The few examples reported
showed that the highly enantioselective y-functionalization of
a,p-unsaturated carbonyl compounds can be achieved by
[442] cycloadditions or as a result of a direct nucleophilic vy-
addition. Furthermore, dienamine catalysis is also a valuable
strategy for the preparation of highly functionalized MBH-
type products that cannot easily be prepared by conventional
methods.

7.3.2. Radical Aminocatalysis
Recently, the research groups of MacMillan!**® and
Sibi™*! almost simultaneously introduced a new aminocata-

lytic activation concept, termed singly occupied molecular
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orbital (SOMO) catalysis, which is based on radical inter-
mediates.'*¥! These reports represent a breakthrough in the
aminocatalytic field and link distant research areas such as
organocatalysis and radical chemistry. Thus, this approach
allows a shift from processes involving charged intermediates
to radical catalysis. The reports introduced a totally different
synthetic paradigm that goes beyond the established reac-
tivity and expands the field of asymmetric aminocatalysis.

From a chemical viewpoint, SOMO catalysis exploits the
susceptibility of the transient enamine (generated by con-
densation of aldehydes and a chiral amine) to undergo
selective oxidation relative to other reaction components. It
thus generates a radical cation with three m electrons and a
singly occupied molecular orbital (SOMO), which is more
activated toward subsequent chemical attack than the alde-
hyde starting material (Scheme 54).

o) Me

N
f% R o, Me o Me
/R2 N .

Ph H . _)zR1 oxidation S’R1
— N~ 'R? > 1 R2

* Ph -le N

J Ph
J J

g R
R
R Enamine Radical Cation

o]

Scheme 54. The principle of SOMO catalysis.

Sibi and Hasegawa exploited aminocatalytic SOMO
activation for the stereoselective a-oxygenation of aldehydes.
They used the MacMillan imidazolidinone II as the catalyst
and a substoichiometric amount of FeCl; for single-electron
transfer (SET) in the presence of NaNO,/O, as a cooxidant to
regenerate the radical active intermediate from the enamine
(Scheme 55).%1 The use of TEMPO (46), a persistent radical

A

II-HBF, (20 mol%)

N
FeCls (10 mol%), o

Bn o- NaNO, (30 mol%)  on
TEMPO (46) Oz DMF,-10 °C, 24h; Bn/;/
(2 equiv) then NaBH,
68% yield
82% ee

Scheme 55. SOMO catalysis for the a-oxygenation of aldehydes.

reagent, to intercept the radical cationic species affords the
desired oxygenated adducts 47 in moderate to high enantio-
selectivity. Although the same products are accessible by the
highly stereoselective proline-catalyzed addition of aldehydes
to nitrosobenzene and molecular oxygen (Section 3.4.3), this
study represented a significant proof of concept for SOMO
catalysis.

MacMillan and co-workers demonstrated the real value of
the novel activation strategy by applying SOMO catalysis to
the highly enantioselective a-alkylation of aldehydes, a
fundamental yet challenging C—C bond-forming transforma-
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tion for asymmetric synthesis and organocatalysis'**®! (see
Section 3.4.4 for an intramolecular organocatalytic variant).
The cationic radical intermediates are generated by oxidation
of the enamine, formed by condensation of aldehydes with the
second generation imidazolidinone catalyst IV, with cerium
ammonium nitrate (CAN, Scheme 56). After reaction with 7-
electron-rich silylated reagents (the actual alkylating agents)

a
) Cl) IV-CF;COOH

(20 mol%)

o}
W
81% yield

91% ee

+ /\/SiMe3 :
CAN (2 equiv)

Hex NaHCO,, DME Hex
20°C
b) IV-CF,COOH

OTMS (20 mol%)

=0
-0

+

CAN (2 equiv)

Hex DTBP, acetone
-20°C

85% yield

Hex O 90% ee

C
) o IVCF,COOH o

20 mol% \
%+Q (20 mol%) Ll

N~ 85% yield
‘ CAN (2 equiv) : 8% oo
Hex Boc  NaHCO,, DME Hex Boc &%

-20°C

Scheme 56. Asymmetric a-allylation (a), a-enolation (b), and a-aryl-
ation (c) of aldehydes by SOMO catalysis. DTBP = 2,6-di-tert-butylpyr-
idine, DME =1,2-dimethoxyethane.

a second oxidation by CAN and removal of the silyl group
afford the a-functionalized aldehydes with high enantiopur-
ity. Interestingly, the enantiofacial discrimination observed in
the SOMO-activated intermediate arises from the same
structural features of the catalyst IV that are responsible for
the steric shielding in enamine—iminium intermediates.

SOMO catalysis was applied to asymmetric a-allyla-
tion™ and a-enolation!™ of aldehydes and also to a-
arylation by using N-Boc-protected pyrrole as the somophi-
le!™! (Scheme 56). It should be noted that, in these trans-
formations, the a-carbon atom of the aldehyde reacts with
nucleophilic reagents. Formally, this activation mode reverses
the common polar reactivity (umpolung) of enamine inter-
mediates, thereby allowing reactions that are not possible
with established catalysis concepts.

SOMO catalysis will almost certainly have a major impact
on asymmetric aminocatalysis, with many applications
expected in the near future.'*”) New possibilities for SOMO
activation may be offered by the extension of this tactic to
different aldehydes and ketones, and to other classes of
reagents typical of radical chemistry.

8. Summary and Outlook

(4
“Gold! Gold! Gold from the American River!” ”

This simple cry is the most famous quote from the
Californian Gold Rush.®®! Shouted on the streets of San

Francisco in 1848 by merchant S. Brannan, it caused a record
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population explosion, with the city’s population growing from
about 1000 in 1848 to 25000 full-time residents in 1850.01%]
Similarly, organic chemists have been attracted by the seminal
reports on secondary amine catalysis by List, Lerner, and
Barbas,”) and by MacMillan and co-workers.”! The re-
discovery of enamine chemistry and its application in catalytic
enantioselective reactions had greater consequences than
expected. The initial results of a few leading research groups
prompted the explosion of organocatalysis, a fast-growing
research field with a scope that now goes beyond amino-
catalyzed reactions. However, chiral amine catalysts play a
key role in this unstoppable stream of discovery, and the
combined efforts of many highly skilled individuals have
turned asymmetric aminocatalysis into a well-established and
reliable synthetic strategy. This approach has great potential,
since organocatalysts are generally readily available, very
robust, and less toxic than organometallic complexes. It is
important to stress the operational simplicity of these
reactions: Limited specialist equipment is required since
reactions usually take place under very mild conditions, do
not need inert atmospheres, and might be carried out under
neat conditions or in environmentally friendly solvents.
Furthermore, several examples have demonstrated how
aminocatalyzed reactions may be readily scaled-up without
detrimental effects on the yield or enantiomeric excess.

As is true of any field that has reached a certain stage of
maturity, new developments will focus on more ambitious
objectives, thus increasing the high standards of innovation
and practicality. There is now a deep understanding of the
complex mechanisms associated with the multistep processes
inherent to aminocatalysis. This knowledge is beginning to
form a reliable platform for the rational design of new
catalysts and new reactions. Recent studies have demon-
strated that it is now possible to engineer and prepare specific
catalysts to efficiently address important issues relating to the
synthesis of challenging and previously inaccessible target
molecules. Moreover, asymmetric aminocatalysis is becoming
an invaluable tool for the direct preparation of enantiopure
complex molecules through domino and multicomponent
reactions. Such regulated catalytic cascade sequences, which
are typical of biological systems, do not require time-
consuming and costly operations, such as isolation or purifi-
cation of intermediates. In this context, this strategy may be a
key element in the design of sustainable processes for the
synthesis of drugs and relevant biologically active com-
pounds.!'>!

Finally, a critical goal for the continued expansion of
aminocatalysis will be the design and implementation of new
activation concepts to enable previously unknown trans-
formations to be carried out. The recent introduction of
ACDC and SOMO catalysis, in addition to their major
synthetic implications, illustrates how important it is to
extrapolate and mix ideas from different areas of chemistry.
This Review has highlighted some of the amazing results
which have been already achieved; however, we can certainly
assert that the “asymmetric aminocatalysis gold rush” is still
on. 1521
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