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and secondary amines to catalyze asymmetric reactions. It has greatly

simplified the functionalization of carbonyl compounds while
ensuring high enantioselectivity. Recent advances in cinchona-based
primary amine catalysis have provided new synthetic opportunities

and conceptual perspectives for successfully attacking major chal-
lenges in carbonyl compound chemistry, which traditional approaches 3 Functionalization of Ketones

have not been able to address. This Review outlines the historical

context for the development of this catalyst class while charting the 4 Functionalization of

landmark discoveries and applications that have further expanded the

synthetic potential of aminocatalysis.

1. Introduction

The functionalization of carbonyl compounds is among
the most important classical synthetic reactions. Indeed,
carbonyl compound chemistry has been called “the backbone
of organic synthesis”."! Enantioselective versions of this
chemistry have historically offered a potent synthetic way of
producing valuable chiral molecules. Recently, the classical
organometallic-based approach has been enriched by the
possibility of using chiral primary and secondary amines as
efficient catalysts, a strategy known as “asymmetric amino-
catalysis”.”) Exploiting fundamental and well-established
mechanistic patterns, and mainly using the chemistry of
simple enamine and iminum ion intermediates,””! aminocatal-
ysis has greatly expanded the chemist’s ability to asymmetri-
cally functionalize carbonyl compounds. This success is
mainly because of the possibility of directly generating the
catalytically active intermediates insitu from unmodified
reagents through their reversible condensation with the
aminocatalysts. Most widely used are certain chiral cyclic
secondary amines, in particular proline!!! and its derivatives,
including diarylprolinol ethers® and phenylalanine-derived
imidazolidinones.””! They have been called the “privileged
organocatalysts”, or the workhorses®™ of enantioselective
organocatalysis.”! Insightful perspectives have recently
addressed the historical origins of aminocatalysis mediated
by secondary amines,®! which nowadays provides a reliable
synthetic platform for the asymmetric functionalization of
aldehydes at their a, B, y, or even & positions.”

In the last five years, researchers have recognized that
chiral primary amines offer new opportunities for expanding
the applicability and synthetic potential of aminocatalysis."!
In particular, 9-amino(9-deoxy)-epi-cinchona alkaloids, pri-
mary amines easily derived from natural sources,'”) have
enabled the stereoselective functionalization of a variety of
sterically hindered carbonyl compounds, which cannot be
functionalized using secondary amines and which are often
unsuccessful substrates for metal-based approaches too. It is
remarkable how this single catalyst class can activate carbonyl
compounds characterized by completely different structural
features and steric bias (e.g. simple ketones as well as a-
branched substituted aldehydes and ketones, and their o,f3-
unsaturated counterparts), while exploiting the different
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aminocatalytic activation modes (iminium ion, enamine,
dienamine, and trienamine activations,""! Figure 1). The
consistently high level of stereocontrol inferred by these
nature-derived aminocatalysts testifies to their impressive
versatility and reliability.

Instead of providing an exhaustive list of reactions that
have been made possible by cinchona-based primary amine
catalysis (readers can refer to recently written Reviews),”>
we seek to provide the historical context for the development
of this nature-derived catalyst class while discussing the new
synthetic perspectives opened up by recent studies. Of
particular interest is the ability of cinchona-based primary
amine catalysts to impart unique mechanistic pathways, thus
complementing and enriching the established reactivity
profile of secondary amine catalysis. Chemists can thus
attack difficult problems connected with the preparation of
chiral molecules, which traditional approaches have not been
able to address.

2. Historical Background and Mechanistic Consider-
ations
(4
If I have seen further it is by standing on the shoulders of
giants
Isaac Newton (1676)""

We have long known that nature routinely exploits
primary amines in its catalytic machinery. Since the 1960s, it
has been recognized that natural enzymes, such as acetoace-
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Figure 1. The state-of-the-art of asymmetric aminocatalysis: five distinct activation modes enable the
direct, highly stereoselective functionalization of unmodified carbonyl compounds. Enamine and SOMO
(singly occupied molecular orbital) activations both account for the direct o functionalization of saturated
carbonyl compounds. Iminium ion catalysis represents a reliable way of enantioselectively introducing

a nucleophile at the § position of a,f-unsaturated enals and enones. Dienamine catalysis accounts for
the y-functionalization of a,f3-unsaturated carbonyl compounds with electrophilic reagents. Trienamine
catalysis exploits the transient formation of a trienamine intermediate that can react as a diene in
stereoselective Diels—Alder processes to forge two stereocenters at the 3 and & position. While secondary
amine-based catalysts provide an exceptionally effective way of functionalizing aldehydes, the cinchona-
based primary amines offer the unique possibility of effecting processes between sterically demanding
partners, thus greatly expanding the substrate scope of aminocatalysis. For in-depth discussions of the
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investigations into asymmetric amino-
catalysis, which began in 2000 with all
the intensity and competitiveness of
a gold rush.”* Looking back, we must
consider the excitement generated by
the advent of proline in the field of
asymmetric catalysis and the consequent
great emphasis placed on cyclic secon-
dary amines as organocatalysts.'”) The
organic chemistry community was fasci-
nated by the ability of a simple natural
amino acid to impart almost perfect
stereocontrol in a variety of fundamen-
tal reactions, while using a peculiar

mechanisms connected with the aminocatalytic activation modes, see Ref. [2].

tate decarboxylases and Type I aldolases use the y-amino
group of lysine residues to form a covalently bound reactive
catalytic species (the iminium ion and its enamine tautomer)
upon condensation with a keto substrate.'”! In the 1930s,
KaiJ. Pedersen™ and Frank H. Westheimer™ published
pioneering studies on the decarboxylation of acetoacetate and
the dealdolization of diacetone alcohol, respectively. In these
works, they observed that primary amines can be even more
effective than closely related secondary amines in non-
enzymatic reactions in which iminium ion and enamine
intermediates are implicated. In the early 1970s, initial studies
on intramolecular aldol cyclizations!'® established that natu-
ral amino acids other than proline (such as L-phenylalanine)
can catalyze synthetically relevant asymmetric transforma-
tions through an enamine-based mechanism.!%

It may thus seem surprising that chiral primary amines
have only attracted interest in the late stages of the impressive
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bifunctional activation mode that strictly
imitated the concept of enzymatic cata-
lysis.[ !

From a chemical reactivity stand-
point, various factors may explain the
initial low levels of interest in primary
amine catalysis. The fundamental stud-
ies by Gilbert Stork on the synthetic
utility of enamines as nucleophiles of
many organic transformations™® estab-
lished the superior efficiency of cyclic
secondary amines in forming stable
enamine intermediates. Stork’s legacy
taught chemists that five-membered ring amines (e.g. pyrro-
lidine) form iminium ion and enamine intermediates with
non-hindered carbonyl compounds more readily than most
other amines, a consequence of the increased nucleophilicity
imparted by the cyclic strain.™”! In contrast, primary amines
offer the challenges of reduced nucleophilicity, less effective
stabilization of the iminium ion intermediates by hyper-
conjugation,’®? and an unfavorable imine-enamine equi-
librium.”! Generally, primary and secondary enamines rear-
range spontaneously to the more stable imine (Sche-
me 1).[20b—d]

. @
i A N
H' R2 2
H* H == 2”\(” — R 1 R
R? - R? 0 |R | -H0 R .\ / R
1 1 R
R R H\ N
Secondary Amines RZK/ H

1
& More nucleophilic . R .
Primary Amines

§
§

B Better stabilization of the

ion by hyp & Unfavorable imine-enamine equilibrium

Scheme 1. Secondary versus primary amines in condensation with
non-hindered carbonyl compounds: cyclic secondary amines win.

However, a close inspection of the literature precedents
may provide some rationalizations for the recently recognized
potential of chiral primary amines (in particular when placed
on the privileged molecular architecture of cinchona alka-
loids) to encompass the classical activation modes of proline-
derived catalysts, while offering the unique possibility of
extending the scope of aminocatalysis to include sterically
demanding carbonyl compounds.
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2.1. Chiral Primary Amines at Work

One fascinating aspect of chemical research, and scientific
progress in general, is that the knowledge and investigations
of our scientific progenitors serve as foundations for future
developments.'? Thus, the preceding systematic studies of the
fundamental processes involved in the formation of enamine
and iminium ion intermediates (the key species of amino-
catalysis) have provided the conceptual framework for
rationalizing the superior ability of primary amine catalysis
(with respect to secondary amines) to effectively function-
alize sterically biased carbonyls.

A reconsideration of the extensive studies by Jack Hine
provides useful elements for an in depth comparison of the
reactivity of primary and secondary amines when condensing
with hindered aldehydes and ketones (Scheme 2).*!! The

& Oy

H[L.
g e
R R |== R
- R o R
R i a R R : i
+ Primary Amines .\NH

I\—HLR RJS:S

® Steric factors affect condensation rate
B Steric inhibition of T

® Easy access to a planar conformation
of the enamine

Scheme 2. Secondary versus primary amines in condensation with
sterically hindered carbonyl compounds: primary amines win. The

7t conjugation of the enamine system can be represented as resonance
between the two structures a and b.

equilibrium constants for iminium ion formation (deduced by
rate constants for the catalysis of the deuterium exchange of
deuterated carbonyls) indicated how steric factors greatly
affect the reactivity of secondary amines, while primary
amines are less influenced by the structural features of the
carbonyl compounds. Indeed, in spite of the particular
rapidity of iminium ion formation from acetone,”¥ pyrroli-
dine is less effective than primary amines in condensation
with an a-branched aldehyde, such as isobutyraldehyde.* In
addition, it was demonstrated that secondary enamines
hydrolyzed (thus, reacted) much faster than the correspond-
ing tertiary enamines.” Again, this can be attributed to steric
factors,” since bulky substituents on the double bond and the
nitrogen atom make it difficult for the resulting enamine
system to achieve a near to planar conformation: this
geometry is required to maximize overlap between the m-
orbital of the carbon—carbon double bond and the lone pair
orbital on the nitrogen atom.”*<! The steric inhibition of the
resonance among structures a and b (Scheme 2) is more
pronounced for tertiary than for secondary enamines, since
the secondary enamines always bear a small hydrogen
substituent on the nitrogen atom that secures 7 conjuga-
tion, that is, the zwitterionic structure b substantially contrib-
utes to the resonance of the secondary enamine system.
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2.2. Why the Cinchona Scaffold?

Cinchona alkaloids, simple organic molecules generously
provided by nature, have historically played a privileged role
in asymmetric catalytic synthesis.””! The first organocatalytic
enantioselective reaction was carried out exactly one century
ago by Georg Bredig and Paul S. Fiske using quinine and
quinidine as the chiral inducers.? About 50 years later, Horst
Pracejus demonstrated the possibility of reaching high levels
of enantioselectivity in the asymmetric catalytic preparation
of chiral molecules, again using a cinchona derivative as the
catalyst.’”l The pioneering studies by Hans Wynberg in the
1970s began a new era for asymmetric catalysis using
cinchona derivatives. He demonstrated how the basic bridge-
head nitrogen atom in the quinuclidine core can be used in
general Brgnsted base catalysis.!®! This privileged molecular
scaffold has also had an impact on the field of asymmetric
aminocatalysis. This influence is because the introduction of
a primary amine moiety recently led to the identification of 9-
epi-amino cinchona derivatives as effective covalent-based
activators of hindered carbonyl compounds (Figure 2).

Quinine series Qulnldlne series

OMe

N
R Y
1:R=cH=cH, XN II: R= CH=CH,
ll: R= CH,CHs IV: R= CH,CHs
OH
7 N
N ~ Vi

Figure 2. The 9-amino-9-deoxy-epi-cinchona alkaloids derived from
(hydro)quinine and (hydro)quinidine constitute a pseudo-enantiomeric
pair (formally they are diastereoisomers), allowing access to both
antipodes of the chiral product of a reaction. The hydroxy group at the
6’ position in catalysts V-VI, as a result of the improved hydrogen-
bonding ability, is often used to modulate the stereoselectivity as well
as the catalytic activity.

What makes the cinchona scaffold such a well-suited
highly selective and general chiral catalyst? Its easy avail-
ability has been a factor since the dawn of asymmetric
catalytic synthesis. But there are other factors too.

2.2.1. The Flexibility of the Cinchona Scaffold

Cinchona alkaloid derivatives are characterized by a high
degree of conformational flexibility in solution, thus they
exist in solution as a mixture of conformers. Three-dimen-
sional structural modifications can be induced by different
chemical stimuli, such as a solvent change!® or protonation
of the N-quinuclidine moiety.”” Since the catalytic function of
the cinchona scaffold is intimately related to its spatial
architecture, a conformational change may induce a different
catalytic behavior.P!! Preliminary investigations on conforma-
tional behavior of the amine VI have used vibrational circular
dichroism (VCD) and nuclear magnetic resonance (NMR)
spectroscopic analyses. They have shown that the nature of

www.angewandte.org

9751


http://www.angewandte.org

Angewandte

Reviews

the medium greatly alters the ground-state conformations.”

The degree of flexibility of the cinchona catalysts can also
account for their wide tolerance toward substrates having
a different steric bias, since slight structural modifications can
modulate the three-dimensional catalytic assembly to accom-
modate a variety of reactants.

2.2.2. The Multifunctional Nature of the Cinchona Scaffold

Their multifunctional character is a key factor in the
successful and wide use of cinchona alkaloids in asymmetric
catalysis.””) A discussion on the versatility of cinchona
derivatives as effective catalysts of many different asymmetric
transformations is beyond the scope of this Review. However,
it is important to note that, in 1981, Wynberg first demon-
strated the possibility for natural cinchona alkaloids to act as
efficient bifunctional catalyst:®*/ using both the quinuclidine
moiety, in general base catalysis, and the hydroxy group on
C9, in hydrogen-bonding interactions, they can simultane-
ously activate the electrophilic and nucleophilic reagents of
a reaction. This multifunctional behavior also strongly
influences and assists the catalysis function of 9-epi amino
cinchona derivatives when they operate through covalent-
based modes of activation.

In the cinchona-based diamines, the key role is played by
the primary amino moiety, which provides the necessary
chemical handle for the covalent activation of carbonyl
compounds. Still, the presence of the basic bridgehead
nitrogen atom in the quinuclidine core can greatly contribute
to the catalysis®™ while altering the electronic nature of the
primary amine (Figure 3).

Generally an acid co-catalyst is needed to power the
catalytic functions of amines I-VI. This is because condensa-
tion with carbonyls is greatly accelerated under acidic
conditions:®" otherwise, the carbonyl compounds remain
almost inactive toward the aminocatalytic transformations.

7 N additional stereocontrol element

P. Melchiorre

For the enamine activation of enolizable carbonyls, an
equimolar amount of the acid with respect to the amino-
catalyst is often used. A twofold excess is generally used for
the iminium ion-promoted transformations of unsaturated
carbonyls. This ratio determines a selective protonation of the
more basic tertiary amine and the resulting formation of
a monoprotonated diamine (intermediate ¢ in Figure 3),
which represents the active catalyst governing the formation
of the covalent intermediate.® The charged catalytic species
¢ may strongly influence the rate of imine formation through
internal acid catalysis, since the tertiary ammonium ion may
favor the dehydration of the intermediate carbinolamines by
proton transfer. This possibility finds support upon previous
investigations by Hine and co-workers, who demonstrated the
superior ability of a primary-tertiary diamine, with respect to
a simple primary amine, to condense with carbonyl com-
pounds under acidic conditions.* To the same extent, the
positively charged protonated tertiary amine in ¢ can greatly
alter the electronic nature of the vicinal primary amine. Such
electrostatic perturbation may decrease the basicity (or the
proton affinity) of the primary amino moiety, lowering its
propensity to be protonated, thus facilitating its nucleophilic
attack on the carbonyl compound under acidic conditions.
This electrostatic mechanism closely resembles the micro-
environment effect that is operative in many enzymes
(operating via enamine intermediates) to lower the pK, of
the catalytically active lysine residue, as originally proposed
by Westheimer more than 45 years ago.l"!

A distinct feature of the iminium ion assembly formed by
condensation of the cinchona-based primary amine with
a carbonyl compound is that its ability to stereocontrol
a reaction can be fine-tuned by structurally modifying the
anion (X within the intermediate d in Figure 3).* Indeed, the
nature and the three-dimensional arrangement of the coun-
teranion surrounding the tertiary ammonium salt has a direct
influence on the catalysis, and may exert a more decisive (and
deep) influence than expected. Some of the more
significant consequences of the counteranion effect are
discussed in this Review.

OX
s CHIRIAL::’"N,E 5 z B X = Me for steric reasons
tricturaimocificaton.by NH, = X = OH via H-bonding interactions
S e N 2.3. The First Applications of Cinchona-based Primary

B Protonation of the

tertiary amine Amines in Aminocatalysis

In early 2007, three different research groups,
independently and almost at the same time, introduced
9-amino-9-deoxy-epi-cinchona alkaloids as effective
catalysts of the stereoselective functionalization of
hindered carbonyl compounds. While Chen and co-
workers,” and my research group®” applied this
catalyst class to the iminium ion activation of simple
a,p-unsaturated ketones, Connon and co-workers !l
demonstrated the potential of cinchona-based primary
amines for the enamine activation of ketones and a-
branched substituted aldehydes. The concomitant pub-
lication of these studies provided another example of
the scientific competition which has characterized the
development of asymmetric aminocatalysis. From a syn-
thetic point of view, these results suggested the attrac-

| handle for non-covalent interactions

H@ B Easily forms a tertiary ammonium ion
¢ ® May direct nucleophile/electrophile approach

ABEFS
H,N RO R R"%"/gNJ,/\; N
H v _ H
@ X D
intermediate ¢

intermediate d
Monoprotonated DIAMINE

handle for covalent catalysis

® |minium ion / enamine formation

é""i
;

ION PAIR ASSEMBLY

® Favour imine formation by internal acid catalysis
8 Electrostatic perturbation of the primary amine

® Tuning of the steric shielding by
modulation of the anion structure

Figure 3. The multifunctional nature of cinchona-based primary aminocatalysts; X:
anion, H—X: acid cocatalyst.
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tive prospect that the synthetic potential of aminocatalysis
could be expanded beyond the limits of secondary amine
catalysis (which was restricted to the functionalization of
unhindered aldehydes and enals). Indeed, catalysis with
cinchona-derived primary amines was shown to encompass
the classical activation modes of proline-derived catalysts
(enamine and iminium ion activation), while offering the
possibility of effecting processes between sterically demand-
ing partners that could not be functionalized using established
methods.

2.3.1. Enantioselective Michael Additions of Simple Enones under
Iminium lon Activation

The reporting of cinchona-derived primary amines as
iminium ion-based catalysts dates back to the beginning of
2007, when Chen’s group developed the asymmetric Michael
addition of a,a-dicyanoalkenes 1 to simple enones (Sche-
me 3).%1 The combination of 20 mol % of 9-amino-9-deoxy-

8% [0} Amine | (20 mol%)
N /\)J\ TFA (40 mol%)

It R? Rl ———————»
L THF, 0 °C, 96 h

R'= Me, Et, nPr X

R%= aryl, nPr
R', R%= -(CHp)s-

2 11 examples
51-88% vyield
87-99% ee

Scheme 3. Iminium ion activation of a,f-unsaturated ketones.

epi-quinine I with a twofold excess of trifluoroacetic acid
(TFA, 40 mol %) provided the adducts 2 with complete anti
diastereoselectivity™® and high enantiocontrol. Synthetically
noteworthy was that the cinchonine derivative VII (a member
of the quinidine series) granted access to the other antipode
of products 2 preserving the high stereoselectivity. Other
features of the catalytic system were the broad range of
enones successfully activated by catalyst I, ranging from
differently substituted linear substrates to include the cyclo-
hexenone, and the observation that an equimolar amount of
the TFA co-catalyst (1:1 ratio with amine) markedly affected
the enantioselectivity as well as the catalytic efficiency.

Shortly after, the ability of the primary amine VII to
effectively condense with o,fp-unsaturated ketones was
exploited in the asymmetric Friedel-Crafts-type alkylation
of indoles (Scheme 4).**! Notably, chiral secondary amines
were previously shown to be inadequate for reaching a high
level of stereoselectivity and reactivity in this synthetically
relevant transformation.) Chen and co-workers used the
cinchonine-based catalyst VII in combination with 2 equiv-
alents of trifluoromethanesulfonic acid to catalyze the chemo-
and stereoselective addition to both [3-alkyl and aryl enones in
good yield yet moderate enantiomeric excesses. At the same
time, my research group was studying the same transforma-
tion using the hydroquinine-derived catalyst IIL[

Angew. Chem. Int. Ed. 2012, 51, 9748 - 9770
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PRC)
R3 R R2
'\)L catalyst salt VIl Z
toluene \
. 25-70 °C, 24-96 h N R4

R =Me, Et, Ph H 15 examples
R%= Me Rf: azryl alkyl, CO,Et 4 56-98% yield
R*= MeO R', R%=-(CHy)s- 70-96% ee

VI (20 mol%) ® reactions in DCM/iPrOH 85:15

CF3SO3H (40 mol%) ® opposite enantiomer of 4 obtained
with lower ee (from 50% to 81%)

catalyst salt VIII

Scheme 4. Asymmetric Friedel-Crafts alkylation of indoles with simple
enones.

In agreement with Chen’s study, a moderate level of
enantioselectivity (around 60 % ee) was observed when using
a strong acid co-catalyst (i.e. TFA). The key element to
engineering a more-selective catalyst was the use of a chiral
acid. Indeed, the catalytic amine salt VIII, made by combining
two chiral entities, such as III and b-N-Boc phenylglycine D-3,
promoted the Friedel-Crafts alkylation inferring a higher
level of stereocontrol (ee in the 90% range, Scheme 4).
Interestingly, the enantioselectivity of the reaction was not
affected by the temperature, and this allowed us to thermally
drive the reaction to completion in a reasonable time. The
ability to preserve the high level of induction under more
drastic conditions is another useful peculiarity of amino
cinchona catalysts.*?

At that time, sporadic examples of asymmetric reactions
of hindered unsaturated carbonyls catalyzed by primary
amines were known, with the catalysts specifically designed
for particular transformations.*” The demonstration that the
same catalyst class was successful in the asymmetric Michael
addition of two different carbon-centered nucleophiles®**!
suggested that cinchona-based primary amines could become
a general catalytic platform for the iminium ion activation of
enones. In addition, the possibility of modulating the stereo-
selectivity using a chiral acidic co-catalyst offered a versatile
strategy for securing consistently high levels of enantioselec-
tivity. These features, together with the synthetic possibility of
carrying out stereocontrolled conjugate addition to a,p-
unsaturated ketones [historically challenging substrates for
metal- and organocatalytic approaches] attracted the inter-
est of many practitioners of organocatalysis. As a result,
cinchona-derived primary amines were applied to a variety of
highly enantioselective conjugate additions, not restricted to
simple a,B-unsaturated enones. Section 3.1 details the main
achievements and progress that have allowed researchers to
better understand the potential of this catalyst class as general
iminium ion activators of sterically hindered carbonyl com-
pounds.

2.3.2. Enamine Activation of Enolizable Carbonyl Compounds
In parallel with the studies on the iminium ion activation
of enones, cinchona-based primary amines were also shown to

hold great potential in the o-functionalization of enolizable

www.angewandte.org

9753


http://www.angewandte.org

Angewandte

9754

Reviews

sterically hindered carbonyl compounds.*! Specifically, the 9-
epi hydroquinidine-derived catalyst I'V proved effective in the
Michael addition of nitroalkenes by enamine activation of
linear and cyclic ketones as well as linear and a-branched
aldehydes (Scheme 5). This C—C bond forming reaction has
historically been a benchmark for measuring the efficiency of
novel secondary®! and primary*! aminocatalysts.

] 1V (10-20 mol%) O Ph 'é'e';a'r}'p];;"";
)‘j aNO PhCOH (10-20 mol%) )l\/'\/NOZ i71-91% yield |
{ + Ph T 14.8:1-11:1dr}
_____ neat, RT, 3-11 days Lo’ '69 99% ee
(0] ) IV (10-15 mol%) O Ph 'é examples
R PhCO,H (10-15 mol%) MNO 176-97% yield
HJ\/+ph/\/NO2—>H ¥, 121201 dr. |
R2 neat, RT, 2-4 days R' R 165-95% ee
R'=akyl Tt
R2= alkyl, Ph, H ® same stereochemistry when R?= H

5:R' = R%= Me

m with isobutyraldehyde 5: 89% ee and 92% yield

Scheme 5. Enamine activation of ketones and aldehydes.

The use of “neat conditions” (that is, without solvent) and
an equimolar amount of benzoic acid afforded the corre-
sponding products with high syn diastereoselectivity and
enantiocontrol. The primary amine catalyst having the natural
absolute configuration at C9 led to poor results in terms of
selectivity and reactivity, a general trend successively con-
firmed in other cinchona-derived primary amine-catalyzed
transformations.*”! It is intriguing to consider that catalyst IV
provided the highest levels of stereocontrol thus far reported
in the enamine-catalyzed reactions with isobutyraldehyde 5.
This substrate served as a model for the pioneering studies by
Hine to demonstrate the higher reactivity of primary over
secondary amines when condensing with hindered aldehydes
(see Section 2.1).

Interestingly, aldehydes and ketones led to the corre-
sponding Michael adducts with consistent syn diastereoselec-
tivity but opposite absolute configuration. This observation,
together with the necessity of an acid co-catalyst to ensure an
effective process, prompted a bifunctional mode of activation
to be proposed, in which the protonated quinuclidine moiety
activates the nitroalkenes through hydrogen-bonding inter-

ketones activation aldehydes activation

Z N ;\l
= Ho o
+NII H Id H NI
Ph// ; OMe } A

Z N
S |
H
H
OMe
R“\
large group

enamine Si face
alkene Si face

small group Ph
enamine Re face
alkene Re face
Scheme 6. Reversal of the absolute configuration in the enamine
catalyzed reactions with ketones and aldehydes. The “like” topicity of
the Michael reaction is preserved while the facial selectivity of the
enamine (which dictates the absolute stereochemistry of the whole
process) is the opposite. The vinyl moiety has been assigned the
highest priority.
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actions and the primary amine is engaged in the enamine
formation (Scheme 6). The stereochemical outcome, which
was rationalized on the basis of the classical acyclic synclinal
transition-state model proposed by Seebach,*! provided the
first evidence of the unique potential of the cinchona primary
amine to react with carbonyl compounds which have com-
pletely different steric constraints. Achieving high stereocon-
trol in enamine-based reactions is strictly connected with the
ability of the catalyst to sterically differentiate the two
rotational enamine isomers that allow maximal overlap
between the nitrogen lone pair and the m orbital of the
adjacent C=C system (see also Scheme 2 and discussion in
Section 2.1). In the activation of ketones, the catalyst
recognizes the enamine vinylic proton as the less-hindered
group. The opposite is true with enamines generated from
aldehydes, where the substituent at the double bond plays the
role of the stereochemical-defining element (the large
group).’! The cinchona-based primary amine seems able to
adapt its flexible structure to ensure configurational control
and ni-facial discrimination of the covalent intermediate, the
factors essential for enforcing high levels of enantioselectivity
in aminocatalytic reactions proceeding through enamine and
iminium ion.

2.4. The Consequences

The initial investigations highlighted the great potential of
cinchona-derived primary amines to expand the scope of
aminocatalysis. Three features attracted the interest of the
researchers: 1) the ability to activate both (o,f3-unsaturated)
ketones and a-substituted aldehydes while 2) inferring con-
stantly high levels of stereocontrol, and 3) using divergent,
mechanistically unrelated carbonyl activation modes, either
via electrophilic iminium ions or nucleophilic enamines. This
provided the foundation for developing asymmetric function-
alizations of sterically hindered carbonyl compounds that
were previously inaccessible.

Probably the most important factor in boosting progress
in the field was the possibility of using a single catalyst class.
An analogy is found in the area of secondary amine catalysis,
where the incredibly high efficiency demonstrated by the
“privileged” aminocatalysts have consolidated the strategy as
a reliable and powerful synthetic tool for the chemo- and
enantioselective functionalization of unhindered aldehydes.
Indeed, a versatile and easily available catalyst that constantly
assures high levels of enantioselectivity represents a funda-
mental starting point for the development of new asymmetric
processes. By avoiding large screening of catalysts when
setting up the optimal reaction conditions, researchers can
focus on exploring novel reactivity patterns and developing
challenging and non-conventional transformations. This hap-
pened with cinchona primary amines, initially in the a- and f3-
functionalization of ketones and enones via enamine and
iminium ion activations, respectively.
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3. Functionalization of Ketones and Simple Enones
3.1. Iminium lon Activation of Simple Enones

Since its introduction in 2007, the cinchona primary
amines I-IV were successfully applied to the catalysis of
a wide range of asymmetric transformations of o,f3-unsatu-
rated ketones, including conjugate additions with different
nucleophiles and cycloaddition reactions. The possibility of
functionalizing substrates that are almost inaccessible to
chiral secondary amine catalysis® provided impetus for the
rapid growth of the field.

3.1.1. Conjugate Additions

Key to reaction developments was the general efficiency
of the cinchona-based catalysts in activating o,f-unsaturated
ketones via iminium ion formation while enforcing constantly
high levels of enantioselectivity, regardless of the type of
nucleophiles used. This resulted in the highly chemo- and
stereoselective additions of C-'! N-2 O-P and S-cen-
tered® nucleophiles to enones (Figure 4).

Iminium lon Activation

I (x mol%)

0 0
RCO,H (2x mol%)
| R! ———» R’
2

R R27"Nu

= C-nucleophiles = S-nucleophiles

Re-face | ® O-nucleophiles = cycloadditions

exposed

= N-nucleophiles

Si-face blocked

Figure 4. Stereoselectivity model for the iminium ion activation of
enones with 9-amino-9-deoxy-epi-quinine I; RCO,H: acidic cocatalyst.

Many classical carbon nucleophiles were used in C—C
bond-forming processes toward the synthesis of useful chiral
building blocks, testifying to the versatility and usefulness of
the cinchona-based methodologies.”"! More importantly, the
reliability of the iminium ion-based system brought about the
development of novel and unconventional functionalizations
of enones. One example is the enantioselective reaction of
cyclopent-2-enone-derived Morita-Baylis-Hillman (MBH)
alcohols 6 with indoles.”! As shown in Scheme 7, the use of
9-amino-9-deoxy-epi-quinine I in the presence of a twofold
excess of TFA resulted in an unanticipated yet exclusive -

oH o 1(20 mol%)
N TFA (40 mol%) R!
Arfa * R1m Tonamr 7
Z~N iPrOAC/THF  Ar \ 7
Tl H 30 °C, 5 days l
‘ » H
............. ! 16 examples
N - S { 56-92% yield
) > ; 69-93% ee
NN N
Hooph N2y H---N
AN Ar%
e Y f 5

Scheme 7. An unexpected O-selective substitution of MBH alcohols.
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regioselectivity, leading to products 7. Alcohol derivatives 6
are generally involved in conjugate addition or allylic
substitution with nucleophiles, to afford a- or y-substituted
products, respectively. The cinchona primary amine I chan-
nels the reaction toward a specific d-selective pathway. The
necessity for an acidic co-catalyst (otherwise the system
remains completely inactive) supports the formation of the
iminium intermediate e, which assists the dehydration event
through a hydrogen-bonding interaction with the protonated
quinuclidine moiety. The resulting intermediate f, whose
transient formation has been supported by ESI mass spec-
trometry analyses, is then selectively attacked at the o-
position by indole while the cinchona scaffold provides
effective face shielding of the butadiene intermediate. The
origin of the regioselectivity of the dehydration-conjugate-
type addition has not yet been completely elucidated (both
electronic and steric effects appear to be important). How-
ever, this example attests to the unique reactivity profiles
induced by cinchona primary amines. Indirectly, this chemis-
try provided a clue for the possible condensation (thus,
iminium ion activation) of catalyst I with a-substituted o,f3-
unsaturated ketones (for the realization of this target, see
Section 5.3).

Owing to its intrinsic reversible nature, the development
of an asymmetric conjugate addition of enones with nitrogen-
centered nucleophiles (aza-Michael reactions) provided
a more severe testing ground for the effectiveness of
cinchona-based primary amines in promoting synthetically
useful yet challenging transformations.®® The application of
iminium catalysis to the asymmetric f-amination of unsatu-
rated carbonyl compounds is a difficult target. This is because
the challenge of chemoselectivity is added to the already
present issue of stereoselectivity. Indeed, two adequate amine
components must be identified that can coexist while
individually functioning as the 1,4-addition nucleophile (with-
out interacting with the carbonyl group to form an iminium
intermediate) and the iminium catalyst, selectively. Once
again, the combination of amine I and 2 equivalents of TFA
provided an effective catalyst system of the direct aza-
Michael addition of Boc-protected N-benzyloxyamine (Boc =
tert-butoxycarbonyl) 8 to a variety of enones, leading to p3-
amino ketones in good yield and high enantioselectivity
(Scheme 8).°? Key to success was a bifunctional activation
mode where the nucleophile 8 was synergistically activated by
hydrogen-bonding interactions with the protonated quinucli-
dine moiety (intermediate g).

0 1(20 mol%) Boc. OBn
Boc. -OBN £ (40 molo) N O
1 2 + )
RPN R P oo N -
8 RT, 1-8 days
13 examples

67-83% yield
86-96% ee

Scheme 8. Bifunctional catalysis of the aza-Michael reaction.
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The catalytic enantioselective oxa-Michael reaction, spe-
cifically the peroxidation of enones, was developed inde-
pendently and almost at the same time by the research groups
of Deng and List.”**" The chemistry nicely demonstrated one
of the main aspects of cinchona primary amine catalysis: the
possibility of channeling the reaction toward unconventional
and previously inaccessible pathways. As depicted in
Scheme 9, the cinchona catalyst directs the stereoselective

iminium ion activation > N
A o e R
\)OL cinchona . kN '-N+
1 2 primary amine ~ R°O.
R R > OWHN |

. 3
R300H acid co-catalyst R1W

h b
o / k« R%0.
o O O
R’ ’<I)L R2 R J\/U\ R2

conventional unconventional
epoxidation pathway protonation event

Scheme 9. The unconventional peroxidation driven by cinchona pri-
mary amine catalyst: pathway b.

nucleophilic addition of the hydroperoxide to enone through
iminium activation to form the corresponding enamine
intermediate h. The conventional reactivity would anticipate
an intramolecular nucleophilic substitution that breaks the
weak peroxide bond, the classical pathway toward the
formation of enantioenriched epoxides.”” The cinchona
catalyst, however, has shown the uncommon potential for
channeling the reaction toward the peroxidation pathway
(bin Scheme 9). The key aspect is related to the conforma-
tional rigidity imposed by the cinchona scaffold to the
enamine intermediate h, which cannot adopt the geometry
required for the intramolecular nucleophilic attack to the
electrophilic oxygen atom. While the epoxidation pathway is
greatly inhibited, the protonated quinuclidine can act as
a proton source to partition the reaction selectively toward
the peroxidation.

Following this peculiar reactivity, Deng and co-workers
developed an alkyl-peroxidation of linear enones to the
corresponding chiral keto-alkylperoxides 9 using a combina-
tion of the quinine derivative I and TFA and different
hydroperoxides, such as fert-butyl, cumene, and a-methoxy
isopropyl hydroperoxide (Scheme 10a)."*! Shortly after, the

a 1(10 mol%) R%0.
O O
0/
a) R‘/\)LRZ + ROOH TFA (30 molb‘ J\/lL
toluene, 2-24h R! R2?
R3= C(CHa)s, C(CH3),Ph, 9
C(CHj3),0CH;
P(OEt); OH O

0--32°C,15h

i i ' R Me

1(20 mol%)
0-0 7
C1,.CCO,H (20 mol%) OH /
Rv\)J\Me 3 2!
—_— 1
R &)(Me \ o
o
1N NaOH R1/<1)LM9

Et,0, RT, 1h 12

dioxane

30%aq. HOz 3¢ 36481 10

(3 equiv)

Scheme 10. a) Alkyl-peroxidation and b) hydro-peroxidation of linear
enones.
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interrupted epoxidation pathway was exploited by List and
co-workers to develop a hydroperoxidation reaction. Ali-
phatic unsaturated ketones, in the presence of hydrogen
peroxide, are converted by a catalytic amount of I and
trichloroacetic acid into the corresponding peroxyhemiketals
10 with high enantioselectivity (Scheme 10b).**®! Importantly,
in situ reduction of peroxides 10 mediated by P(OEt;) or
a basic work-up provided direct access to enantioenriched -
hydroxy ketones 11 or epoxides 12, respectively.

3.1.2. Cycloaddition Reactions

Asymmetric catalytic Diels—Alder transformations, and
pericyclic reactions at large, have been intensely researched
because they offer a powerful and atom-economical way to
rapidly access chiral cyclic compounds.”® It is probably not by
chance that iminium ion activation has been invented to
implement an asymmetric [44+2] cycloaddition: indeed, the
LUMO-lowering activation that allows a,-unsaturated alde-
hydes to function as effective dienophiles in a highly enan-
tioselective pericyclic path provided the first demonstration
of the potential of secondary amine-mediated iminium
catalysis.”! The scope of the asymmetric catalytic Diels—
Alder reaction has greatly expanded, yet simple acyclic a,f3-
unsaturated ketones have, for a long time, remained elusive
dienophiles. Although secondary amine-based iminium cat-
alysis has provided a first solution to this problem !
cinchona primary amines have greatly expanded the applic-
ability of the iminium catalyzed Diels—Alder reaction of
enones. It was found that 9-amino-9-deoxyepiquinine I in
combination with TFA catalyzes the conversion of 2-pyrone
13 and a series of f-aryl, $-alkyl, and unsubstituted enones
into the corresponding cycloadducts with moderate to high
exo-selectivity and excellent enantioselectivity
(Scheme 11).) Remarkably, in the absence of any acid, the

20 o 1(5 mol%) o o
TFA (20 mol%)
N No + Rr\)LW Ch.Ch. 96 h > [ 7 R! 17 examples
OH 22 HO R? 3:1t0>20:1dr.
13 exo 96-99% ee

Scheme 11. Diels—Alder reaction of simple enones.

reaction follows a different reaction pathway, leading to the
corresponding Michael adduct, providing evidence that
further confirms the importance of the acidic co-catalyst to
modulate the catalyst activity as well as the selectivity of the
process.

Pericyclic reactions have provided the ground for an
important advance in the field of cinchona-based primary
amine catalysis. In 2007, Chen’s group introduced the 6'-
hydroxy-9-amino derivatives V and VI (see Figure 2 and
Scheme 12).1! These multifunctional chiral catalysts greatly
influenced future developments in the functionalization of
sterically congested carbonyl compounds (see Sections 3.1.3
and 5). During studies on the [3+2] dipolar cycloaddition of
cyclic enones with azomethine imines 14 (Scheme 12), Chen
and co-workers found that the generally selective catalyst I
afforded the desired tricyclic product 15 with moderate
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;
O H R
(_< V (10 mol%) N
N~ TIPBA (20 mol%) N
—_—
- - THF, 4A MS, 40 °C nH &

n=012

Scheme 12. The multifunctional catalyst V; TIPBA: 2,4,6-triisopropyl-
benzenesulfonic acid, X = counteranion.

enantioselectivity (ee values in the 50 % range). Chen and co-
workers speculated that they could achieve higher stereocon-
trol by using a bifunctional catalyst capable of simultaneously
activating the two reaction partners of the cycloaddition. This
cooperative prospect was translated to experimental reality
with 6’-hydroxy-9-amino-9-deoxyepiquinine V. Through the
hydroxy moiety at the 6" position of the quinoline ring, V
productively engaged in hydrogen-bonding interactions with
the dipole of 14 (intermediatei, Scheme 12), ultimately
channeling the transformation towards a highly stereoselec-
tive path (up to 95% ee).”"!

3.1.3. The Impact of 6'-Hydroxy-9-Amino Derivatives

Soon after its introduction, the multifunctional catalyst V
was used to develop a conceptually novel transformation. A
series of spirocyclic diketons 17 bearing all-carbon quaternary
stereocenters (Scheme 13)P! was constructed by the asym-
metric vinylogous a-ketol rearrangement through semipina-
col-type 1,2-carbon migration catalyzed by a combination of
amine V and L-N-Boc phenylglycine (L-3).

From a synthetic standpoint, the chemistry provided
stereocontrolled access to difficult-to-make congested cyclic
structures. More importantly, this study extended the classical
1,2-sigmatropic migration of the semipinacol rearrange-
ment®® to an unprecedented vinylogous version. The imi-
nium activation of the designed a-hydroxy enones 16 resulted
in an electron-deficient electrophilic center next to the

V (20 mol%) 2 R!
L-3 (40 mol%) \v S o
] R
CCly, 4A MS 0
[6) 57-95% yield
17 82-97% ee

R* X= leaving group R4 RZ

R2 0 N
3 R R3 (‘ R? H"*+ “cinchona
R OH H RS R!
— —_—
R* R4 RY7YX 16

Y= 0, NTs, halogen Primary amine-driven
vinylogous semipinacol

| rear rear

Scheme 13. An unprecedented vinylogous a-ketol rearrangement.
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tertiary hydroxy moiety, which was able to drive the 1,2-
carbon migration. Notably the two main features of this study,
the asymmetric synthesis of spirocyclic compounds and the
concept of vinylogy,® have often been associated with
cinchona-based primary amines (see Sections 3.3.2, 5.1, and
5.2).

3.2. Enamine Activation of Ketones

A distinctive feature of cinchona-based primary amines is
their ability to participate in both enamine and iminium ion
activations of hindered carbonyl compounds. After the initial
report on the enamine-catalyzed Michael addition to nitro-
alkenes (Section 2.3.2), the quinine derivative I was success-
fully applied in another fundamental C—C bond-forming
reaction: enantioselective intramolecular aldolization.**! Spe-
cifically, List and co-workers reinvestigated the cyclodehy-
dration of 4-substituted 2,6-heptandiones to cyclohexenones
18, an aldol reaction which requires the catalyst to differ-
entiate enantiotopic groups (Scheme 14).%  Although

(o}
@ 12 examples
R Me 80-97% yield

86-94% ee

]

Me
(o)
R toluene, -15 °C

Me 2-4 days 18

1 (20 mol%)
CH3CO,H (60 mol%)
_—

Scheme 14. Intramolecular aldol reaction under enamine catalysis.

intense studies were previously devoted to this transforma-
tion, a highly enantioselective version remained elusive for
a long time. Neither use of proline as the catalyst,***! nor
applying the aldolase antibody 38C2[%! reached high levels of
stereocontrol. The realization of this sought-after reaction
shows how cinchona primary amines, and aminocatalysis in
general, have greatly expanded the chemist’s ability to
asymmetrically functionalize unmodified carbonyl com-
pounds.

The development of the direct a-amination of aromatic
ketones provided other important hints concerning the
versatility of the cinchona-based primary amines
(Scheme 15).1°1 The wuse of diethyl azodicarboxylate
(DEAD, 19) as the electrophilic nitrogen source and amine
I furnished the o-heteroatom functionalized ketones 20 with

_.CO,Et
EtO,C. 1 (20 mol%) O HN
TSA (40 mol% N.
R A + Iy p-TSA (40 mol%) Rl X CO,Et
= R2 “CO.Et  iProH, 40°C Z R?
19 4A MS, 3 days 20
_______________________________ 16 examples

= H 39-77% yield
H 88-99% ee

Scheme 15. Direct a-amination of aryl ketones; p-TSA: p-toluenesul-
fonic acid.
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high enantioselectivity, expanding the applicability of enam-
ine activation beyond the established C—C bond-forming
processes. In addition, this study indicated that sterically
encumbered aryl ketones, generally unsuitable substrates for
aminocatalysis, can be efficiently functionalized. Mechanisti-
cally, it was proposed that the azodicarboxylate is activated
towards enamine attack by hydrogen bonding with the
protonated quinuclidine moiety (intermediate j), a mechanis-
tic rationale often invoked in enamine-promoted transforma-
tions with cinchona aminocatalysts.

Recently, MacMillan and co-workers described the
chemo- and highly enantioselective a-fluorination of cyclic
ketones using hydroquinidine derivative IV as the catalyst and
N-fluoro dibenzenesulfonimide (NFSI, 21) as a mild electro-
philic fluorine source (Scheme 16).1°! Several aspects of this

0 o}
1V (10 mol%) F
PhO;S.\-80Ph TCA (10 mol%s)
* E 1.5 equiv Na,CO3
n THF, -20 °C 14 exa?n
N ples
n=012 NFSI, 21 45-88 % yield

88-99% ee

H Me/© Me O

HE )

H L:b @ ofluorination

H N

PO 0 74 % yield
H @ H 22 F H  9g2dr

Catalyst needs to differentiate:
2 potential binding points
3 potential reactive centres

Scheme 16. a-Fluorination of cyclic ketones, TCA: trichloroacetic acid.

study deserve to be highlighted. Mechanistically, it was
demonstrated that enamine catalysis by cinchona-based
primary amines is not limited to addition reactions but has
synthetic potential for nucleophilic substitutions too. From
a synthetic standpoint, the o-fluorination of ketones has
remained an elusive yet sought after transformation since
2005, when researchers developed the corresponding a-
fluorination of aldehydes using chiral secondary aminocata-
lysts.!”) The interest in this reaction can be understood when
considering the distinctive physical properties (a consequence
of the large electronegativity and small van der Walls radius
of the fluorine atom) that make stereodefined organofluorine
compounds valuable to the pharmaceutical, agrochemical,
and polymer industries.*®

The approach to solving the “ketone fluorination prob-
lem” also tells us something important about the properties of
cinchona-based primary aminocatalysis. The optimal catalytic
system was identified by high-throughput evaluation of
a large and diverse set of catalyst structures, including
primary and secondary amines. The use of a robotic platform
to automate the parallel execution of around 400 small-scale
reactions and to determine the utility of a library of 250 novel
and known organocatalysts indicated the unique efficiency of
the cinchona catalyst IV, which greatly outperformed all the
other candidates. Remarkably, the catalytic system has
demonstrated impressive carbonyl chemoselectivity as well
as a-carbonyl positional selectivity in the fluorination of cyclic
ketones that incorporate pre-existing stereogenicity. An
illustrative example is the diastereoselective fluorination of
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the hydrogenated Hajos—Parrish ketone 22 (selectively react-
ing at C4, Scheme 16).

The ability of cinchona primary amines to promote
asymmetric nucleophilic substitution reactions and a-heter-
oatom functionalizations of carbonyl compounds was further
exploited to develop the a-benzoyloxylation of cyclic ketones
(Scheme 17).1°) The method uses anhydrous benzoyl peroxide

(0]
¢/OBZ
n
11 examples

45-81 % yield
84-99% ee

o i 1 (10 mol%)
TCA (10 mol%)
.0 __Ph _SAUDMOA)
¢ * Ph” 0Ty BHT (10 mol%)
n 0 dioxane, 30 °C, 24h
n=012 23

Scheme 17. a-Oxygenation of cyclic ketones, TCA: trichloroacetic acid.

23 and 10 mol % of the radical inhibitor 2,6-di-tert-butyl-4-
methylphenol (BHT) to avoid possible benzoyl radical side
reactions, and leads to synthetically relevant chiral o-oxy-
genated ketones with high optical purity.

3.3. Cascade Reactions

Enantioselective cascade catalysis is a potent synthetic
solution to the stereoselective construction of molecular
complexity.™ This bio-inspired strategy works by combining
multiple asymmetric transformations in a cascade sequence.
From simple precursors, it provides rapid access to complex
molecules containing multiple stereocenters.’!! The ability of
the cinchona-based primary amines to activate (o,B-unsatu-
rated) ketones by enamine and/or iminium ion formation
makes them perfectly suited to cascade catalysis. This is
because of the possibility of integrating orthogonal activation
modes into more elaborate reaction sequences.

3.3.1. Iminium lon/Enamine Tandem Sequence

The initial approach to designing aminocatalyzed domino
reactions was based on the conjugated addition of a nucleo-
phile to a,B-unsaturated ketones followed by the a-function-
alization of the resulting saturated ketones. In this well-
defined sequence, the cinchona aminocatalyst has an active
role in both steps, initially forming the activated iminium ion
species k and later the electron-rich enamine intermediate 1
(Figure 5). This tandem sequence provided the reactivity
framework for developing synthetically palatable transfor-
mations, such as the asymmetric epoxidation,’” aziridina-
tion,”! and cyclopropanation of enones. Key to the success
was the identification of suitable compounds that first act as
nucleophiles under iminium ion catalysis, affording a stereo-
selective addition step, and then become electrophilic to
facilitate the enamine-catalyzed cyclisation event.

Following this cascade approach, cinchona amine catalysts
have solved the challenge of the direct, highly enantioselec-
tive epoxidation and aziridination of cyclic enones, a histor-
ically difficult substrate class for these venerable transforma-
tions.”! Cyclic enones are readily epoxidized with excellent

Angew. Chem. Int. Ed. 2012, 51, 9748 — 9770


http://www.angewandte.org

Asymmetric Organocatalysis

Iminium lon - Enamine Sequence
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Epoxidation Aziridination Cyclopropanation
catalyst I'TFA i-D-3 I'TFA
R3 N .OTs
reagent | H,0, H Br” Y NO,
24: R® = Cbz 26
25: R®=Boc

scope | cyclic enones cyclic and linear

enones

cyclic enones

Common Features

m high diastereo- and enantioselectivity
8 both product enantiomers are accessible

Figure 5. Iminium ion/enamine cascades of enones to epoxides,
aziridines, and cyclopropanes.

enantioselectivity upon treatment with hydrogen peroxide
and a combination of amine I and TFA " while benzyl and
tert-butyl tosyloxycarbamates 24 and 25 can be used to access
N-Cbz or N-Boc protected trans keto-aziridines, respectively,
under the catalysis of a salt made by combining the hydro-
quinine derivative Tl and p-N-Boc phenylglycine p-3.7"!
Both strategies are characterized by high control over the
relative and absolute configuration, but only the aziridination
chemistry has been successfully expanded to include linear
a,B-unsaturated ketones™ (see Section 3.1.1 for the uncon-
ventional peroxidation pathway observed while attempting to
epoxidize linear enones). The asymmetric cyclopropanation
was conducted in the presence of quinine derivative I and
TFA, and using bromonitromethane 26 as the reagent.’* In
this case as well, the scope was limited to cyclic enones, which
were converted into the corresponding nitrocyclopropane
products in high yields and stereoselectivities.

A slightly modified iminium ion/enamine cascade
sequence catalyzed by the quinine primary amine I was
recently designed for directly synthesizing complex tetracyclic
indolines (Scheme 18).7¢!

X 120 mol%) H
RZ N\ 2-nitrobenzoic acid
N [— \\(O (40 mol%) 0o
N EtOAc, RT RT
H Me N 9 examples
X=0,N-Ts H  54.84% yield
4110191 dr.
95-99% ee
iminium ion

Scheme 18. Michael-Mannich cascade to densely fused indolines; Ts:
tosyl.
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The cascade involves an intramolecular Friedel-Crafts-
type alkylation of the indolyl enone to generate an electro-
philic spirocyclic indolenine intermediate m, which is then
trapped by the enamine formed in situ. Notably, the enam-
ine m engaged in the cyclization step (a Mannich reaction) is
the less-substituted isomer, while the reaction shown in
Figure 5 is driven by the internal enamine 1, which has a tri-
substituted double bond.

3.3.2. Enamine/Iminium lon Tandem Sequence

The chemistry of the iminium ion intermediate k depicted
in Figure 5 is mainly characterized by the enhanced suscept-
ibility of the  carbon atom toward nucleophilic attack,
a result of the lowered energetic potential of the LUMO -
system. This reactivity platform has been extensively
exploited, providing the foundations for a large portion of
the chemistry described in the previous sections of this
Review, including the cascade reactions detailed in Figure 5
and Scheme 18. A reconsideration of the reactivity profiles
inherent to the iminium ion k opened up new possibilities for
designing cascade reactions of enones based on a distinct
reactivity framework. As shown in Figure 6, the intermedia-

N _cinchona H.ﬁ,cinchona

IpSa

R2 R2 X

b
.cinchona R3 1
HN EWG/\/ J R
R 27 rR24

Dichotomous character of k
8 Electrophilic at the B-carbon
® Increased acidity of the a-proton

H‘N ~cinchona

Michael - R®
addition EWG

intramolecularl

n
R2
® Nucleophilic character

Michael

RINEWG

: B first acts as a Michael acceptor :
to then become electrophilic

el

Figure 6. Design plan for an enamine/iminium ion cascade sequence;
EWG: electron-withdrawing group.

te k, formed upon protonation of the imine precursor
(generated insitu by catalyst condensation with the o,f-
unsaturated ketone) with a suitable acidic co-catalyst,
increases the acidity of the a-proton. The conjugate base of
the acidic co-catalyst may potentially drive a tautomerization
event toward the cross-conjugated dienamine n,””” which has
nucleophilic character. This situation potentially allows
a switching of the intrinsic electrophilic behavior of the
iminium ion k, channeling the reaction toward a nucleophilic
a-site alkylation. Two factors were central to the successful
implementation of novel cascade reactions of enones: 1) the
identification of a suitable acidic co-catalyst, which could
facilitate the equilibrium between the iminium ion k and the
nucleophilic cross-conjugated dienamine intermediate n;
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2) the identification of a suitable compound 27, which could
first act as a Michael acceptor, intercepting the dienamine n,
and then become nucleophilic, thus selectively engaging in an
intramolecular, iminium ion catalyzed conjugate addition to
afford the cyclic product of type 28 (Figure 6). This cascade
plan uses a pathway mirroring the chemistry reported in
Figure 5 in that the a,p-unsaturated ketones are activated
toward a well-defined enamine/iminium ion tandem
sequence.

This reactivity plan was successfully implemented using
cinchona-based primary amine III and 2-fluoro benzoic acid
(2-FBA) as the co-catalyst, and applied to a range of
electrophilic compounds of type 27. The chemistry furnishes
a one-step access to complex cyclohexane scaffolds, having
three or four stereogenic centers, with excellent optical purity
(Scheme 19).®1 Depending on the reaction partner, cyclo-
hexanones with all-carbon quaternary stereocenters and
bicyclic scaffolds were constructed with high efficiency.

(0]
2
«R 9 examples
| 6:1-19:1d.r.
/ R" ¢ “Ph  94-99% ee
CN NC COOEt
Ph
o}
g2 Il (20 mol%) CO4Et i 5
2-FBA (30 mol%) o “‘R 7 examples
[ (r? RINNO2 — 9:1-19:1 dr.
R ) % toluene, 40 °C \ RI"N VRS  94-98% ee
Ewa 27 { NO,
| N_R\ 0
o) 2 ““/( 5 examples
. N-R 7:1-19:1dr.
o 96-99% ee
Rt O

Scheme 19. Organocascade with enones: combinations with cyanocin-
namates, nitroalkenes, and maleimides.

The ability of cinchona primary amine catalysis to impart
unique reactivity profiles is noteworthy, not least because the
use of chiral secondary amines in the same transformation
gave a different stereochemical outcome and a poor enantio-
selectivity (Scheme 20).["77

The double-Michael addition cascade sequence of enones
was then applied to the one-step, highly stereoselective
synthesis of complex spirocyclic oxindoles starting from
simple precursors (Scheme 21a). Both linear and cyclic
enones were successfully converted into the corresponding

0]
0 . . upto 19:1d.r.
primary amine Il \“d up to 98% ee
| Me = ph Y R
NO, trans
Ph” Cr
— O
O.N secondary amine upto8:4 dr.
= o, up to 38% ee
N NO,
H cis

Scheme 20. The different behavior of cinchona-primary amine and
a proline derivative.
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B 9 , I (20mol%)
ﬁ)k(R 2-FBA (30 mol%)
+ H —
a) O toluene, 60 °C, 72 h
N
29 icinchona _ + H i

: N~ H 9 examples
: ot 24-82% yield
; R%: 410 >19:1d.r.
PR RI 84 to 98% ee
i @ |
: NH o :

CHO
2
RZ_CHO™™

Q R\3, IX (15 mol%)

2-FBA (15 mol%)

b) ;
R 0 toluene, 40 °C, 48 h
NH :-""-""""'"E
Phph : 14 examples
R4 29 : ' 35-74% yield
OTMS | 12:1to >19:1d.r.

98 to 99% ee

Scheme 21. Complementary organocascade strategies for the construc-
tion of spirocyclic oxindoles: a) chiral primary amine 11l selectively
activates enones toward a double conjugate addition, exploiting an
enamine/iminium activation sequence; b) chiral secondary amine IX
promotes a triple organocascade by way of an enamine/iminium ion/
enamine activation of aldehydes.

complex products under catalysis by III and 2-fluoro benzoic
acid. Central to this study was the design of a suitable Michael
acceptor 29, bearing the oxindole moiety, which, after the first
conjugate addition, generates the nucleophilic intermediate o.
The second intramolecular conjugate addition step directly
forges the spiro-stereocenter with high fidelity.[*)

Although the spiro-oxindole core features in a number of
natural products as well as medicinally relevant compounds,
its stereocontrolled synthesis, particularly installing the chal-
lenging spiro-quaternary stereocenter, poses a great synthetic
problem.®!! Remarkably, a complementary organocascade
strategy was devised, based on activating aldehydic com-
pounds under secondary amine catalysis. This led to similar
spirocyclohexene oxindoles with very high stereocontrol
(Scheme 21b).15%8 The complementary approaches depicted
in Scheme 21 are based on mechanistically distinct domino
sequences. They highlight the potential of organocascade
catalysis to face up to challenging synthetic problems using
disparate tactics. From the perspective of aminocatalysis, this
study indicated how primary amine catalysis can reach and
complement the impressive level of efficiency inherent to the
chemistry driven by chiral secondary amines.

4. Functionalization of a-Substituted Aldehydes and
Enals

The potential of cinchona-based primary amines to
effectively functionalize a-branched aldehydes under enam-
ine activation was recognized early by the initial investiga-
tions of McCooey and Connon (Section 2.3.2).1l The versa-
tility of this catalyst class has allowed researchers to success-

Angew. Chem. Int. Ed. 2012, 51, 9748 — 9770


http://www.angewandte.org

Asymmetric Organocatalysis

fully address the difficult issue of the iminium ion activation
of a,B-disubstituted enals.

4.1. Iminium lon Activation of a,[3-Disubstituted Enals

a-Branched o,fB-unsaturated aldehydes have long been
challenging substrates for asymmetric catalysis. Neither
metal-based methodologies nor asymmetric aminocatalysis
have provided a way to stereoselectively functionalize this
sterically congested compound class.®™! Cinchona primary
amines have a unique ability to engage in iminium ion
formation with encumbered enones while enforcing high
geometry control and face discrimination. In early 2009, it was
hypothesized whether this ability could be translated into the
challenging class of a,p-disubstituted enals.®™ Preliminary
investigations revealed that the TFA salt of the quinine-based
amine I promoted the Friedel-Crafts alkylation of 2-methyl-
1H-indole with (E)-2-methylpent-2-enal with good enantio-
selectivity. This result indicated that a selective m-facial
shielding of the iminium intermediate was effective (Sche-
me 22a). The poor diastereocontrol, however, demonstrated
that the following enamine-based protonation step escaped
catalyst control.

Il (20 moi%)

@at i i

a) \ . Et/\)J\H TFA (30 mol%) CHO

N J 73% yield
H Me CHCl3, 65h,-20°C  HN Me Y

Me 1.4:1dr.
86% ee

o % 0 111 (20 mol%) R' o
e * R1/\)LR2 0-3 (30 mol%) I R2
H toluene HN
Me

Scheme 22. a) Iminium activation of a-branched enals in the Friedel-
Crafts alkylation of indoles; b) opposite stereochemical outcome with
enones.

This result further consolidated the unique ability of the
cinchona primary amine to recognize carbonyl compounds
which have completely different steric constraints. Remark-
ably, the observed opposite absolute configuration of the [3-
stereocenter in the Friedel-Crafts alkylation of indoles with
enones and a-branched enals under catalysis by the same
quinine-derived catalyst III (Scheme 22a,b and Scheme 4)
strictly resembled the enantiodivergent stereochemical out-
come of the Michael addition of aldehydes and ketones to
nitroalkenes under enamine activation (Scheme 6 and dis-
cussion therein). It appears that the flexible nature of the
cinchona amine structure can ensure configurational control
and m-facial discrimination, regardless of the steric bias
inherent in the covalent iminium intermediate.

The issue of the modest control over the relative
stereochemistry in the IIl-catalyzed Michael addition to
enals (Scheme 22a) was by-passed by designing a three-
component cascade reaction, because using a more encum-
bered electrophile (with respect to a proton) generally
engenders higher diastereocontrol. Two organocascade reac-
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tions that combine two intermolecular and stereoselective
steps were successfully developed (Scheme 23).¥ The olefin
aryl-amination and thio-amination processes follow a defined
Michael addition-amination pathway under an iminium ion/

Olefin Arylamination

2
TN R 11 (20 mol%) R
\ RN CHO N cHo
b - >
R® RA_N Il rTN-N.
R4 CHCI3, 481, RT HN N R4

TFA (30 mol%)

N
H R3 R4
8 examples
31to11:1dr.
Olefin Thioamination s 83 to 99% ee
RY
RS-SH Boc, 111 (20 mol%) $
Rz\,CHO i TFA (30 mol%) Rz;\(CI—:‘O 6 examples
e *Boc  CHOI, 48.65h RIN-N, 41to20:1dr
BOCI Boc 72 to 99% ee

Scheme 23. Organocascade catalysis with a-branched a,f3-unsaturated
aldehydes: Friedel-Crafts/amination strategy and sulfa-Michael/amina-
tion strategy.

enamine sequence, in which the indole or the thiol acts as the
nucleophile and the azodicarboxylate as the electrophile. The
chemistry affords straightforward access to valuable precur-
sors of o-amino acids that have two adjacent stereogenic
centers with high optical purity.

The same iminium ion/enamine tandem sequence succes-
sively served for the enantioselective epoxidation of o-
monosubstituted and a,f-disubstituted enals,® substrate
classes that had long been inaccessible to asymmetric
epoxidation catalysis. The study introduced interesting ele-
ments of novelty. The best catalytic system was identified by
synergistically combining amine I with 2 equivalents of the
chiral phosphoric acid derivatives 30 and 31 (Figure 7). A
dramatic case of “matched” chiral induction was observed
when using the (R)-enantiomer of the phosphoric acids. In
addition, the chiral acid was responsible for the high
stereocontrol achieved in the epoxidation of a-monosubsti-
tuted enals.

0 1 (10 mol%) 0 o o (0]
R)-30 or 31 (20 mol% S oY
R‘\)LH , 50%aq. H0, {R-30 or 31 (20 mol%) R“\-)LH o SNy
5 equiv THF (0.125m) 2
R? a 50 °C, 24 h ) R R?

using 31 using 30
7 examples R'=H
up to 19:1d.r. 4 examples

70 to 99% ee up to 98% ee

944 -

O\P"O 30:R= D\ matched/mismatched combination
i 0” ~OH iPr P 09 1(R)-30  1:(S)-30
OO 31:R=Ph i Et/\f)LH

; R :

94:6dr. 74:26dr.
Me 99% ee  -28% ee*
= A
H oo X®‘/O -
,\/& AL ~Q‘\ T
1 H H
R 5 N _ M R1’\%\‘I\\l/\[’/‘l+
R Hx @ R2 lll H
P a @

iminium step enamine step

Figure 7. Epoxidation of a-branched enals; X: phosphate anion; * the
opposite enantiomer was formed.
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All the evidence supports the notion that the chiral
phosphoric acid, in cooperation with the cinchona primary
amine, provides additional enantio-discrimination in both the
iminium ion step, serving as chiral counteranion (intermedia-
te p), as well as in the enamine-driven cyclization, acting as
a Brgnsted acid (intermediate q). This study first showed the
peculiar efficiency and compatibility of cinchona primary
amines and phosphoric acids, a privileged combination that
has found other synthetically relevant applications dealing
with the functionalization of sterically encumbered carbonyl
compounds (Section 5).

Interestingly, the cinchona-based catalyst was not able to
effectively activate a-unsubstituted enals, which are the ideal
substrates of chiral secondary aminocatalysis, instead it gave
the corresponding epoxide in a process which had low
reactivity and low stereocontrol. This intriguing limitation
of the cinchona catalyst, observed in other transformations
too, further underscores the complementary nature of pri-
mary and secondary amine catalysts.

4.2. Enamine Activation of a-Branched Aldehydes

The modern perspective and the new methodological
opportunities provided by asymmetric organocatalysis have
allowed chemists to redefine the synthetic power of many
fundamental C—C bond forming transformations: highly
stereoselective aminocatalytic variants of the aldol, Mannich,
Michael, and Diels—Alder reactions have been successfully
developed. However, it was only with the advent of cinchona-
based primary amines that a venerable reaction, the Knoe-
venagel condensation,® succumbed to a catalytic asymmetric
approach. This transformation, which more than a century
ago led the historical foundations for the development of
modern aminocatalysis,® has never been made enantiose-
lective. To finally achieve this target, List and co-workers
designed a cinchona amine-catalyzed dynamic kinetic reso-
lution of racemic a-branched aldehydes (Scheme 24).% The
system exploits the ability of the cinchona catalyst to form the
covalent intermediate and to then drive a continuous race-
mization through an iminium ion/enamine tautomerization,

Me X (10 mOI%o) Me CO.R
)\ + o~ DMSO, 20 °C, 5-7 days H
ArliTCHOH COE™ "COR ————mr—> COR
2 32
(60 mol%) 14 examples
74 t0 91% ee
HO,C CO.H
OMei H.+ cinchona ~ ~cinchona H. + _.cinchona
@\1 NH J\rPh - ,S/ J\,Ph
\ 2 N :
: X “ fast CO.E COZR l slow
i Me Me , .cinchona H.N,Cinchona
Rozc\/\r ROZCW)\( RO,C Ph
CO.R fast CO,R! s COZRE s

dynamic kinetic resolution

Scheme 24. An old reaction revisited: the Knoevenagel condensation.

www.angewandte.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

P. Melchiorre

which is the vehicle for interconversion. The enantioselectiv-
ity of the process arises from the different rates at which the
intermediate diastereomeric iminium ionsr are converted
into the Mannich adducts s or, if s is generated reversibly, the
stereoselectivity reflects the different kinetics of dehydration
leading to the Knoevenagel product 32.

Remarkably, the use of a modified cinchona-derived
primary amine X, bearing a substituent at the 2’ position of
the quinoline ring, afforded slightly higher stereoselectivity
with respect to the quinine analogue I (88 % versus 91 % ee).
The modified catalyst class of type X may serve in future
endeavors for fine tuning the stereoselectivity of the cin-
chona-amine catalyzed processes.

5. New Directions

Progress within the field of cinchona-based primary amine
catalysis has been largely influenced and guided by previous
studies on chiral secondary amines.” In only five years, this
approach has almost equaled the high level of efficiency and
reliability of aminocatalysis by proline-derived catalysts,
offering the unique possibility of effecting processes between
sterically demanding carbonyl compounds. Recent findings
have suggested that the role of cinchona primary amines is not
limited to expanding the substrate scope while still using
established activation modes. The use of cinchona primary
amines may yet redefine the frontiers of carbonyl function-
alization providing novel opportunities to successfully attack
previously elusive synthetic problems.

5.1. Dienamine Catalysis

The direct, catalytic, and stereoselective functionalization
of carbonyl compounds at the vy position is a difficult target
for asymmetric synthesis. Of the few useful approaches
devised to date, the concept of vinylogous nucleophilicity is
the most powerful (Figure 8).”. However, designing asym-
metric catalytic versions is not simple. Indeed, every approach
to vinylogous reactions overlays the challenge of site-selec-
tivity onto the already present issue of stereo-selectivity.
Organic chemists classically address the critical regiochemical
issue by preparing preformed, stable dienolate equivalents.
Logically, this approach would be improved by avoiding the
stoichiometric pre-activation of the vinylogous nucleophilic
components. However, examples of direct, catalytic, and
asymmetric vinylogous reactions are rare.®” Secondary amine
catalysis has recently provided a potentially general reactivity
framework for designing direct vinylogous processes: dien-

Dienamine Catalysis-induced Vinylogous Nucleophilicity

(3R 3%

0 N N Q
Elec 2 0¥
R H 2 N R \)L 1
\/\)LR1 —» |R R — ﬁ/\ R
Elec Elec
Elec

Figure 8. Dienamine catalysis and the concept of vinylogy; Elec:
electrophile.
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amine catalysis. Introduced in 2006 by Jgrgensen and co-
workers®™ to promote the direct, enantioselective y-amina-
tion of a,fB-unsaturated aldehydes, it exploits the ability of
chiral amine catalysts to form a nucleophilic dienamine
intermediate in situ when they condense with y-enolizable
unsaturated carbonyls (Figure 8).

Surprisingly, dienamine catalysis has since found only
limited application in asymmetric synthesis,*** probably
because y-amination of enals was originally proposed to
follow a particular [442] cycloaddition path,®! instead of
a more general nucleophilic addition route.® Recently,
cinchona-based primary amine catalysis has greatly expanded
the potential of this approach, promoting vinylogous nucle-
ophilicity within Michael addition patterns, upon selective
activation of unmodified cyclic o,f-unsaturated ketones
(Scheme 25).

o o RI-H
V (10-20 mol%) 7 examples
2F-PhCO,H 2 68-87% yield
+ g\ NO2 (2040 moi%) D: o 96-98% ee
toluene, > 2 R'=alkyl, Ph
R RT t040°C /48 h R! 13 examples

44-90% vyield

y-site selective pathway up t013.5:1 d.r. g
.5:1 d.r g

Reaction Pathway e ——n—n———————- 8 5-95% ee

" : Not Observed Pathways
H.+ ,cinchona H, ,cinchona ) ) H
N N H_ cinchona H, ,cinchona;

5| G B

R! t i ;
: v
exo-extended H ¥ R R! H
dienamine H endo crossed dienamine 1

...................................... -

Scheme 25. Vinylogous Michael addition.

Specifically, the multifunctional 6'-hydroxy-9-amino qui-
nine derivative V (Section 3.1.3) catalyzed the unprece-
dented, direct, vinylogous Michael addition of B-substituted
cyclohexenone derivatives to nitroalkenes under dienamine
catalysis.”"! Catalyst V ensured complete vy-site selectivity,
with the two stereocenters at the y and O positions of the
carbonyl moiety forged with very high fidelity. Remarkably, V
can communicate its inherent stereochemical information
while forging the new stereocenter at the d position, several
atoms away from the catalyst binding point within the
covalent dienamine intermediate.

Central to success was the potential of the cinchona-
derived catalyst to easily condense with an enone substrate to
form the iminium ion intermediate, and then to coax the
selective formation of the exo-cyclic extended dienamine t
over the endo-adduct u or the cross-conjugated dienamine v
(this intermediate is preferentially formed with acyclic
enones, see Section3.2.3 and Figure 6 for discussions).

with an acidic co-catalyst) to perturb the iminium-dienamine
equilibrium, taken together with thermodynamic factors,”"

which govern the regioselective formation of the exo-cyclic i

dienamine intermediate t, resulted in an exclusive y-site
selective pathway.

Interestingly, primary amine catalysis can impart unique
mechanistic pathways. A recent report has demonstrated that
a chiral secondary amine and the cinchona-based primary
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amine behave in completely different ways when exposed to
the very same reagent combination, namely [3-methyl cyclo-
hexenone and nitrostyrene, catalyzing a Diels—Alder reac-
tion and a vinylogous pathway,” respectively (Scheme 26).

\ in water

Primary Amine Catalysis Secondary Amine Catalysis
' (>0
Q. %L
il/w Me

extended dienamine cross-conjugated
dienamine

OH (0]
A N0 £
N 2N NG T D_‘S S |
N Me N

y-site selective pathway enamine-iminium sequence

Scheme 26. Primary amine versus secondary amine catalysis.

The logical extension to consolidating dienamine catalysis
as a useful template for the y-functionalization of carbonyl
compounds was its application to nucleophilic substitution
reactions. The 6’-hydroxy-9-amino quinidine VI was used to
catalyze the direct asymmetric y-alkylation of a-substituted
linear o,f-unsaturated aldehydes with bis(4-dimethylamino-
phenyl)methanol 33 by an Sy1 pathway (Scheme 27).*! This
unprecedented transformation was accomplished using an
interwoven activation pathway that successfully integrates
dienamine catalysis and Brgnsted acid catalysis simultane-
ously. The combination of amine VI with the chiral phospho-
ric acids 34 or 35 led to the y-alkylated compound 36 as the

(0]
VI (15-20 mol%) R?

[0} OH
= ! H
H O O Acid (S)-34 or (S)-35 R’
+ (20-40 Mol%)
—_— >
X X
R 33, X: N-Me CHCl3, 50°C, 161 O O
X X

"""""""""""""""""" y-site selective pathway

36

R Ar oj
i O H /[ - 10 examples
0. ,0 i A+ 0RO up to 98% yield

Exploitation of the ability of catalyst V (in combination i

o R! (0] up to 95% ee
o""oni \[ A }
R? H

L, o
: H (a)

34 R=H : NH

35: R =4-NO,-CgHy +N
"""""""""""""""""" — Ili z )

- SN

Scheme 27. Vinylogous substitution reaction in the Sy1-type y-alkyla-
tion of a-branched enals.
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sole product of the reaction and it is formed with high optical
purity. Mechanistically, the phosphoric acid induces the
formation of a chiral contact ion pair (the reactive carbocat-
ionic alkylating agent) from alcohol 33°* that may synergisti-
cally engage in a matched combination with the chiral
covalent dienamine intermediate (arising from the condensa-
tion of primary amine VI with enal). A cooperative catalytic
system is thus operative, in which both the electrophilic and
nucleophilic chiral intermediates interact through a network
of noncovalent interactions (intermediate w).

It was demonstrated that dienamine catalysis is not
limited to cyclic scaffolds, but has synthetic potential in the
functionalization of acyclic, sterically hindered unsaturated
carbonyl compounds. This possibility was interesting from
a synthetic perspective. Moreover, the alkylation of o-
unbranched enals took place with perfect y-site selectivity
under primary amine catalysis, but with very poor stereocon-
trol (under 10% ee).” This lack of control was presumably
due to the poor E/Z geometry control of the dienamine
intermediate. There thus arose the interesting prospect that o-
branched enals, which are very difficult substrates for
enamine and iminium ion catalysis, have the structural
properties (namely the a-substituent) to bias the dienamine
geometry, a necessary requirement for forging a stereogenic
center at the vy position with high fidelity.

5.2. Trienamine Catalysis

The previous Section has detailed how the application of
the HOMO-raising activation strategy to enolizable o,f3-
unsaturated carbonyl compounds results in the formation of
a dienamine intermediate (Figure 8), whose intrinsic vinyl-
ogous nucleophilicity can be used for the direct asymmetric
functionalization of unmodified carbonyl compounds at their
y position. Recent findings have demonstrated that the
HOMO-raising electronic effect can be further propagated
within poly-conjugated enals and enones of type 37, thus
leading to the in situ formation of trienamine intermediates
(species x in Figure 9).['"%! These covalent species can readily
participate in Diels—Alder processes in which they act as
activated chiral dienes, thus intercepting a variety of electron-
deficient dienophiles. The chemistry allows the rapid con-
struction of stereochemically dense cyclohexenyl rings 38
adorned with different molecular architectures and with high
stereocontrol. Remarkable features of the resulting methods
are 1) the perfect regioselectivity, in which the two novel
carbon—carbon bonds form exclusively at the § and & position

Trienamine Activation
R'< N° R"

Q E
R’ J\[ R =\
chiral amine E
¥ B
X ) Diels-Alder
€ A process

37 R?

reactive diene

Figure 9. Further extending the marriage between the vinylogy princi-
ple and the HOMO-raising activation approach leads to the trienamine
activation strategy; E: electron-withdrawing group.
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of the original carbonyl 37, and 2) the impressive ability of the
aminocatalysts to communicate their inherent stereochemical
information while forging the new stereocenter at the
€ position, six atoms away from the catalyst binding point
within the covalent trienamine intermediate.

The viability of the trienamine activation was established
in a collaborative project between the research groups of
Chen and Jgrgensen.''®l The efficiency of chiral secondary
amines to activate aldehydic substrates provided the synthetic
ground for developing asymmetric Diels—Alder processes
based on the transient generation of extended conjugated
trienamine intermediates of typex (R'=H, Figure 9)."!
Chen and co-workers, thanks to the effectiveness of the
cinchona-based primary aminocatalyst III, have successfully
extended trienamine activation to 2,4-dienones.”® Still, this
was not a trivial achievement: building up on experimental
observations, a logical and careful design of the dienones was
needed to effectively channel the reaction toward a productive
pericyclic pathway induced by the trienamine intermediate x
(Scheme 28). Indeed, the presence of an aryl group (R =Phin

J\l [\2 q n _m@omolw) O“/'«,, AR
+ 16 examples
TFA (20 mol%) O\
R 39 toluene, 60°C R Soae
O J\ e >19:1d.r.
0" 'R

62-96% ee
2,4-dienones structure/reactivity correlation

NH
1
)\’ PhMR
J\/\R x Py R2

y
trienamine

R= aryl, 2-styryl

(o]
o
Ph)l\"\/s\
z R

cross-conjugated " "
ug reactive diene

trienamine

non productive productive

Scheme 28. Challenges arising from the trienamine activation of 2,4-
dienones; TFA: trifluoroacetic acid; the black circle represents the
catalyst scaffold.

37) instead of an enolizable methyl substituent at the
a position of the carbonyl was essential to suppress the
detrimental formation of the cross-conjugated trienamine
intermediate y, which completely inhibited the reactivity.
Afterwards, a v,y-disubstituted pattern (R?=Me in 37) was
envisioned to prohibit a non-catalyzed Diels—Alder process of
the dienone z, which is an intrinsically reactive diene con-
jugated between the a- and d-carbon atoms, assuring in this
way an amine-catalyzed [3,e-regioselective cyclization.

The Diels—Alder reaction of maleimides 39 with a wide
variety of structurally distinct dienones 37 under the trien-
amine activation by the primary aminocatalyst III afforded
the corresponding cyclic compounds 38 in high optical purity
(Scheme 28). The chemistry was also extended to completely
different classes of dienophiles, such as methylene-
indolinones, olefinic cyanoacetates, or nitroalkenes (results
not detailed in Scheme 28) preserving a very high degree of
regio-, stereo-, and endo-selectivity.
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5.3. Iminium lon Activation of a,f-Disubstituted Enones and
Beyond

The unique versatility of the cinchona-based primary
amines to functionalize hindered substrates, with constantly
high stereoselectivity, was recently tested in the most severe
of trials, the activation of a,pB-disubstituted unsaturated
ketones. This class of carbonyl compounds has never before
succumbed to a catalytic approach.”” Along with the inherent
problems of forming congested iminium ions,
the catalyst must bias between two sterically
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conditions.” Indeed, the judicious choice of acidic additives
and reaction media switches the sense of the catalyst’s
diastereoselection, thereby affording either the syn or anti
products with high enantioselectivity.

This potential was exploited to access the full range of
possible stereoisomeric products 42 of the SMA reaction
(Figure 11). The ortho-fluoro benzoic acid/catalyst VI combi-
nation induced a syn selective outcome to the SMA of
benzylthiol 40 to enone 41, when carried out in chloroform. In

Chemie

encumbered carbonyl substituents. In addi- synselective | | T = i 1"‘;5195"’“:;9
tion, since conjugate additions to linear a- 2F-PhCO,H (40 mol%) 2 (5)6 (15 mal%)
branched enones generate two adjacent ste- P”Ns O . P : P*>Ns o
reocenters through an addition—protonation (R) ;91/"1’;'9:(‘ i vi (;) B\ e
sequence, the design of a stereocontrolled (S)Me Me g69% ee LRI, ~ B Me  77%yield
process must address the challenge of dia- | O,N syn-42 ON antia2 5714w
. . % ee
stereo- as well as enantioselectivity. To address catalvst VI Ph” > SH
. . yst 40 o catalyst VI
these challenges (Figure 10) the aminocatalyst (20 mol%) (10 mol%)
must: 1) condense with the highly hindered eocthz:gC Me 5 acetone
keto moiety, while 2) selectively shielding one ’ SatalystV N Me catalyst V 80h, 40°C
face of the iminium intermediate, to forge the (20 mol%) 4“1 (10 mol%)
B—ster.eocenter with high fidelity. Finally, P s o N P s O
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The multifunctional 6'-hydroxy-9-amino ‘e[ frrrrmrrrrrnnnnne :

quinidine derivative VI successfully addressed
all the requirements, catalyzing the stereose-
lective sulfa-Michael addition (SMA) of dif-
ferent alkyl thiols to a range of linear a-
branched enones (Scheme 29).7%! The catalytic potential of
the cinchona primary amine went even further, addressing an
unmet challenge in asymmetric catalytic synthesis: modula-
tion of the enforced sense of diastereoselectivity using a single
catalyst through fairly simple modifications of the reaction

catalyst.

activation of a lective shielding ine g try
hindered carbonyl of n-system control
Qun Q
5 0 Primary N HN oH 0
R R! Amine  RZ ; NuH R2 H REA R
— Rl — R!—>
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Figure 10. Challenges arising from the iminium ion activation of
o-branched enones.
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Scheme 29. Switching the diastereoselectivity of the SMA of
a-branched enones; 2-FBA: 2-fluoro benzoic acid.
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acetone the phosphoric acid (S)-1,1"-binaphthalene-2,2'-diyl
hydrogen phosphate 34 switched the catalyst’s induction
toward anti-selectivity. The same designed acid-induced
diastereo-switching behavior was observed with the quasi-
enantiomeric catalyst V, derived from quinine.

In this study, all the unique features of cinchona-based
primary amines, including the flexibility of the cinchona
scaffold and the modular nature of the ion pair assembly, both
of which can be modified using external stimuli, such as
different acids and solvents, have been synergistically com-
bined.™ Looking to the future, understanding how to induce
(and maybe even program) such a synergic cooperation could
provide the possibility of preparing a chiral catalyst whose
catalysis function changes in response to an external chemical
stimulus, thus greatly increasing the potential of cinchona
primary amine catalysis.

6. Conclusion

This Review seeks to provide a useful guide to ration-
alizing how cinchona-based primary amines have expanded
(and will probably continue to expand) the potential of
asymmetric aminocatalysis. Progress was spurred by the need
to overcome the intrinsic limitations of chiral secondary
amine catalysis, which was restricted to the functionalization
of unhindered aldehyde compounds. Early investigations
were largely influenced by previous studies on secondary
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Figure 11. Accessing the full range of the stereoisomers of the SMA reaction using a single chiral
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amines catalysis, and demonstrated that primary amines could
encompass the classical activation modes, while offering the
possibility of effecting processes between sterically demand-
ing partners. This resulted in more exciting achievements than
originally hoped. That is because a single catalyst class, the
cinchona-based amines, was shown to effectively activate
different carbonyl compounds, which are characterized by
completely distinct structural features and steric bias, and to
infer consistently high levels of stereocontrol. As such,
researchers are closer to realizing the “dream” of a general
aminocatalyst, able to activate nearly all the carbonyl
compound classes.

The reliability and impressive versatility of the cinchona
amines have motivated researchers toward more ambitious
objectives, providing a general and solid catalytic platform
from where successfully attacking those major challenges
connected with the preparation of chiral molecules that
cannot be addressed by traditional approaches. It is clear,
however, that, to sustain future methodological innovation,
a deeper understanding of the complex mechanisms associ-
ated with the multistep processes inherent to primary amino-
catalysis is required. This is particularly true for the cinchona-
based primary amine catalysts. The lack of information about
the active conformer of this catalyst class stands in sharp
contrast to the extensive experimental studies that have
delineated its reactivity. It is anticipated that the “tools of the
trade” of traditional physical organic chemistry will play
a decisive role in the near future to elucidate reaction
mechanisms and elements of stereocontrol.l'””! To fully exploit
the potential of this nature-inspired catalyst class, it will thus
be crucial to combine computational methods, spectroscopic
measurements and X-ray crystallography to detect, analyze,
and characterize the reactive intermediates involved in
cinchona-based primary amine catalysis.
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