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1. Introduction

The catalysis by primary and secondary amines of elec-
trophilic substitution reactions in the-position of carbonyl
compounds and related reactions via enamine intermediates
is called enamine catalysi8.To a large degree this chemistry
can be considered the catalytic variant of the classical
preformed enamine chemistry (Scheme 1) pioneered by
Stork3™5 In such transformations an enaminél § is
generated by reacting a carbonyl compounavth an amine
(1) under dehydration conditions. Reaction of the enamine
(11 can proceed via an addition (rouf® or substitution
(route B) route depending on the nature of the reaction
partner (electrophile). In either case, iminium ioh¢ Y are
usually formed, which are then hydrolyzed to afford the
products V). A vast array of transformations has been
achieved via preformed enamine chemistiherefore, a
catalytic version of this chemistry was highly desirable.

Recent years have witnessed an explosive growth in the
field of enamine catalysis and, particularly, asymmetric
enamine catalysis, and it became apparent that, in addition
to being almost ideally atom economic and step economic,
the scope of the catalytic version (Scheme 2) and its potential
for enantioselective synthesis by far exceeds those of the
stoichiometric approach (Scheme 1). The basis of enamine
catalysis is the reversible generation of enamines from a
catalytic amount of an amine and a carbonyl compound. Key
to enamine formation is the LUMO lowering effect and the
resulting dramatic increase in—&1 acidity upon initial
conversion of the carbonyl compound into an iminium ion.
There are two modes of enamine catalysis, depending on
the class of electrophile used. On the one hand, double bond
containing electrophiles such as aldehydes, imines, Michael
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The concept of enamine catalysis has three fundamentalHajos—Parrish-Eder—Sauer-Wiechert reaction, a proline-
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designed catalytic antibodi€%to catalyze the direct asym-  curiosity. A revival of this chemistry was initiated, at the



Asymmetric Enamine Catalysis

Scheme 1. Chemistry of Preformed Enamines
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Scheme 3. Nature’s Strategy of Aminocatalytic Aldolization
(E = Enzyme)
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and publications are coming up at an amazing pace. Here
we cover only the literature until the year 2006.

2. Asymmetric Aldol Reactions

2.1. Introduction

The aldol reaction is among the most commonly applied
C—C bond forming reactions'. The versatility of this
reaction stems from its utility in constructing chiral building
blocks (via the stereoselective formation of C bonds) for
the synthesis of structurally complex molecules, namely
natural products or non-natural drug molecules.

Aldol reactions combine a nucleophilic addition, which
is acid-catalyzed, with an enolization, which is catalyzed by
both acids and basé3! These properties make it possible
for the aldolization to be catalyzed by both Lewis and
Brgnsted acids and bases.

Chemically, this reaction is dominated by approaches that
employ preformed enolate equivalents in combination with
a chiral catalyst (indirect aldol reactioh)’"° Typically, a
metal is involved in the reaction mechanism, with the notable
exception of chiral Lewis base-catalyzed Mukaiyama aldol-
type reactiond? The direct aldol reaction between two
unmodified carbonyl compounds is of great importance,
especcasprially due to practical reasons, as it avoids the
formation and/or isolation of an enolate equival&e

Nature’s aldolases use combinations of acids and bases
in their active sites to accomplish the direct asymmetric
aldolization of unmodified carbonyl compounds. Class |
aldolases use the Lewis base catalysis of a primary amino
group (Scheme 3). To realize enolization under essentially
neutral, aqueous conditions, these enzymes decreasKthe p
of the carbonyl donor (typically a ketone) by converting it
into an iminium ion A). A relatively weak Brgnsted base
cocatalyst then generates the nucleophilic species, an enamine

beginning of this century, with the discovery of the proline- (B), via deprotonation (Scheme 3). Subsequent addition to
catalyzed direct asymmetric intermolecular aldol reaction by the carbonyl acceptor leads to another iminium i@),
List et al’® Since then, the general field of asymmetric which upon hydrolysis regenerates the amine catalyst and

organocatalysid~1® and, particularly, asymmetric amine

liberates the aldol producDj.

catalysis has unfurled at a breathtaking pace: new catalysts Although acids and bases are used for catalyzing aldoliza-
are being designed, new reactions are being discovered andions, the aldolase-like direct catalytic asymmetric aldol
applied in asymmetric synthesis, and the mechanistic picturereaction remained an elusive challenge for a long time.

is becoming increasingly clear.

Chemists became inspired by nature and developed catalysts

Enamine catalysis has developed into a powerful strategythat mimic the functional concept of aldolases for this
for asymmetric synthesis. The area is still extremely active, purpose. One such approach includes antibody-catalyzed
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Scheme 4. The Two Modes of Intramolecular Aldolization 2.2.1. Enolendo Aldolizations
OUO __Enolendo- _ OmOH The Hajos-Parrish-Eder—Sauetr-Wiechert reaction is a
aldolization 6-enolendo aldolization. Hajos and Parrish discovered that
! ! proline @) is an effective catalyst for the intramolecular aldol
o 0 H reaction of triketones such &sand 3, furnishing aldols4
)‘W\(\j Enolexo- and.5. in good yields and in one case with h|gh_enant|ose—
—_— lectivity (Scheme 5§23 Acid-catalyzed dehydration of the
f aldolization f aldol addition products gave condensation prodéasd?

(egs 1 and 2). Independently in the same year, Eder, Sauer,
direct asymmetric aldol reactions developed by Lerner, and Wiechert directly isolated the aldol condensation prod-
Barbas, and Reymort@2® Purely chemical direct catalytic  ucts when the same cyclizations were conducted in the
asymmetric aldol reactions were achieved by multifunctional presence of proline (36200 mol %) and an acid cocatalyst
heterobimetallic complexes reported by the Shibasaki (eqs 3 and 4§*
groug*-?® and dinuclear Zn complexes reported by Trost et Proline-catalyzed enolendo aldolizations have been applied
al?*3°and Shibasaki et &:>! to certain other substrates, since their invention over 30 years

Both class I aldolases and even more so Knoevenagel'sago, most often in steroid synthesis. Selected products from
chemistry may have stimulated chemists to employ amino such Hajos-Parrish-Eder-Sauer-Wiechert reactions are
acids for the catalysis of the aldol reaction. Initial efforts in  shown in Scheme & 43
asymmetricatalysis have concentrated on proline-catalyzed s reaction has been used not only in steroid syntheses
enantiogroup differentiating intramolecular aldolizations. ¢ also in other natural product synthe&eghe reaction
o has also been studied using polymer-bouBdpfoline as
2.2. Intramolecular Aldolizations the catalyst. Already in 1985, Takemoto and co-workers

There are two types of intramolecular aldol reactions, linked 4-hydroxyproline derivativ8 to a polystyrene resin
namely enolendo and enolexo aldolizations (Scheme 4). Bothand the resulting materic® was shown to catalyze the
types can be catalyzed by amines, and examples of aminefeaction, albeit in low yield and with low enantioselectivity
catalyzed nonasymmetric as well as asymmetric enolendo(Scheme 7¥?
and enolexo aldolizations have been publisfred. Although several different catalysts have been studied in

The first example of an aminocatalytic asymmetric aldol such enolendo aldolizations, proline has typically been
reaction was the HajesParrish-Eder—Sauer-Wiechert preferred. It can, however, be advantageous to use primary
cyclization?3-3% a proline-catalyzed enantiogroup-differen- amino acid catalysts such as phenylalanine, particularly
tiating 6-enolendo aldolization of di- and triketones. Dis- when non-methyl ketones are employed as substrates. For
covered in the early 1970s, this reaction was the first example example, Danishefsky et al. found that the proline-catalyzed
of a highly enantioselective organocatalytic process, althoughcyclization of triketonelO furnished produciil in 27% ee
neither its mechanism was well understood nor its potential whereas 86% ee was obtained when phenylalanine was used
for other reactions was realized. as the catalyst (Scheme 8, egs 1 antfZgami et al. made

Scheme 5. Hajos-Parrish—Eder—Sauer—Wiechert Reactions
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Scheme 6. Selected Products from Proline-Catalyzed 6-Enolendo Aldolizations
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Scheme 7. The First Polymer-Supported Proline Catalyst
for the Hajos—Parrish—Eder—Sauer—Wiechert Reaction
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similar observations in the cyclization of ketoh2 (eqs 3
and 4)¥

Davies, Smith, and co-workers reporteg@&amino acid
(1R, 29-cispentaciril4 as catalyst for HajosParrish-Eder—
Sauer-Wiechert reactions (Scheme ‘)Using 30 mol %

amino acid 14 in DMF at room temperature, product
diketoness, 7, and15 were obtained in enantioselectivities

comparable to or even higher (in the cas& @ind15) than
those obtained by proline-catalyzed reactions.

64%,

90% ee 49%, 34% ee 64%,90% ee
Scheme 9. Cispentacin-Catalyzed

Hajos—Parrish—Eder—Sauer—Wiechert Reactions
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functionality of cispentacin with the tetrazole moiety changed
the reaction manifold completely. Using 30 mol % catalyst
16 under identical reaction conditions, the bicylic product
17 was obtained in racemic form as the exclusive product.
Very recently, Inomata, Paquette, and co-workers reported
a detailed study of an-amino acid-mediated intramolecular
asymmetric aldol reaction for the construction ef 6fused

The authors also studied the ability of cispentacin-derived bicyclic enoneg? A modest level of enantioselectivity was
tetrazolel6 as a catalyst for the same cyclization reaction obtained using different-amino acids and acid cocatalysts.

(Scheme 1038 Surprisingly, althoughi6turned out to be a  The authors also observed a crossover in enantioselectivity
very efficient catalyst, the replacement of the carboxylate as a function of differing ring size.

Scheme 8. Compared to Proline, Phenylalanine is a Superior Catalyst for Some Intramolecular Aldolizations
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Scheme 10. Cispentacin-Derived Tetrazole-Catalyzed
Cyclization of Triketone 2

N,
_ N

NH, HN—N
Me 16 0. OH
(30 mol %) Me\&\’we
2 0 rac17

Scheme 11. Enantiogroup-Differentiating Aldol
Cyclodehydrations of 4-Substituted 2,6-Heptandiones

0 R % ee
O (S)-Proline Ph 47
0 (10 mol %) n-CsHy4 20
DMF, 5d e Me 42
R <30% yield i-Pr 8
18 19 t-Bu 0

Attempts have been made to expand the scope of the
Hajos—Parrish-Eder-Sauer-Wiechert reaction to an enan-
tiogroup differentiating aldolization of acyclic diketon®s.
Agami et al. described the proline-catalyzed aldol-cyclode-
hydration of acyclic 4-substituted 2,6-heptandiont3
(Scheme 113*%°The efficiency and enantioselectivity of this
reaction are modest compared to those of the parent
cycloaldolization.

2.2.2. Enolexo Aldolizations

Although amine-catalyzed nonasymmetric enolexo al-
dolizations are relatively common and catalytic asymmetric

Mukherjee et al.

Scheme 12. Proline-Catalyzed Enantioselective

6-Enolexo-Aldolizations of Dialdehydes
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Scheme 13. Proline-Catalyzed 5-Enolexo-Aldolization of

Hexanedial 22
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enolendo aldolizations have been known for three decadesScheme 14. Proline-Catalyzed Desymmetrization of
(section 2.2.1), the first catalytic asymmetric enolexo al- meseDialdehyde in the Total Synthesis of ¢)-Cocaine

dolizations were developed only recently. List and co-
workers reported a highly enantioselective enolexo aldoliza-
tion of dicarbonyl compounds. It was discovered that a
variety of achiral heptanedial2@ and 7-oxoheptanal on
treatment with a catalytic amount (10 mol %) &-proline
furnished anti-aldols 21 with excellent enantioselectivity

I'Is‘oc

N

_—
OHC/\Q/\CHO toluene, 25 °C

24

(Scheme 12). Differently substituted heptanedials can be used

in this reaction. However, a single substituent in the 4
position has an unfavorable effect on the stereoselectivity

(S)-Proline
(20 mol %)

24h

Boc. CHO

N~

26

91%, 1:1 ax/eq

J

CO,Me

of the cycloaldolization. The substrate scope is not limited
to dialdehydes; ketoaldehydes can also be used in this
reaction. The products of this reactigithydroxy cyclohex-
ane carbonyl derivatives, may find use in target-oriented
synthesis. Thisinti-diastereoselective reaction nicely comple-
ments alternative methodologies such as highly enantiose- Quite recently, Iwabuchi et al. applied an intramolecular
lective- andsyndiastereoselective baker’'s yeast reduction enolexo aldolization of;-symmetric keto-aldehydes in the
of B-keto esters*>5s synthesis oende8-hydroxybicyclo[3.3.1]nonan-2-ory.>’

While nonasymmetric amine-catalyzed enolexo-aldoliza- Proline derivative8aand28bwere used as highly efficient
tions often give aldol condensation products, the correspond-catalysts for this synthetically useful asymmetric transforma-
ing proline-catalyzed process selectively provides the aldol tion (Scheme 15). Both enantiomers2ifcould be accessed
addition products. in excellent diastereo- and enantioselectivities. The higher

The corresponding 5-enolexo aldolizations are less ste-catalytic activity of tetrabutylammonium s&8b compared
reoselective. For example, treating hexaned?®) (ith a to the free acid catalys?8a could be due to the higher
catalytic amount of §-proline furnished aldo23 with only effective concentration of the catalytically active nucleophilic
modest diastereo- and enantioselectivities (Schemé&13). secondary amine form.

The proline-catalyzed 6-enolexo-aldolization has been A direct intramolecular asymmetric aldol cyclodehydration
utilized for the desymmetrization ofiesedialdehyde?4 in of mese3,4-disubstituted-1,6-dialdehyd?9 to the corre-
the total synthesis off)-cocaine25 (Scheme 14 A 1:1 sponding cyclopentene carbaldehy@® (Scheme 16) was
mixture of epimeric aldol produc26, an important inter- reported by Kurteva and Afonso in 208%4-Hydroxyproline
mediate of cocaine, was obtained in 91% yield when 20 mol (31) was found to be one of the better catalysts among a
% proline was used as catalyst in toluene at’e5 broad range of catalysts tested. Using 20 mol % catalyst,

MeN%JLOBz

(+)-Cocaine (25)
86% ee
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Scheme 15. Asymmetric Intramolecular Aldolization for the

Synthesis ofendo-8-Hydroxybicyclo[3.3.1]nonan-2-one
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Scheme 17. Proline-Catalyzed Asymmetric 5-Enolexo
Aldolization of Dicarbonyl Compounds
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Scheme 18. Proline-Catalyzed Direct Asymmetric
Intermolecular Aldol Reactions of Acetone with Aromatic
and a-Branched Aldehydes
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30 mol % proline in 0.1 M DMF, several dicarbonyl
compounds underggs-selective intramolecular aldolization

in moderate to high diastereoselectivities and good enantio-
selectivities. In most of the cases, the products could be
obtained in diastereo- and enantiopure form after recrystal-
lization from an-hexane/EtOAc mixture.

2.3. Intermolecular Aldolizations
2.3.1. Ketone Donors

A. Proline as Catalyst. The first amine-catalyzed, asym-
metric direct intermolecular aldol reaction was developed
by List et al. in 2000:1°9-6%-62 The reaction of excess acetone
with some aromatic and-branched aldehydes was found
to proceed in the presence of a catalytic amoungpp(oline
(typically 20—30 mol %) in DMSO to provide the corre-
sponding acetone aldoB! with good yields and enantiose-
lectivities (Scheme 18). Several other amino acid derivatives,
including primary and both cyclic and acyclic secondary
amino acids, were screened as catalysBoline, however,
turned out to be the most efficient and practical catalyst for
this reactiorf® In fact, both the pyrrolidine ring and the
carboxylate are found to be essential for effective catalysis
to occur®* Yields and enantioselectivities depend on the
aldehyde component and are typically in the seventies with
aromatic aldehydes and in the nineties watfbranched and
o-trisubstituted aldehydes. The only side products in this
reaction are the aldol condensation produeig-{unsaturated

modest yield and moderate enantioselectivity were obtained.k€tones), possibly formed via Mannich condensation.

Although proline itself is an excellent catalyst for this

a-Unbranched aldehyde36 proved to be an extremely

transformation, surprisingly no stereoinduction was observed. challenging substrate class and did not provide the corre-
The authors proposed that the presence of the hydroxyl groupsponding aldol products under the original conditi¢hs.
in the catalyst is crucial for obtaining stereocontrol in this Homo-aldol addition and condensation of the aldehyde or

transformatiorf8

elimination of the cross-aldol product appeared to be the main

In 2006, Enders and co-workers reported an asymmetric side reactions in DMSO. It was found later that by using

intramolecular cis 5-enolexo aldolization of dicarbonyl
compounds32, that leads to 2,3-dihydrobenzofuran@s3,

acetone or acetone/chloroform mixtures instead of DMSO
as solvent, and 1620 mol % proline as catalyst, the cross-

the core structure of some antimicrobial compounds (Schemealdol produci37 could be isolated in modest yields and with

17)%° Among a number of catalysts screeneg)-ffroline

acceptable enantioselectivities (Scheme 619The new

once again turned out to be the optimum. In the presence ofreaction conditions effectively suppressed aldehyde self-
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Scheme 19. Proline-Catalyzed Aldol Reactions of Acetone
with o-Unbranched Aldehydes

(S)-Proline
/EL\ :ﬂ\v/ oo /:ﬁ\v/itl/ /ji\//\\/
+ —_— +
H R Acetone or CHCI3 R = R
35 36 37 38
excess

)
rt
0 OH 0 OH (o] OH
PO PSS PPN P

37a 37b 37¢
34%,73% ee 35%, 73% ee 34%,72% ee
Scheme 20. Asymmetric Synthesis ofS}-Ipsenol
1. TBSCI, Imidazole
w 2. KHMDS Tf QTBS
O,
cl 27N
37a \ N
57% 7 "SnBus | py(PPhy),
LiCl, THF | (2mol %)

95%
A TBS
pZ

aldolization. The main side product was now the correspond-
ing acetone cross-aldol condensation prodg;ttypically
formed in comparable yields along with the desired aldol
addition product.

TBAF, THF
90%

PSR
=

(S)-Ipsenol (39)

Mukherjee et al.

Table 2)1°88Simple primary amino acids are poor catalysts
for the intermolecular aldol reaction, even though phenyl-
alanine was known to be a good catalyst for HajParrish-
Eder-Sauer-Wiechert reactions (Scheme 8). This suggested
the apparent requirement of a secondary amine in the
intermolecular reaction. However, acyclic secondary amino
acids such abl-methylvaline are not catalytic, and from the
studies of cyclic amino acids of different ring sizes, proline
proved to be the best catalyst while six-membered pipecolic
acid is found to be inactive. From Stork’s seminal work on
the chemistry of enaminést was known that pyrrolidines
much more readily form enamines with carbonyl compounds
when compared to piperidines and also the corresponding
pyrrolidine enamines are more nucleophilic. Additional
evidence for covalent catalysis and an enamine mechanism
came from the result obtained wiNrmethylproline, which
proved to be completely inactive as catalyst. Support for the
role of carboxylate came from the fact that prolinamide is
an inferior catalyst compared to proline itself in terms of
both activity and enantioselectivity.

With these limited studies in hand, an enamine catalysis
mechanism was initially proposed (Scheme'2ifjvolving
carbinolamine I( and V1), iminium ion (I and V), and
enamine [ ) intermediates. This mechanism is essentially
identical to the accepted mechanism of class | aldolases. The
carboxylic acid was proposed to act as a general Brgnsted
cocatalyst, replacing the several acid/base functional groups
involved in the aldolase mechanism. In the transition state
of the carbor-carbon bond formationl{), protonation of
the acceptor carbonyl group occurs by the carboxylic acid,

These relatively modest results represented the state-of-which is anti with respect to theH)-enamine double bond.

the-art in direct catalytic asymmetric aldolizations with
o-unbranched aldehyde acceptors at the fildeven non-
asymmetric amine-catalyzed cross-aldolizations withn-
branched acceptors were still largely unknown. In some

In this context, proline not only acts as an enamine catalyst
but also brings along its own Brgnsted acid cocatalyst and
therefore can be regarded as a “bifunctional catalyst”. Later
on, Houk and co-workers proposed a similar transition state

cases, the practicality of this process can compensate for thdor the intramolecular variant and also showed that a simul-

modest yield and enantioselectivity. This was illustrated by
a straightforward synthesis of the natural pheromd®e (
ipsenol39, a major component of the sex pheromone of the
bark beetle that is needed in kilogram quantities for insect
traps. The synthesis was achieved starting from akial
and features a high yielding Stille coupling (Scheme ©0).

taneous hydrogen bond to the enamine nitro§éh,(Scheme
21), which was initially invoked? does not further contribute
to lowering the energy of the transition statg®83.8589

Quite recently, Marquez and Metzger were able to
intercept and characterize intermediatedll , V, and VI
(Scheme 21) with an ESI-MS studsupporting the enamine

Other aliphatic aldehydes have also been employed as thamechanism proposed by List etél.

acceptor components for the acetone aldol reaction. Varying Although this mechanistic proposal seemed plausible
results were obtained depending on the catalyst when pro“”eaccording to both theory and experiment and similar to the

and its derivatives were used as catal§3tShe proline-

known class | aldolase mechanism, it stood against the

catalyzed intermolecular aldol reaction with acetone has bee”previously accepted mechanism of the Haj@arrish-

utilized in the highly diastereoselective synthesis of complex
sugar derivative&

Eder-Sauer-Wiechert reaction. In addition, a number of
different models have been proposed for this intramolecular

Recently, Chandrasekhar and co-workers reported a pro-g|qo| reaction (Scheme 22).

line-catalyzed asymmetric transfer aldol reactiéusing
diacetone alcohol instead of acetone in DMSO at room

temperature, aldol products were obtained in moderate to

high yields and with good enantioselectivities (up to 86%
ee) when the reaction was conducted with 30 mol9s (
proline.

B. Mechanism of the Proline-Catalyzed Aldol Reaction.

In their original repor€® Hajos et al. proposed an alterna-

tive mechanism that does not involve enamine intermediates.
Accordingly, proline “activates” one of the two enantiotopic

acceptor carbonyl groups as a carbinol amiAe $cheme

22). The basis of the Hajos model was the surprising
observation that if the reaction was conducted in the presence
of ®O-enriched water, né?O was apparently incorporated

Extensive research has been conducted by several researcinto the product. However, important details of these
groups to elucidate the mechanism of proline-catalyzed aldol experiments have never been published. Unless unusual
reactions’3568-87 effects were operative, the proposed enamine mechanism
Initially, only limited mechanistic information was avail-  requires®O-incorporation, since a hydrolysis step completes
able for the proline-catalyzed intermolecular aldol reaction, the catalytic cycle (Scheme 23). Experiments conducted by
most of which came from a closer look at the studies of List and co-workers under carefully controlled conditions
alternative catalysts in the intermolecular aldolizations (see showed high'®0 incorporation (ca. 90%) in the aldol
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Scheme 21. Proposed Mechanistic Cycle for the Proline-Catalyzed Intermolecular Aldol Reaction
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Scheme 227 However, many proline-catalyzed aldolizations
are completely homogeneous.

On the basis of an observed small negative nonlinear effect
in the asymmetric catalysis, Agami et al. proposed a side-
chain enamine mechanism involving two proline molecules
in the C-C bond forming transition stateB(in Scheme
22)89-74 One proline molecule is engaged in enamine form-
ation whereas the second one acts as a proton-transfer medi-
ator. However, in a recently conducted study, a nonlinear
effect could not be confirmed in both inter- and intramolec-
ular aldol reactiong? Theoretical studies by the Houk group
also support a one-proline mechanism in which the side-
chain enamine reacts with the ring acceptor carbonyl group,
under concomitant activation via hydrogen bonding to pro-
line’s carboxylic acid group (modé in Scheme 22J8°1.92

Blackmond and co-workers very recently demonstrated
that, under heterogeneous conditions, a nonlinear effect was
indeed observed in proline-catalyzed aldol reactf8r¥.The
origin of this nonlinear effect stems from the physicochemical
phase behavior of proline in heterogeneous solid-solution
systems in different solvents and not from the mechanism
of the reaction itself.

C. Proline as Catalyst (Continued).In 2004, Walsh et
al. utilized the proline-catalyzed aldol reaction for the
dynamic kinetic resolution (DKR) of a series of atropisomeric
benzamides and naphthamid&%he process simultaneously
established the stereochemistry of the atropisomeric amide’s
chiral axis and a stereogenic center. In the presence of 20
mol % (9-proline in neat acetone, aldehyde substraaes
40 undergo direct aldol reaction to generate a diastereomeric
mixture. Theanti-isomer was obtained as the major product

Parallel theoretical calculations by Clemente and Houk also in high (combined) yield, good diastereoselectivity, and

support the enamine mechanighi®

excellent enantioselectivity (Scheme 24). The reaction can

Swaminathan et al. suggested a heterogeneous aldolizatiomlso be performed in a DMSO/acetone (4:1) mixture;

mechanism on the surface of the crystalline proli@eirg

however, the selectivities are somewhat lower in this case.
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Scheme 24. Application of the Proline-Catalyzed Acetone Table 1. Proline-Catalyzed Intermolecular Aldolization with
Aldol Reaction for the DKR of Atropisomeric Amides Cyclic Ketone Donors
R 0] o (S)-Proline O OH
|
Ox.oNR Os_NR (10 - 30 mol %)
RN 0 (syProline N6 O (lH L ——" R
R y (20mol %) R z R z R R H™ R R R
_— +
e Product % Yield dr
rt, 48 h roducts 6 Yiel ;
rac-40 anti-41 syn-42 (antilsyn)
(major) (minor) O
) 85 111
Oy NCy; Ox wNPry
OH O o] o]
OO O OH O QH
#1a 41b 41c (E/'\)\ (\i/\/k 41 7:1
87% 89% 86%
5.5:1dr,91% ee 4.8:1dr, 92% ee 7.0:1dr, 82% ee 86% ee 89% ee
Ox NP, O NP, O wNPr,
o) o]
68 >20:1

41d 41e 41f

O OH
100% 80% 79% :
3.0:1dr, 90% ee 2.1:1dr, 95% ee 8.0:1dr, 89% ee Y Y 77 34

The use of ketones other than acetone in proline-catalyzed 95% ee 20% ee

aldolizations has also been descril§&:*°In those reactions,

that require a large excess of the ketone component, one isRelative transition state energies were then used to predict
limited to readily available and inexpensive smaller ketones the diastereo- and enantioselectivities of the proline-catalyzed
such as butanone, cyclopentanone, and cyclohexanonereactions of cyclohexanom3 with isobutyraldehyde44)
Depending on the aldehyde component, excellent enantio-and benzaldehydet) (Scheme 25j? The predictions are
and @nti)-diastereoselectivity can be achieved in such compared with the experimental studies and provide support
reactions (Table 13%9° for the proposed mechanism.

Interestingly, the stereoselectivity of reactions of cyclo-  The utility of cyclohexanone as a donor unit in combina-
hexanone43) with isobutyraldehyde44) and benzaldehyde tion with an activated ketone acceptor in the proline-catalyzed
(45) were first predicte¥ by using density functional theory  asymmetric direct aldol reactions is nicely demonstrated by
(DFT) calculations on models based on Houk’s calculated Maruoka and co-workers for the enantioselective sythesis
transition state of the HajeParrish-Eder—Sauer-Wiechert of (9-2-cyclohexyl-2-phenylglycolic acid §-48] (Scheme
reaction (see Scheme 22)The transition states of inter- 26)19°(S-48is a key intermediate of the muscarinic receptor
and intramolecular aldol reactions are almost superimposableantagonist$)-oxybutynin. As an initial step of the synthesis,
and readily explain the observed enantiofacial selectivity. reaction of cyclohexanoné3 with ethyl phenylglyoxalate

Scheme 25. Theoretical Prediction (within Parentheses) and Experimental Verification (Values in Bold) of Diastereo- and
Enantioselectivities of Proline-Catalyzed Aldolizations

[0} 0 (S)-Proline O OH
(30 mol %)
+ JJ\ 4(’» R
H R DMSO
m 44 R = -Pr) 46 (R = i-Pr)
45 (R = Ph) 47 (R = Ph)
0o \ 0 N ] N 0
-0 Hi-o -HO -HO

0 OH Q OH 0 OH 0 OH
SalNealNe Ao s
R=i-Pr  98.5% (>99%) <A1% (<1%) <1% (<1%) 1.5% (<1%)
R=Ph  46.5% (54.5%) 44% (44.5%) 6% (0.1%) 3.5% (0.8%)

Experiment (DFT Calculation)
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Scheme 26. Proline-Catalyzed Aldol Reaction of
Cycloehxanone with Ethyl Phenylglyoxalate

Scheme 28. Homoaldol Reaction of Ethyl Pyruvate 54 for
the Synthesis of an Isotetronic Acid Derivative

(S)-Proline QHQ, COEt O—\ H or.co®

50 mol % [ 3L0;
é @cogr (50 mol %) m . NN

DMSO, rt

72h 50 55
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o > K
>20:1 dr, 96% ee CO,Et i-PrOH, rt, 16 h —
OH
l 54 2 GSOsH 56
l TBDMSCI
imidazole
HO, CO,H
EtO,C \ O _o
(S)-48 57 OTBDMS

0,
>99% ee 59%, 86% ee

Scheme 27. Novel Prolinamide Organocatalyst for the Direct

Asymmetric Aldol Reaction of Acetone anda-Keto Acids Scheme 29. Proline-Catalyzed Aldol Reactions af-Keto

Phosphonates as Acceptofs

2
o (S)-Proline Ox OR )
° M,}, N /?k . Tore _(20-50mol %) MOR
= + R _PC e OH
WN — N HoH R Y OR?  neat,-30°C-rt R R
N \ }-— o o) 0
H H N 1 59
51
TS o PE N OEt
51 0 P-OEt Sp-oEt
o) 0 (20 mol %) 0O OH OH OH OH
)k + —_— L'COMe
R™ "CO,H toluene/acetone R
35 52 u? 006?4813 53
en
Z 59a 59p Br 59c OMe
65%, 87% ee 66%, >99% ee 32%, 86% ee
O OH O OH M
MCOZMe MCOZMe LC0Me Ox OEt OEt Oi-Pr
53 s 3 0 SP-OEt SP-OEt Sp-0/-Pr
2 ° MOH OH MOH
>99%, 93% ee 75%, 98% ee 78%, 92% ee Me
59d 59¢ Me 59f
49 with a catalytic amount of)-proline in DMSO at room 91%, 97% ee 67%, 98% ee 93%, 85% ee®

temperature afforded the aldol prod&€tin good yield with
excellent diastereo- and enantioselectivities. This reaction
represents one of the rare examples of aldol reactions where The homoaldol reaction of ethyl pyruvat4j has also
ketones act both as the acceptor and the donor (see below)peen describet? Dondoni and co-workers reported that in
The product contains a quaternary Stereogenlc center and waghe presence of 30 mol % of a diamine-TFA Sﬁs)(the
manipulated in a few steps to the desired target molecule inhomoaldol reaction of ethyl pyruvae produces isotetronic
almost perfect enantioselectivity. Other phenylglyoxalate der- acid derivative56 after treatment with an acidic resin
ivatives have also been tested in this reaction with even su-(Scheme 28). Protection of the enol moiety by TBDMS led
perior results (up te-99% yield,>20:1 dr, and>99% ee).* to stable adducb7 in 59% yield and 86% ee.

One year later, Gong et al. designed a novel 2-aminopy- A related class of ketone acceptors ar&eto phospho-
ridine-derived prolinamide cataly$tl for the direct asym- nates 58. However, this class of compounds poses a
metric aldol reaction between a ketone andeaketo acid considerable challenge as substrate due to its susceptibility
52 (Scheme 27)% The catalyst was designed on the basis toward nucleophilic attack and the leaving group ability of
of molecular recognition, where the keto acid was expected the phosphonate group. Proline-catalyzed enantioselective
to be activated by hydrogen bonding with the catalyst as in aldol reaction between ketones andeto phosphonatess
TS. Mostly, acetone was used as the ketone componentwas reported by Samanta and Zhao (Scheme'®djhe
Using 20 mol % catalysbl, the products-hydroxy car- producedx-hydroxy phosphonates9 and the corresponding
boxylic acids (isolated as methyl esté&3) were obtained  phosphonic acids are biologically active. Alkyl, aryl, and
in good to excellent yields and high enantioselectivities. alkenyl o-keto phosphonates were used as substrates, af-
Cyclopentanone can also be used as the donor; the producfording the aldol products in high yields (up to 94%) and
was obtained in diminished stereoselectivity. The authors alsoenantioselectivities (up te>99%) in most cases. When
demonstrated catalyst recovery by a simple atidse prolinamide was applied as the catalyst, ketones other than
extraction strategy which enables catalyst recycling without acetone can also be used and the aldol products were formed
affecting the ee significantly; however, the yield dropped regioselectively at the methyl carbon in high yields but with
drastically after the second rift. relatively lower enantioselectivities.

a(9-Prolinamide was used as the catalyst.
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Scheme 30. Synthesis of+)-(5R,65)-6-Acetoxyhexadecanolide 62 Using the Proline-Catalyzed Direct Aldol Reaction

%)

o) /) (S)-Proline QO OH S’s
O S's (30 mol %) Raney Ni
é D it
H CgHiz neat, 13 °C EtOAc, i, 1 h
60 61 20h 63 62%
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CiHyy «——— CqoHz1 —— CgHy7
pyridine, rt, 4 h CH,Cly, 1,9 h
62 100% 65 90% 64
(-)-(5R,6S)-6-
Acetoxyhexadecanolide
Scheme 31. Proline-Catalyzed Intermolecular Aldolization Scheme 32. $)-Proline-Catalyzed Diastereoselective Aldol
Using Hydroxyacetone 66 as the Donor Reactions ofN,N-Dibenzyl o-Amino Aldehydes
(S)-Proline OH 0 o] (S)-Proline OH 0
/?H i _(20-30mol %) _ /?K/LR anN\)J\H HJ\ (25 mol %) anN\/\)H
: Y + —_— Y
DMSO rt oH R R Rz M1-6d R R' R?
24-72h 67 68 69
OH OH OH 9 M 9 oH 9
anN\/\)]\ anN\/\Hk BnaN- A~
: : : N Me Me OH Bn -
OH OH OH 69a 69b 69c
67a 67b 67c 88 %, 30:1 dr 76 % 69 %
60% 62% 51%
>20:1 dr, >99% ee >20:1 dr, >99% ee >20:1dr, >95% ee Scheme 33. Application of Proline-Catalyzed Aldolization in

Dynamic Kinetic Resolution of Aldehydes
QH ClI H H
W (S)-Proline Q Ho O/_\O
H H B o] (25 mol % y
OH OH OH o7k i Q)
DMSO, H20 (8 eq) - S

S

67d 67e 67f rac- 71 rt, 48 h 72
95% 38% 40% 56%, >98% ee
1.5:1dr,67% ee 1.7:1dr,>97% ee 2:1dr, >97% ee
Recently, Kotsuki et al. applied the proline-catalyzed aldol  q od Vo (S)Proline
reaction between cyclopentanod@and aliphatic aldehyde (25 mol %)
61 for the synthesis of)-(5R 69)-6-acetoxyhexadecanolid . M M o o @
or the synthesis of<)-(5R,69)-6-acetoxyhexadecanolide . . DMSO, Hy0 (8 eq)
62, an oviposition attractant pheromone of the fentilgex 7 73 (meso-lrac-) rt,48 h 74
mosquito (Scheme 36§* (9-Proline (30 mol %) under 68%, 92% ee

solvent-free conditions at 13C gave thesynadduct63 as
the major diastereomer in 3:1 dr and 83% ee. Simple presence of 25 mol % Y-proline, the aldol products
functional group transformations afforded the target molecule y-aminof-hydroxy- andy-aminoa,S-dihydroxy ketones
62. (69a—c) were obtained in good to excellent yields in most
Another interesting and particularly noteworthy ketone cases and in excellent diastereoselectivities.
donor in the cross-aldol reaction is hydroxyacet6G&° This Ward and co-workers applied the proline-catalyzed al-
is the first application of an unprotected hydroxyketone as a dolizations for the dynamic kinetic resolution (DKR) of
donor in a nonenzymatic aldol reaction. In this ceesatj- racemic andnesealdehydes (Scheme 3% When reacted
diols 67 are formed in excellent regioselectivities and up to with tetrahydro-#-thiopyranone70, racemic aldehyd&1
very high diastereo- and enantioselectivities (Scheme 31).afforded the aldoV2 as a single diastereomer in 56% yield
Althoughanti-diols are accessible by Sharpless asymmetric and >98% ee (eq 1). Addition of a small amount of water
dihydroxylation (AD) the required Z)-olefins are more improved both yield and ee. Similarly, when a mixture of
difficult to obtain and show reduced enantioselectivity in the dialdehyde73 (rac-/mese = 3.5) was used as the acceptor
AD to anti-diols. Therefore, this process provides a com- component, aldol hemiaceta#t was formed exclusively in
plimentary approach to Sharpless-AD for the synthesis of 68% yield and 92% ee (eq 2). Interestingly, in both cases,
anti-diols. proline catalyzes the isomerization of aldehydes and, since
The exceptionally high stereoselectivity found in proline- these isomerizations are faster than the aldol addition, the
catalyzed aldol reactions involving hydroxyacet@&has reaction proceeds with DKR. Both the aldol products are
been explored during the total synthesis of brassinolide, auseful tetrapropionate synthons, and their synthetic potential

steroidal plant-growth regulaté?t® has also been explored by the authi§fs.
Ma et al. reported a proline-catalyzed diastereoselective Additive effects on the proline-catalyzed aldol reactions
direct aldol reaction of-amino acid-derivedN,N-dibenzyl have also been tested. Pikho and co-workers studied the

o-amino aldehyde$8 with ketones (Scheme 32 In the effect of acids, bases, and water as additives in the proline-
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Scheme 34. Proline-Catalyzed Direct Aldolizations Assisted Table 2. Amino Catalysts Studied for Direct Aldol Reaction of
by BINOL Acetone 35 withp-Nitrobenzaldehyde 76

Catalyst
(1 i J\Q (30 mol %) )U\@L
OH
OH DMSO rt

Entry Catalyst % Yield % ee
(S)-BINOL (75)
(S)-Proline (30 mol %) Hr
o 0 (S)}BINOL (1 mol %) O OH T HNTcop 7T <10 nd
.
)J\ H” "R acetone/DMSO (3:1) R i-Pr
35 0°C, 48 h 34 2 - 78 <10 nd.
N" CoH

o OH O OH O OH
3 79 <10 nd
34c Br 34b '

34i O
4 S>=copH 80 55 40

Without BINOL  82%, 75% ee 43%, 72% ee 10%, 92% ee H
With BINOL 76%, 97% ee 56%, 98% ee 23%, 87% ee
_ 5 O‘co y 1 68 76
catalyzed aldol reactions and reported that small amounts N z
of tertiary amine bases or weak acids have little influence &
on this reactiort® Strong acids, however inhibit the reaction 6 N TcopH 81 <10 nd
completely. Interestingly, water as an additive has a benefi- I
cial influence on both the reactivity and stereoselectivity of O\
the reaction. This enables the use of only a stoichiometric 7 N YcoH %2 % e
amount of the reaction partners in contrast to the standard H
reaction conditions, where the donor component (particularly &
ketones) is typically used in excess. 8 N~ YCOnH, 8 80 20
Recently, Zhou and Shan achieved significant improve- H
ment of reaction rate, yield, and enantioselectivity in proline- HO,
catalyzed aldolizations using different diols as additie. 9 & 84 85 78
(9-BINOL (75) was found to be the best choice for the N COH

reactions catalyzed bysf-proline. Significant enhancement
in enanatioselectivities was observed in most of the cases 10 fl 85 &7 73
with 1 mol % (§)-BINOL (75) when 30 mol % §)-proline N
was used as the catalyst, except for the reaction of 9-an- H

thracenylaldehyde with acetone (Scheme 34). All the reac- 11 751 86 <10 nd.

tions afforded the aldol products with the same configuration N~ COH

34 regardless of the chirality of the additives. This indicates H

that the chiral induction stems from the chirality &)

proline and that the additiveS|-BINOL only augments the 12 f con 8 60 86
2

inductive ability of proline by forming a chiral supramo-
lecular system through hydrogen bonding interactigfs.

D. Catalyst Development for the Asymmetric Direct . . . _
Aldol Reac%ion. Otherpcatalysts beside)s/ proline have also 3 9ays, the aldol could be isolated in good yield, albeit with
been investigated. A particularly large amount of data has V€'Y low enantioselectivity (entry 8). _
been collected for the aldol reaction of acetoB) (with ‘Barbas and co-workers exploited the potential of 5,5-
p-nitrobenzajdehyde 76) (Tab|e 2)}038 S|mp|e primary dlmethyl thlazollt_jlnlum-4-carboxylate (DMTCB?) fOfl the
a-amino acids (e.g77) and acyclicN-methylatedx-amino direct aldol reaction of other substrates after it had first been
acids (e.g.778) are not catalytically active under standard used by List' in an asymmetric Mannich reactiéh’'?
reaction conditions (entries 1 and 2). Of the simple cyclic Whereas DMTC &7) was found to afford superior results
amino acids studied, azetidin&(), pyrrolidine (), and in the cases of aromatic aldehydes, prolihgi§ usually the
piperidine 2-carboxylate7), proline is clearly the best catalyst of choice for linear and-branched aldehydes.
catalyst (entries 35).8% Among the “proline-type” cyclic Scheme 35 represents a selection of products obtain by direct
a-amino acids, only 5,5-dimethyl thiazolidinium-4-carboxy- aldol reactions, catalyzed by 20 mol % DMT&4.
late (DMTC, 87) was found to provide yields and enantio- Cordova et al. recently reported the application of simple
selectivities superior to those provided by proline itself with acyclica-amino acids as catalysts for the asymmetric direct
aromatic aldehydes (entry 12)-, o'-, and, in particular, aldol reactiort!® The reactions of cyclic ketones and bu-
N-methylation reduce the efficiency, whereas substitution at tanone with electron-deficient aldehydes were found to
the 3- and 4-positions is tolerated without dramatic effects. proceed in wet DMSO with 30 mol % simple primary amino
Proline amide 3) is essentially catalytically inactive under acids (Scheme 36)S[-Alanine 88) and especiallyg-valine
the standard reaction conditions (DMSO, rt, 2 h), but after (77) proved to be effective and stereoselective catalysts for
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Scheme 35. Selected Products Obtained by Direct Aldol
Reactions Catalyzed by DMTC
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Scheme 36. Alanine-Catalyzed Direct Asymmetric Aldol
Reactions of Ketones to Aldehydes
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this reaction; however, alanin88) was used by the authors

Mukherjee et al.

Table 3. Diamine Salt 90-Catalyzed Asymmetric Direct
Aldolization of Various Ketones

O‘\H@
oTf
Q o on

R R
1 6d NO,
. dr
Products % Yield (antilsyn)
H
60
88% ee
&)\@ (ﬁ:/\@ 97 74:26
96% ee 61% ee
O OH (0] QH
NO NO
84% ee 2 5% ee 2
(0] OH (0] QH
HI\)\@ H\/\@ 81 54:46
NOZ N02

84% ee 16% ee

to good yields (48-83%) and enantiomeric excesses-<42
72% ee) when the reactions were conducted in DMF or
DMSO.

Intense research has focused on discovering even more
efficient catalysts for the direct asymmetric aldol reactions.
Although most of these catalysts somewhat structurally differ
from the amino acids, their mode of action remains the same
as that of proline itself.

Yamamoto et al. screened a wide variety of diamine salts
to show that the secondatyertiary diamine sal®0 catalyzes
the aldol reaction of different ketones withnitrobenzal-
dehyde76 to give aldols in good yields and enantioselec-
tivities (Table 3)!16-118 However, the diastereoselectivities
of the aldol products obtained are rather low.

The scope of this type of diamine-acid salt catalyst was
further extended to the construction of quaternary stereogenic
centers. Diamine-trifluoroacetic acid s&b was identified

for examination of the substrate scope due to its small sizeas an efficient catalyst for the direct aldol reactionogd.-

and simplicity.Anti-aldol products were obtained preferen-

disubstituted aldehydeéXl with aromatic aldehydes (Scheme

tially with very high enantioselectivites in most cases along 37)1°2The aldol products were obtained in excellent yields
with good diastereocontrol, but only in moderate to good and very high enantiomeric excesses. The observed stereo-
yields. Water plays an important role, rendering high yields selectivity was explained with transition stat& (Scheme

and stereoselectivities in this reaction. The authors proposed37), where thee-face attack on the aromatic aldehyde occurs

a Houk-typé?® transition stateS in Scheme 36) to account
for the observed stereoselectivitié&This proposal was later

via an enamine intermediat®. It is worth mentioning that
proline is not an effective catalyst for this type of aldol

on supported by combined experimental and DFT calcula- reaction.

tions82 The scope of primaryo-amino acids and their

Wang et al. also reported a similar aldol reactiorogi-

derivatives to catalyze the aldol reaction has recently beendialkyl aldehyde®91 with electron-deficient aromatic alde-

explored by Codova and co-workers?#

Similar to the observation by @dova and co-workers,

hydes that generates quaternary carbon-contafimgdroxy-
carbonyl compound92 using bifunctional pyrrolidine sul-

Amedijkouh showed that the efficiency of primary amino fonamide93 as catalyst (Scheme 38). The corresponding
acid-catalyzed asymmetric aldol reactions can be enhancedoroducts92 were obtained in high yields with excellent

in the presence of a small amount of wat€rUsing -

enantioselectivities (9197% ee) using 20 mol %3 despite

valine as catalyst, aldol products were obtained in moderatethe fact that longer reaction times are required in most cases.
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Scheme 37. Diamine Salt 55-Catalyzed Asymmetric Direct
Aldol Reactions for the Synthesis ofo,a-Disubstituted Aldols
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Scheme 38. Pyrrolidine Sulfonamide-Catalyzed
Enantioselective Direct Aldol Reaction ofa,a-Dialkyl
Aldehydes
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Interestingly, only one aldehyde group of terephthalaldehyde
underwent aldol reaction with isobutyraldehyde even when
an excess of isobutyraldehyde (prod@2t) was employed.

An analogous Houk model (Scheme B7)wvas invoked to
rationalize the observed selectivif}.

Gong, Wu, and co-workers presented the first successful
application of §-proline-derived amino alcohol amides as
catalysts for highly enantioselective direct aldol reactions of
aldehydes with neat acetof@:122After studying a selection
of proline-derived amides, the authors identified the hydroxyl
amide 94 as an excellent catalyst for reactions of acetone
with a variety of aldehydes (Scheme 39). Althoudd- (
prolinamides have been shown to be ineffective for the direct
aldol reactiorf® (§-prolinamides with a terminal hydroxyl
group exhibited increased catalytic activity and enantiose-
lectivity. Typically, 20 mol % catalys®4 provides aldol
products34 in high enantioselectivities of up to 93% ee for
aromatic aldehydes and up t899% ee for aliphatic

Chemical Reviews, 2007, Vol. 107, No. 12 5485

Scheme 39. Hydroxyamide-Catalyzed Aldolizations of
Acetone with Different Aldehydes
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Scheme 40. Hydroxyamide-Catalyzed Acetone Aldolizations
in lonic Liquid
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The authors also investigated the mechanism of this
reaction based on quantum mechanical calculafitiig?
Density functional theory calculations support the activation
of the aldehyde substrate by simultaneous hydrogen bonds
from the amide N-H and the terminal hydroxyl group in
the transition state.

Gong, Jiang, and co-workers have also examined amide
94-catalyzed aldol reactions in ionic liquid¥.In general,
higher yields and enantioselectivities were obtained (cf.
Scheme 39) when the reactions were conducted with 20 mol
% catalyst94 in [bmim][BF,4] (95 at 0 °C (Scheme 40).
The authors also showed that recycling of the catalyst is

aldehydes. Even though the yields are usually slightly better possible at least two times without affecting the efficiency
when proline is used as the catalyst, the enantioselectivity or enantioselectivity of the reaction. The improved catalytic
is invariably higher with amid®4. performance of amid@4 in ionic liquid was explained as a
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Scheme 41. Substrate Scope of the Hydroxyl-amide Scheme 42. Prolinamide 97-Catalyzed Asymmetric Direct
96-Catalyzed Direct Asymmetric Aldol Reaction Aldol Reactions of Chloroacetone with Aldehydes
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result of either stabilization of the iminium ion intermediate N

or enhanced nucleophilicity of the enamitié.
After continuous studies toward the improvement of the

. . Q o] (1 mol %) QH O
prolinamide catalyst, Gong et al. found that catalysts o+ )J\ /\)J\
incorporating electron-withdrawing groups exhibit much R H 55 neat,25°C,45h R "

higher catalytic activity and enantioselectivity than their
analogues with electron-donating grod@gsAs low as 2 mol

% of the newly identified cataly$i6 significantly catalyzes QH QH O QH 0
the direct aldol reactions of a wide range of aldehydes with ©/\)\ O/\/u\
acetone and butanone (Scheme 41). The prodgittgdroxy

ketones, were obtained in very high enantioselectivities, ~ N 34a 34b 349
ranging from 96% to>99% ee. Cyclic ketones have also 80%, 51% ee 72%, 19% ee 56%, 76% ee
been used: cyclohexanone led to the formatioardf-aldol
product in high diastereoselectivity, but only with moderate

enantioselectivity, whereas high enantioselectivity ofathie
aldol product was obtained with cyclopentanone. In the later Saito, Yamamoto, and co-workers reported that a proline-

case, however, thentisynratio is ,1'1' . ) derived tetrazole catalydi02 (Scheme 44), that was inde-

Recently, the Gong group applied simple prolinan8de  hongently developed by Ley et &9 functions as a highly
for the direct asymmetric aldol reaction of chloroacet®® ( efficient catalyst for the asymmetric direct aldol reaction of
with aldehydes (Scheme 4Zf.Electron-deficient aromatic  yetones to reactive aldehydes, when the overall reaction
aldehydes and one allphatlc_ aldghyde were used as the aldo}ynditions are adjusted preciséK13 Interestingly, this
acceptors. The correspondimgti-aldol products99 were  reaction is significantly assisted by water: almost no product
obtained in low to moderate yields and with good to excellent ¢4 mation was observed when the reaction was performed
diastereo- and enantioselectivities. The main side productsnqer anhydrous conditions or with a catalytic amount of
in this case are the other regioisomef water. The enantioselectivities of the aldol products increase

Zhou, Zhou, and co-workers introduced a remarkably with an increasing amount of water, albeit at the expense of
active proline-derived spiro diamine cataly€ll for direct  the diastereoselectivity. Three reactive aldehydes, namely
asymmetric acetone aldol reactions (Schemeé4d)ifferent  chloral, trifluoroacetaldehyde, and formaldehyde, were used;
aromatic and aliphatic aldehydes were used as aldol accepseveral aliphatic and aromatic ketones were employed with
tors. Only 1 mol % catalyst is required to obtain the aldol chloral as acceptor. Good to excellent enantioselectivities
products in moderate to good yields and modest enantiose-along with high diastereoselectivities were obtained in all
lectivities within a short reaction time, even -aR5 °C. cases.

Chimni and co-workers showed the potential of protonated  Shortly afterward, Hartikka and Arvidsson demonstrated
chiral prolinamides in the enantioselective direct aldol the increased solvent scope and higher catalytic efficiency
reaction of acetone and 4-nitrobenzaldehyde when water wasof the proline-derived tetrazole catalys02 compared to

used as the cosolvet Although the aldol product was
obtained in high yields in most cases, the enantioselectivities
were only modest.
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Scheme 44. Water-Assisted Asymmetric Direct Aldol Reactions of Ketones to Reactive Aldehydes

N.
7N
a H HN-N
(o] H/U\X 102 0 OH
’)H (5-10 mol %)
+ or —_— > X
R R CH4CN, 30 °C R R
OH
HO™ "X
&/kCCb &/{CCI;; &/‘\ & é/\
89h 89i 89j 89k 891
85% 78% 65% 40% R 37%
9:1dr, 85% ee 24:1dr, 98% ee >40:1dr, 94% ee 99% ee 99% ee
0O OH O OH
\HJ\/kCCh \H)K/kccb CC|3 /@*/kCClg,
89m 890 Br 89p
79% 55% 83% 76%
97% ee 86% ee 91% ee 91% ee
Scheme 45. Benzoimidazole-pyrrolidine (103)-Catalyzed Scheme 46. Proline-DerivedN-Acylsulfonamide Catalysts in
Direct Aldol Reaction of Acetone to 4-Nitrobenzaldehyde Direct Aldol Reaction of Acetone to 4-Nitrobenzaldehyde
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those of proline itself for the direct aldol reaction between direct aldol reaction of aceton8%) to 4-nitrobenzaldehyde
acetone and different aldehydésRecently, an explanation  (76) (Scheme 46)3* These catalysts showed superior results
for such differences in catalytic behavior between proline compared to those of proline itself, in terms of both catalytic
and its tetrazole derivativé02 was provided by Domingo  activity and enantioselectivity in this reaction. Using 10 mol
and co-workers based on their DFT stidy3? Formation % catalyst in DMSO, the aldol produ8dawas obtained in

of an intermolecular hydrogen bond between the acidic moderate to high yield and high enantioselectivity (up to 98%
hydrogen of tetrazole and the carbonyl oxygen of the ee). Further lowering of the catalyst loading (up to 5 mol
aldehyde was proposed, and a larger solvation of the %) is possible without influencing the enantioselectivity,
transition state involved in the tetrazole-catalyzed reaction albeit at the expense of reaction rate. The authors proposed
due to the larger charge transfer accounts for the higherthe transition statdS and explained the improved enantio-

catalytic efficiency of the tetrazole cataly$t. selectivity by a better shielding of one of the enantiotopic
Landais, Vincent, and co-workers reported an easy to faces of the aldehyde by the aryl ritg.

prepare benzoimidazole-pyrrolidid®3 which in combina- Soon after the report of Berkessel et'dt.the Ley group

tion with trifluoroacetic acid (TFA) catalyzes the direct aldol independently developed similar proline-derivegcylsul-

reaction of acetone3f) with 4-nitrobenzaldehyde76) fonamides {04) that catalyze asymmetric direct aldol

(Scheme 45)32 A combination of only 5 mol %d03and 2 reactions of different ketones with 4-nitrobenzaldehyi) (

mol % TFA is enough to catalyze the aldol reaction-& (Scheme 473% Enantioselectivities vary markedly depending

°C, affording the aldol product in 87% yield with 82% ee. on the solvent used. Even though dichloromethane was
A transition statel'S was proposed to explain the observed reported as the solvent of choice for these catalysts, when
stereochemical outcome of the reaction (Scheme 45). Cy-acetone was used as the solvent, aldol pro@4a was
clopentanone was also employed in this reaction. In this case obtained in quantitative yield with 92% ee. In the case of
the aldol product was obtained in moderate yield and good cyclic ketonesanti-aldols were obtained in moderate to good
ee, despite almost 1:1 dr. enantioselectivities, but only with poanti/synratios.

In the same year, Berkessel et al. introduced proline- Kokotos et al. also described a series of proline and
derivedN-acylsulfonamide catalystO4for the asymmetric  4-substitited proline-derivedN-acylsulfonamides for the
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Scheme 47. Direct Asymmetric Aldol Reactions of Ketones
and 4-Nitrobenzaldehyde Catalyzed by Proline-Derived
N-Acylsulfonamides
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direct aldol reaction of acetone and 4-nitrobenzaldeyte.
Similar to the results reported by Berked&ehnd Ley!®
catalytic efficiency was found to vary depending on the
nature of the substituents. Kokotos’ group also synthesized
a series of 4-substitued prolines and applied them for the
direct aldol reaction&®” Although the catalytic activity was
not much influenced by the nature of the substituents, the
enantioselectivity varied markedly depending on the sub-

Mukherjee et al.

Xiao et al. reported a readily tunablg){prolinamide107
as bifunctional organocatalyst for asymmetric direct aldol
reactions of cyclohexanond3) and various aromatic alde-
hydes (Scheme 49 Acetic acid was used as a cocatalyst

Scheme 49. Bifunctional Prolinamide-Catalyzed Aldol
Reactions of Cyclohexanone with Aromatic Aldehydes
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Recently Gouverneur et al. applied proline-derividd \_ 5 = /@%
acylsulfonamide catalyst04e(Scheme 47) for the enantio- 8ot Me 8ou

selective direct aldol reaction of ynond€5 to aromatic
aldehydes (Scheme 48 This is first time unmodified
ynones were used as the donor in organocatalytic direct aldol
reactions. In the presence of 20 mol % amihB4e in this reaction. In the presence of 20 mol % of ed€ly
monoprotectednti-a,S-dihydroxyynoned06were obtained  and AcOH at—25 °C (or —40 °C) in chloroform, aldol

in moderate to high yields and high enantioselectivities (up products89 were obtained in moderate to good yields, and
to 95% ee) in most cases. The synthetic utilities of these excellent diastereo- and enantioselectivities. The aldol reac-
products have also been demonstrated by the authors: the&ion of 4-nitrobenzaldehyde with butanone was also ex-
products were manipulated into enantioenriclaexdi,anti- plored: the regioselectivanti-aldol product at the C-3
triols and a novel class of oxygenated heterocycles in two position of butanone was obtained in 63% yield and in high
stepst3® diastereo- (95:5) and enantioselectivities (99% ee).

Scheme 48. Enantioselective Direct Aldol Reaction of Ynones to Aromatic Aldehydes
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Scheme 50C,-Symmetric Bisprolinamide Catalyst for the
Direct Aldol Reaction of Acetone with Aldehydes

Chemical Reviews, 2007, Vol. 107, No. 12 5489

Scheme 51. $)-Proline-Based Small Molecules as Catalyst
for the Direct Aldol Reaction of Acetone as Donor
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Xiao and co-workers have recently described a detailed
study exploring the steric and electronic properties of this
type of catalysts, and their efficacy in the direct aldol reaction
of cyclic and heterocyclic ketones with various aldehytes.
Excellent diastereo- (up t899:1 dr) and enantioselectivities
(up to>99% ee) were achieved when hetereocyclic ketones o
were used as donors with aromatic and some aliphatic Yield for the reaction in DMF/ED or neat watet:® Very
aldehyde acceptors. For any given heterocyclic ketone, arecently, Shi et al. applied a combination of thi-
suitable catalyst has been identified. symmetric bisprolinamide catalyst and acetic acid for the
A similar but C,-symmetric bisprolinamide cataly408 asymmetric mter_molec_ular aldol reaction of acetone and
was developed by Zhao et B for the improvement of the ~ Cyclohexanone with various aromatic aldehytié¥ery high -
catalytic activity of prolinamide-type catalytg123.125.139.141 diastereoselectivities and enantioselectivities were obtained
(Scheme 50). Direct aldol reactions of acetone with various together with good yields. Benaglia and co-workers used
aromatic and aliphatic aldehydes were found to take place "elated nonc,-symmetric mono- and bisprolinamide catalysts
quite efficiently in the presence of 10 mol % of this catalyst for the aldol reaction with mixed resufté
at a temperature as low as35 °C. Very high enantiose- To date, the best enantioselectivity in aminocatalytic
lectivities (up to 98% ee) of aldol produ@4 were obtained intermolecular acetone aldolizations has been achieved by
in moderate to good yields (up to 88%) in most cases. Other Singh and co-workerS? They reported a class ogproline-
acyclic and cyclic ketones, besides acetone, have also beetased, Gong-like small organic molecul@9for the direct
used as the ketone component for the reaction with 4-ni- aldol reaction between acetone and various aldehydes
trobenzaldehyde: moderate to high enantio- and diastereo{selected examples are shown in Scheme 51). The reaction
selectivities were obtained in these cases along with ratheris efficient with 5-10 mol % catalyst even at very low
poor regioselectivity in the case of hydroxyacetétfe. reaction temperature-40 °C). Excellent enantioselectivities
Néjera et al. reported a conceptually rela@dsymmetric ~ (up to >99% ee) were obtained with numerous aromatic
bisprolinamide catalyst bearing a binaphthyl backbone for aldehydes and cyclohexane carbaldehyde. The presence of
the direct aldol reaction between ketones and various a gemdiphenyl group at thg-carbon is necessary for high
aldehyded#2 Enantioselectivities of the aldol products in the enantioselectivities. The stereogenic center ajsoarbon
range of 78-96% ee were obtained with moderate to atom is not essential but beneficial for high optical purity.
excellent yields and good diastereoselectivities when cyclo- The authors explained the stereochemical outcome of the
hexanone was used as the ketone partner. The catalyst careaction by a transition state modes (Scheme 51) similar
be recovered by simple extraction and can be reused withoutto the one proposed by Gong and WeHigher reactivity
significant changes in the reactivity or enantioselectittfy. ~ of the catalyst can be rationalized by the double hydrogen
Gryko and co-workers used the same catalyst for the acetondoond activation of the aldehyde carbonyl group.
aldol reaction with moderate enantioselectivifitsThe Although prolinamide itseff or unfunctionalized proli-
Néjera group showed that this catalyst can also be applied namide derivativeés® were reported to be either poorly active
for the aldol reaction ofi-oxygenated acetones with electron- or little enantioselective catalysts for direct aldol reactions,
deficient aromatic aldehydé&! Products were obtained with  the corresponding prolinethioamides are shown to be rather
good to high regio- and diastereoselectivities as well as with efficient catalysts for the same reaction. Gryko and Lipinski
moderate to excellent enantioselectivities. The same groupdemonstrated the potential of unfunctionalized prolinethio-
demonstrated that, when used together with benzoic acidamides as enantioselective catalysts for the direct aldolization
cocatalyst, theC,-symmetric bisprolinamide catalyst can of acetone to reactive aromatic aldehy®85°In most of
effectively increase the reaction rate as well as the productthe cases, the aldol adducts were generated in good yields

O OH O OH
)J\/'\©/0Me )K/'j@/F
340 34p F

59%, >99% ee 69%, 98% ee
70%, 95% ee 73%, 95% ee

349

Cat. 109a
Cat. 109b

60%, 99% ee
71%, 80% ee
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Scheme 52. Prolinethioamide-Catalyzed Direct Acetone Scheme 54. 4/4Disubstituted (S)-Proline 112 for the Direct
Aldolization with Reactive Aromatic Aldehydes Aldol Reactions of Acetone with Various Aldehydes
S I\:/le
O)L A
N H Ph
N H
110
0 o (20 mol %) QH O
- <
R)J\H * )k acetone R/\/lk
35 -18 or4 °C 34

112

o] o (10 mol %) OH O

QH O QH O QH O + - 7 s H
- - X RJ\H )I\ DMF/acetone R/\)]\
35 -10°C,48 h 34
O2N 34a NC 34| Cl 34n

62%, 84% ee 57%,93% ee 61%,87% ee /@/Qij\ /@/Qij\ /@/Qij\
ON 34a F 34s Br 34c
87%, 95% ee 65%, 97% ee 96%, 96% ee
F 34q 34e

20%,78% ee 64%, 84% ee 60%, 82% ee OH
Scheme 53. Protonated Proline-hydrazides for the
o : . . o

Asymmetric Direct Ketone Aldol Reactions with Aromatic Me
34m 34t 34f
Aldehydes
31%, 84% ee 50%, 91% ee 75%, 95% ee
o rPh
N Q donor unit. Nonactivated and electron-rich aromatic alde-
H 70| H hydes afforded somewhat inferior results, particularly in
11 TFA 9y terms of reaction rate and product yield. Thati-aldol
9 Q roduct was obtained predominantly when cyclohexanone
_ (20mol%) p p y Y
H +R Ar R was used as the ketone partner, whereas cyclopentanone
tquene/acetone . .
0°C.7-72h R generated thesynaldol product selectively. Theoretical

calculations as well as experimental observations established
that the enamine generated from one of the proline NHs (the
one on the left side in Scheme 53) participates in the catalytic
cyclel1%?
Almost all the catalysts described above rely on the same
34l 34d catalyst design concept, namely the replacement of the

9%, 6% e 97%, 92% ee 75%, 96% ee carboxylic acid group of proline with another functionality.
Modification of the five-membered ring of proline has

oH oH ¢ QH attracted less attention, except for the case of 5,5-dimethyl
M thiazolidinium-4-carboxylate (DMTC) cataly8f.11!
Me O 8oV ON 59 Quite recently, Zhao et al. reported 4disubstituted H)-

prolines as highly enantioselective catalysts for direct aldol
reactions'®® The authors synthesized a series of '4,4
disubstituted §-prolines and applied them for the aldoliza-
and enantioselectivities with 20 mol % thioamidd0 tion between aliphatic ketones and various aldehydes (Scheme
(Scheme 52). The enantioselectivity could be improved up 54). Among all the catalysts studied, 1-naphthlenylmethyl-
to 100% ee at-78 °C, although at the expense of reaction substituted catalyst12 turned out to be optimal. With 10
rates. A catalytic amount of acid was shown to have a mol % 112in DMF at—10°C, aldol products were obtained
beneficial influence on both the yield and enantioselectivity in excellent enantioselectivities, although in varying yields
of the reactiort*® Such a difference in catalytic efficiency depending on the nature of the aldehydes. Other ketones
between prolinamides and prolinethioamides is presumably besides acetone have also been used, namely cyclohexanone,
due to the higher acidity of the thioamide proton (tlig pf cyclopentanone, and 2-butanone. Whereas the cyclic ketones
CH3CSNH, is 18.5 compared to 25.5 for GHONH,).15t provided theanti-products in 94% ee, 2-butanone gave a
Very recently, Sun, Wu, and co-workers reported chiral mixture of regioisomer$® In all cases, the enantioselec-
proline hydrazides as highly efficient catalysts for the direct tivities obtained are very high.
aldol reaction between ketones and aromatic aldehides. Although the majority of aldol reactions reported so far
With the help of thorough structure-based optimization use conventional organic solvents as reaction medium, water,
studies, the hydrazideTFA combinationl11was identified due to its economical viability and environmental affability,
as the optimal catalyst for the reaction (Scheme 53). At 0 remains one of the most attractive solvents. Therefore, efforts
°C in toluene with 20 mol % cataly4tl], electron-deficient ~ have been made to develop catalysts that would allow for
aromatic aldehydes were found to provide the aldols in the aldol reactions to be conducted in water containing
excellent yields and enantioselectivities with acetone as thesolvents.

o o 95% 98%
15%, 87% ee 75:25 dr, 74% ee 92:8 dr, 92% ee
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Scheme 55. Diamine 113/TFA-Catalyzed Aldol Reactions in
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Scheme 56trans-4-Silyloxyproline-Catalyzed Direct Aldol

Water Reactions in Water
W TBDPSO,
O\/N\/\/\/\/\/ O_
H N CO,H
13 N
(10 - 30 mol %) (10 mol %)
R)k"fH R'—>R)l\;/kR' R+ [ ] ———— R T
R water, 25 °C R R R water, rt R R
24-72h 2.5-72h
O OH O OH O OH OH O QH O OH
> : o. -
H H H \ /
89a NO, 8ow CN 89x OMe O2N 89a MeO 89z ent-89t
99% 99% 5% 86% 21% 79%

89:11 dr, 94% ee 86:14 dr, 87% ee 86:14 dr, 96% ee 20:1 dr, >99% ee 5:1 dr, 96% ee 4.7:1dr, 97% ee

0 OH 0 OH 0 OH OH 0O QH 9 0
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89y NO, NO, 92a NO, 89a’ 89b' X 89k
40% 99%, 22% ee 99%, 91% ee 76% 48% 37%. 96% ce
o, o

54:46 dr, 99% ee >20:1 dr, >99% ee 25:1 dr, 95% ee

In 2006 Takabe et al. developed a diamine-based catalyStrap|e 4. N-Terminal Prolyl Peptides Catalyze Enantioselective
for the direct asymmetric aldol reactions in the presence of Aldolizations
water!® Diamine 113 with long hydrocarbon tails in 0 o OH
combination with TFA (typically 10 mol %) catalyzed the o} Peptide
aldol reaction of various ketones or isobutyraldehyde with )I\ + A - =
aromatic aldehydes in water at room temperature to provide . 76 NO, 24a NO,
the products, usually in high yield, good diastereoselectivity,

and excellent enantioselectivity of up to 99% ee (Scheme peptide % yield % ee ref
55). Electron-deficient aromatic aldehydes once again proved H-Pro-Thr-OMe n.r. 69 122
to be the best acceptors. Nonactivated and electron-rich H-Pro-Gly-OH 99 46 158
aromatic aldehydes have also been used, however with H-Pro-Glu-Leu-Phe-OH 96 66 158
somewhat inferior results. Particularlymethoxybenzalde- E'ErO'A'b'G'“'Phe'OH 94 37 158

. . g -Pro-Asp-Leu-Phe-OH 95 50 158
hyde afforded the aldol products in poor yield, but still with H-Pro-Aib-Asp-Phe-OH 97 12 158

high diastereo- and enantioselectivities. The aqueous reaction H-Pro-Ala-OH 90 70 159

in general provided superior results compared to when H-Pro-Trp-OH 77 65 159
standard solvent (DMSO) was used for the same catalyst H-Pro-Asp-OH 75 74 159
system. The authors also provided an explanation involving H'PrO‘G"f‘OH r2 68 159
hydrophobic interactions for such high catalyst efficietfdy H-Pro-val-OH 89 70 159
yarop . . 9 Yy : H-Pro-Arg-OH 91 31 159
At the same time, Hayashi et al. independently reported  H-pro-Ser-oH 87 77 159
the development of a proline-based catatyahs-4-silyloxy- H-Pro-Lys-OHHCI 62 66 159
proline 114 for the direct aldol reactions of ketones and  H-Pro-Gly-Gly-OH 68 53 159
H-Pro-His-Ala-OH 85 56 159

aldehydes in the presence of water (Schemée' 3@ Imost
all kinds of aldehydes, including electon-rich and electon-
poor aromatic, heteroaromatic, and aliphatic aldehydes andreactions. Although small molecules such as proline and its
even formaldehyde, were employed as the acceptor compo-derivatives are excellent catalysts for direct aldol reaction
nent. Excellent enantioselectivities of thsti-aldol products and provide for many substrates good enantioselectivities,
were obtained in conjunction with high diastereoselectivities relatively high catalyst loadings are often required. Catalyst
for the reactions with cyclic ketones using 10 mol % catalyst optimization by structural modifications of small molecules
114 Acyclic ketones such as acetone and hydroxyacetone,such as proline can be difficult. Besides, there are several
however, afforded only a moderate level of enantio- and interesting enamine involving reactions that cannot be
diastereocontrol (1:1 dr and up to 67% ee). Lowering of the catalyzed by proline. Peptides with their structural and
catalyst loading down to 1 mol % is possible without any chemical diversity, accessibility, and inherent chirality
influence on enantioselectivity, even though longer reaction present an attractive alternative solution to these problems.
times are required. The authors explained the effectiveness Gong, Wu, and co-workers mentioned in a footA&tthat
of the catalyst based on its solubility property: the partly the dipeptide ester H-Pro-Thr-OMe catalyzes the aldolization
water-soluble catalystl4together with the substrates forms of acetone with 4-nitrobenzaldehyde to generate the corre-
a separate organic phase where the aldol reaction proceedsponding aldol adduct in 69% ee. In 2003, Reymond et al.
efficiently 155157 reported the first example di-terminal prolyl peptides as
Next to the designed small molecule catalysts, peptides, catalysts for asymmetric aldol reactions (Tablé*2)After
particularly N-terminal prolyl peptides, have emerged as studying a peptide library, they found that the peptide H-Pro-
another attractive class of catalysts for asymmetric aldol Glu-Leu-Phe-OH catalyzes the reaction of acetone with
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Scheme 57. Small Peptide-Catalyzed Direct Aldol Reactions
of Hydroxyacetone with Aldehydes

Mukherjee et al.

Scheme 58. Dipeptide-Catalyzed Asymmetric Direct Aldol
Reaction of Ketone to Aldehydes

N H

EY L QA&

115an o Ph H 117
115b:n=3 0 0 (20 mol %) G OH
M+ =~ K
115a (20 mol %) H” R  NMM/DMSO /PGME 5000 R
o o or OH O 35 0°C,24-48h
115b (10 mol % =
D _mseomoH Lo
THF/H,0 (1:1)
66, 1/3 vol. 0°C 464 116 on NOZ
w w OH 96%, 73% ee 62%,64% ee 80%, 83% ee
116a 116b 116¢
Br
Cat.115a  82%, 82% ee 82%, 86% ee 68%, 91% ee gH NO.
Cat. 115b  76%, 87% ee 66%, 88% ee 59%, 92% ee MO ii)\(j
Cl OH O NO, OH O Cl OH O 89°

~100% de >99% ee

w w w 70%,53% ee 80%,79% ee
116d OH 116e OH Cl 116f OH

Scheme 59. Peptide-Catalyzed Aldolization of Acetone and

Cat. 115a  78%, 85% ee 83%, 91% ee 84%, 96% ee Aldehydes
Cat. 115b  56%, 86% ee 71%, 93% ee 73%, 96% ee
P

4-nitrobenzaldehyde with good activity and moderate enan- <Nj\f TN N /WN\)LNHZ
tioselectivity (66% ee). The authors showed that an acidic Mo ° Co,H N NGO
side chain and/o€-termini are essential for catalysis. In the H 118 119 2
same year, Martin and List demonstrated thaterminal 18 .

. . . K . . (1 mol %)
prolyl peptides (both di- and tripeptide) catalyze this reaction or H
in moderate to good yields and moderate enantioselectivities i 119 (10 mol %) j\/ﬁ\
up to 77% ee (Table 4¥° RO H acetone R “

These results are particularly remarkable in light of the m,4-72h

observation that catalysis by proline amide is much less
efficient and that it provides the product in only up to 30%
eel?

Gong et al. developed small-terminal prolyl peptides
115 as efficient catalysts for the asymmetric direct aldol
reactions of electron-withdrawing aromatic aldehydes with cat. 118
hydroxyaceton@6 at its methyl group (Scheme 5%).The Cat. 119
products chiral 1,4-diolsl16, which are disfavored in
aldolases or proline-catalyzed aldol reactions, were obtained
in high yields and enantioselectivities up to 96% ee. This
kind of regioselectivity is unprecedented in enamine-
catalyzed aldol reactions and provides access to optically
active 1,4-diols, an otherwise difficult to synthesize com- Cat-118
pound class. This reaction works in aqueous media, and the®at 119

peptide chain length plays an important role in the stereo- some aliphatic aldehydes to furnish the aldol products in

N 34a 34b 349

99%, 80% ee (S)
73%, 70% ee (R)

SJIEPE S
34f 34w

79%, 79% ee (S)

75%, 91% ee (R)

69%, 78% ee (S)
58%, 66% ee (R)

66%, 82% ee (S)
56%, 83% ee (R)

28%, 73% ee (R)
24%, 70% ee (S)

and regioselectivities of the reaction.
Li et al. reported a dipeptide H-Pro-Phe-OH1y) as

moderate to good yields and up to 83% ee. When cyclo-
hexanone was used as the ketone componengrttialdol

efficient catalyst for the asymmetric direct aldol reaction product was obtained almost exclusively in 90% vyield with

between acetone3f) and aldehydes (Scheme 58).This

>99% ee. An interesting aspect of this process is the catalyst

catalyst can be considered as the minimal version of recovery: it can be recovered by precipitating with aqueous

Reymond's tetrapeptide catalyst H-Pro-Glu-Leu-Phe &+,

ammonium chloride solution and reused without any loss of

where the two intervening amino acid residues are omitted. catalytic activity and enantioselectivity.

Although catalysfi17itself is less active and enantioselective

Wennemers and co-workers elegantly employed the com-

than the tetrapeptide, both the catalytic activity and enantio- binatorial method of “catalystsubstrate co-immobiliza-

selectivity can be significantly increased by addihg

tion"161 to develop two tripeptide catalysts18 and 119

methylmorpholine (NMM) and the surfactant polyethylene (Scheme 59) for the direct asymmetric aldol reaction of
glycol monoethyl ether 5000 (PGME 5000). Under these acetone and aldehyd&2Both peptides contain a secondary

conditions in DMSO at 0C, 20 mol % amide.17 catalyzes

amine and a carboxylic acid, and the peptides were identified

the aldol reaction of acetone and several aromatic as well asfrom a library of 3375 different tripeptides. The authors
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Scheme 60. Dipeptide-Catalyzed Acetone Aldolizations with Scheme 61. Polymer-Supported Prolyl Tripeptide-Catalyzed

Isatins Acetone Aldolizations in Aqueous Media
|o Ph O OH
o
0 NH 400 HO O 0
R o R \\< ﬁ\ H
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mo I ( ) m o D N \:)kOD
N neat, -15 °C N N H o H
; 15-17h i H ~ph
R R 123
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(0} ] ) OH O
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122a 122b 122¢
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HO \\<O HO _ O /@M /@/k)\
5 o~
o r o 02N 34a 34x cl 34n
N N 100%, 71% ee 89%, 84% ee 50%, 72% ee
! H

Bn

122d 122¢ matic aldehydes (Scheme 6%§. Aldol products were
90%, 74% ee 100%, 73% ee obtained in high yields and moderate enantioselectivities
when the reactions were performed with 20 mol % peptide
pointed out that the complexity of the tripeptides is a good 123 and 20 mol % ZnGlin an acetone/bO/THF (1:1:1)
trade-off for higher activity, and they correlate enantiose- mixture. The solid-supported peptide catalyst can be recov-
lectivity with secondary structure: peptidé8is >30-fold ered and reused at least five times without any influence on
more active than peptidel9 and the two catalysts generate  efficiency or selectivity. The role of Zngin this reaction
aldol products with opposite absolute configurations. Both was not explained.
aromatic and aliphatic aldehydes are used as the acceptor peptides containing-amino acids other than proline are
component, and the aldol products are obtained in moderatealso found to be active catalysts for asymmetric direct aldol
to good yields and enantioselectivities. According to the reactions. Tsogoeva and Wei described the structtvity
conformational analysis, the opposite sense of stereoinductiorvelationship of some9)-histidine-based dipeptide catalysts
stems from the oppositely handed turn conformations of the in this reactiorts” They showed that the reactivities and
two peptides. enantioselectivities depend on the intermolecular cooperation
Combinations ofx- and3-amino acids have also been used of side chain functional groups and, particularly, on the
in the design of peptide catalysts. After systematic screeningappropriate combination and sequence of amino acids. The
of severalN-terminal prolyl dipeptides, Tomasini and co- dipeptide H-Leu-His-OH124) was identified as the optimum
workers identified a dipeptide (H-Pro+-3%-hPhg-OBn) catalyst for the direct aldol reaction of acetone and aromatic
containing R)-proline ands3-homophenylglycinel20as a  aldehydes (Scheme 62). With 30 mol % peptit®4 in
highly efficient catalyst for the direct acetone aldol reaction DMSO at room temperature, the aldol products were
with isatin and its derivatived421 (Scheme 60)% This typically obtained in moderate to good yields (up to 96%)
reaction represents one of those few exanifflé&'where and moderate enantioselectivities (up to 76% ee). Significant
ketones were employed as the acceptor unit and enabled theate enhancement was observed with different additives,
formation of a quaternary stereogenic center. The catalystalbeit at the expense of enantioselectivities.
is effective in only 10 mol % loading at15 °C and afforded Cordova and co-workers showed that simple dipeptides
the aldol productsl2? in excellent yields, although the containing primarya-amino acids can catalyze the asym-
enantioselectivities are in the range-725% ee. The absolute  metric direct aldol reaction, albeit slow#? From a collec-
configuration of proline dictates the absolute configuration tion of small peptides, the simplest dipeptide H-Akla-
of the products, whereas the choice of the second amino acidOH (125 was identified as a highly enantio- and diastereo-
is crucial for the selectivity®® Recently, this method was  selective catalyst for the reaction (Scheme 63). Addition of
applied for the first total synthesis oRf-convolutamydine  a small amount of water was found to be beneficial for both
A.4%2 catalytic efficiency and stereoselectivity of the reaction.
Solid-supportedN-terminal prolyl peptides have also been Excellent enantioselectivities (up to 99% ee) were obtained
utilized as catalysts for direct asymmetric aldol reactions. in most cases with 30 mol % peptide25 along with
In 2005, Andreae and Davis reported the application of moderate to excellent diastereoselectivities (1:1 to 13:1 dr)
PEG—polystyrene (TG)-supported peptides for the direct of the anti-aldol products. A transition state (see Scheme
aldol reactions of acetone wilnitrobenzaldehydé&?® The 36) similar to the one proposed by the same authors for the
dipeptide H-Pro-Ser-NH-TG was found to be the optimum alanine-catalyzed aldol reactidfwas invoked to rationalize
among other peptides studied, giving the aldol product in the observed stereochemical outcome of the reaction. The
82% ee when the reaction was conducted in acetore&t authors have also studied the substrate scope for other

°C. dipeptides and suggested that for a given pair of substrates
Kudo et al. showed that polymer-supportieterminal an optimum peptide catalyst can be generatéd.
prolyl tripeptide Hp-Pro-Tyr-Phe-PEG-P323) effectively The Codova group also demonstrated the potential of

catalyzes acetone aldolizations with electron-deficient aro- small dipeptides to catalyze stereoselective aldol reactions
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Scheme 62. Direct Aldol Reaction between Acetone and Scheme 64. Dipeptide H-Val-Phe-OH-Catalyzed Asymmetric
Aromatic Aldehydes Catalyzed by the Dipeptide Aldol Reactions in Aqueous Media
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0  OH OH 0 OH . . .
asymmetric acetone aldol reaction with aldehydes (Scheme
: : : 65)17%1n the presence of 5 mol %27in DMF, acetone (27
Br OH NO, OKO equiv compared to the aldehyde) undergoes an aldol reaction
89f 67i 89d’ with olefinic, heteroaromatic, and aromatic aldehydes to
86% 93% 50% provide products in good yields and excellent enantioselec-
2:1dr, 96% ee 1:1dr, 75% ee 2:1dr,97% ee

tivities. The limitation of the multistep catalyst synthesis is
in agueous medi¥?® This time, H-Val-Phe-OH 126) was at least partially compensated by the fact that a relatively
the catalyst of choice (Scheme 64). When the reactions werelow catalyst loading is required for this reaction. Recently,
conducted in a ED—MeOH or HLO—DMSO mixture (1:1) the Maruoka group extended the substrate scope from acetone
with 30 mol % peptidel 26, the aldol products were obtained to cyclic ketones with excellent diastereo- and enantiose-
in moderate to excellent enantioselectivities. Simple amino lectivities!’* To explain the observed stereoselectivity, the
acids have also been tested in agueous media, where thewuthors invoked a transition stafES in Scheme 65) that is
proved to be inefficient. Such a difference in catalytic similar to the transition statof the proline-catalyzed aldol
behavior between amino acids and small peptides wasreactions.’t
explained in terms of structural complexity of peptides and Later on, the Maruoka group developed a more powerful
their effectiveness in stabilizing the generated alkoxide biphenyl-based axially chiral amino acid catal\t&8 that
product by hydrogen bondin§® Recently, Codova and co- promotes the acetone aldol reaction efficiently at a catalyst
workers have explored the scope of small peptide-catalyzedloading as low as 0.5 mol % (Scheme 66)Excellent yields
enantioselective direct aldol reactions, with mixed residfts.  and enantioselectivities were obtained when the reaction was
Maruoka et al. reported the successful application of novel, performed in neat acetone at room temperature. The catalyst
robust axially chiral amino acid cataly$®7 to the direct loading can be further reduced to 0.1 mol % without affecting
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Scheme 66. Biphenyl-Based Axially Chiral Amino Acid for Scheme 67. Proline-Catalyzed Asymmetric Aldol Reaction of
Asymmetric Direct Acetone Aldol Reactions Dioxanone with Aldehyde$
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o + )J\ _—

MeO \ xo H R DMF,2°C,6d OKO

MeO
O 129 89

MeO
OMe 0O OH O OH 0 OH
(51128 M Mocm HH/Y\
0 o (0.5 mol %) QO OH 00 O0Bn 0.0 OCH, 0._0 o{
)J\ * HJ\R neat, rt MR X x x é
3 2-34 24 8% 899’ sam’
40% 69% 76%

>98:2dr, 97% ee 94:6 dr, 93% ee >98:2 dr, >98% ee
OH O OH O OH

(0]
_N Br Br ’)K/'\/\ HH/\/\
NO
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the yield and ee, provided a longer reaction time (4 days vs 80% 31%
2 days with 0.5 mol %) is used. The superior catalytic >98:2 dr, >96% ee >98:2 dr, >96% ee
efficiency of 128 (compared to127 in Scheme 65) is & The * indicates R)-proline as catalyst.

presumably due to the higher nucleophilicity of its secondary
amine because of the highly substituted electron-donating
methoxy groups (Scheme 686¥.

Scheme 68. Proline-Catalyzed Asymmetric Self-aldolization
of Dioxanone to Protected §)-Dendroketose

0]

Very recently, Luo, Cheng, and co-workers synthesized (S)-Proline 0
proline-derived functionalized ionic liquids for asymmetric HH (B0mol %) Moﬁ/
direct aldol reaction&”® However, the selectivities obtained 0._0 DMF, 2 °C 0._0
in this case were rather low (up to 4.8:1 dr and 63% ee). \< 57% K

129 130, 94% ee

E. Proline-Catalyzed Ketone Aldol Reaction in Car-
bohydrate SynthesisComplementing MacMillan’s two-step

carbohydrate_ synthesis (see below), Enders and Gr9ndchheme 69. Proline-Catalyzed Direct Aldol Coupling of
adopted a different strategy for the de novo synthesis of pioxanone with Various Aldehyde Acceptors

protected (S)-dendroketose

carbohydrates using the aldol reaction as a key Step?In o _ 0 OH
their biomimetic approach, dioxanori®9, the acetonide- HH o g&-:;n;e)

. ° R
protected dihydroxy acetone (DHAY was employed as the + —
donor unit (Scheme 67). When reacted with suitable alde- OXO H™ R DMF,4°C,2-3d OXO
hydes in the presence of 30 mol % proline in DMF &C, ‘;29 N .
anti-aldol products were obtained in moderate to good yields
and excellent diastereo- and enantioselectivities: a direct o0 OH OH 0 OH

Cs+C, assembly to selectively protected ketoses in one step.

The products represent protected sugars and aminosugars: H :
L-ribulose 898, p-erythro-pentos-4-ulose89d), b-psicose OKO NO, OKO OXO
(89N), 5-amino-5-deoxy-psicose §9i), and 5-amino-5- N s N

deoxy+-tagatose &9j'). The formation of theanti-aldol 89:) Bgok 89:
product and the absolute configurations are in agreement with 6:1 dﬁgg’g% e 101 d7r:59/°8% ce 99:1 fr?sf}% e
the Houk mode?® The deprotection of the acetonidess@h
was achieved quantitatively with an acidic ion-exchange resin OH
Dowex W50X2-200 to obtain the parentpsicoset’ The M qH f §H
authors also described the stereoselective ketone reduction | 5 N Y T 5
of 89g to obtain protected aldopentosesribose and \( °© © 0.0 OAc 0.0 o,
L-lyxosel”® ) K \< :
Self-aldolization of dioxanon&29is also possible using
(9-proline as catalyst to afford the aldol addd&0 with 89m 89n’ 89h’
94% ee, but only in moderate yield (579%%.The product 75% 60% 40%
130represents a direct precursor 8f-flendroketose (Scheme 55:1 dr, 98% ee >15:1.dr, 98% e >15:1 dr, 94% ee
68). with 20 mol % ©)-proline as catalyst in DMF at4C. When
In the same year, Barbas and co-workers reported acyclopentane carboxaldehyde was used as the acceptor, the
proline-catalyzed aldol reaction of dioxanor®9 with anti-aldol product was obtained in diastereomerically pure

various different aldehydes (Scheme 89)Excellent enan-  form with an ee of 97%. The aldol products obtained from
tio- and diastereoselectivities were obtained with aromatic, oxy- and amine-substituted aldehydes are the protected
aliphatic, and oxy- and amine-substituted aldehyde acceptorsazasugar and carbohydrates. The authors also elaborated the
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Scheme 70. Asymmetric Synthesis of
p-arabino-Phytosphingosine

O OTBS BnHN  OTBS
BnNH, H
" TCiHy  NaBH(OAc); 7 CigHzo
z _— =z
o0._ 0 0.0
N AcOH, CH2C|2 N
X 2:C RN
>99:1 dr, 94% ee 94% >99:1 dr
NH, OH
T CuaHzg
OH OH
131
D-Arabino-
phytosphingosine

Scheme 71. Proline-Catalyzed Asymmetric Aldolizations at
High Pressure

2 (0] (S)-Proline e §H
HJ\ J (30 mol %) NR
+ H R z
R" R neat, 0.2 GPa, rt R" R’
24-96 h
)OI\/OV\H 0 OH O OH
Ar HJ\/'\AI' é/‘\Ar
34a 132 89a

89%, 64% ee 82%,57% ee 91%

~3:1dr,93% ee
Ar = p~(NO,)CgH,

aldol products to carbohydrate architectures by simple
functional group manipulationg’

Mukherjee et al.

F. Unconventional Reaction Conditions for the Proline-
Catalyed Asymmetric Direct Aldol Reaction. In addition
to studying alternative catalysts and substrate variations, new
reaction conditions have also been investigated by several
research groups for the proline-catalyzed aldolizations. For
example, reactions conducted at high pressure have been
reported by two research groups. Kotsuki and co-workers
found that the reaction between ketones and aldehydes can
be promoted efficiently by applying high pressd#&when
the reactions were conducted using 30 mol % proline at room
temperature under a pressure of 0.2 GPa, the aldol products
were obtained in improved yields, although nearly compa-
rable enatioselectivities were obtained (Scheme 71). The
main advantage of applying high pressure is that the
formation of undesired condensation products was almost
suppressed. However, as pointed out later on by Hayashi et
al. 18 the improvement of yield and enantioselectivity can
be attributed not only to the pressure effect but also to the
solvent effect, as the reactions were performed under neat
conditions instead of DMS®.

Whereas Kotsuki et al. preferred the conventional method
for applying high pressure, the Hayashi group extended their
water freezing-induced high-pressure technique from previ-
ously reported Mannich reactiofisto aldol reactiong8® The
reactions were conducted at 200 MPa using the same
conditions as those used by List et'&lexcept for a
temperature of-20 °C. The reactions were accelerated, and
the aldol products were obtained with improved enantiose-
lectivities (Scheme 72). As in the report of Kotsuki et'&.,
the condensation products were formed only in trace amount.
The authors ascribed the rate acceleration to the pressure
effect and the ee increment to the low reaction temperéttire.

Aldol reactions have also been performed in unconven-
tional reaction media. It has been found that the commonly

Recently, Codova et al. reported similar observations for ysed solvent DMSO could be replaced by the room-temp-
the de novo synthesis of ketoses by direct aldol reaction of grature ionic liquid [bmim][P (133 or [emim][OTf] (134)

dioxanone 129 as the donor and various aldehydes as
acceptors catalyzed by proline and other cyclic five-
membered amino acid derivativE8:1"°The beneficial effect

with comparable yields and selectivity (Scheme 73, eq
1).185°187 The effect of solvent structure on the regioselec-
tivity can, apparently, be quite strong, as is illusatrated in

of water on the reaction rate and enantioselectivity was alsothe case of the reaction of butanork8% with p-trifluo-

studied by the same authors.

Enders et al. described the utility of this type of aldtls
for a direct and flexible synthesis of phytosphingosine via a
diastereoselective reductive amination of the aldol followed
by deprotections (Scheme 74¥.

romethylbenzaldehydel 86) (Scheme 73, eqgs 2 and 3).

Chandrasekhar and co-workers reported a proline-catalyzed
acetone aldol reaction in poly(ethylene glycol)-400rhe
reactions were found to proceed rapidly (in general 30 min)
in PEG-400 at room temperature when 10 molSegroline

Recently, the asymmetric synthesis of carbasugars has alsavas used as the catalyst to afford the products in high yields
been achieved by the Enders group starting from the aldol (Scheme 74). The enantioselectivities of the products were

products of typ89h (Scheme 67) by using simple functional
group transformations and ring closing metathesis (RCM)
as the key steff?

found to be only moderate. The authors also demonstrated
the reusability of both catalyst and solvent over ten runs
without influencing the activity.

Scheme 72. Application of Water Freezing-Induced High Pressure to Proline-Catalyzed Asymmetric Aldol Reactions

0 0
)J\"'HJ\R

35

(S)-Proline

(30 mol %) 7
mol 7%
A
DMSO
24 -72 h 34

QH QH QH
34a 34b 349
NO,

Conditions A 63%, 69% ee
Conditions B 57%, 75% ee
Conditions C 75%, 75% ee

62%, 69% ee
40%,78% ee
78%, 75% ee

46%, 88% ee
6%, 90% ee
21%, 96% ee

Conditions A: 0.1 MPa, 23 °C; Conditions B: 0.1 MPa, -20 °C; Conditions C: 200 MPa, -20 °C.
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Scheme 73. Proline-Catalyzed Aldolizations in lonic Liquids

(S)-Proline
)k (30 mol %
[bmlm][PFe]
25,1t 58%, 71% ee
(62%,72 %ee in DMSO)
(S)-Proline
Hk (30 mol %
CFs [bmlm][PFs]
59%, 76% ee
)-Proline
ru\ (50 mol %)
[em|m][OTf]
48 h, rt 0 OH
137 + % (3)
. CF,4
29% 890
>98% ee 68%,88% ee, 99:1 dr
/—\ © - S]
S~ NN~ PFg ~_ N %\ CF3S03
[bmim][PF¢] [emim][OTf]
(133) (134)

Scheme 74. Proline-Catalyzed Acetone Aldol Reactions in
Poly(ethylene glycol)

(S)-Proline OH
/ﬁ\ /?L 10 mol %) /ﬁ\/]\
T PEGa00, 1 R
30 min-3h 34
)mNOZ 34b 34f
94%,67% ee 58%, 58% ee 90%, 84% ee

Even solvent-free conditions have been employed for the
proline-catalyzed aldol reactions. Bolm et al. applied the ball
milling technique for the solvent-free asymmetric direct
aldolizations of ketones with aromatic aldehydes catalyzed
by 10 mol % §-proline (Scheme 758 Aldol products were
obtained, typically in high yields within a short reaction time,
with a varying range of selectivities depending on the nature
of the substrates. Reactions under solvent-free conditions cal
also be conducted using conventional magnetic stirring,
although with inferior results in most cases.

G. Supported Proline and Derivatives as Catalysts.

Chemical Reviews, 2007, Vol. 107, No. 12 5497

Scheme 75. Solvent-free Proline-Catalyzed Asymmetric
Aldolizations under Ball-Milling Conditions

0 9 (S)-Proline e '
0

U HH (10 mol %) Hj\a)\”

A" H R R pallmilling R R

solvent free

**@é*@é*@r

89p’
94%
88:12 dr, >99% ee

99%

73%, 56% ee
89:11 dr, 94% ee

OH OMe

&@&@N@

65%
66:34 dr, 63% ee

53%
57:43 dr, 95% ee

87%
74:26 dr, 75% ee

Scheme 76. Poly(ethylene glycol)-Supported Proline
Catalysis in Aldol Reactions

)W OCOZ
138

it 2
+ RJH B R (M
R H ) DMSO, rt
R R?
67h

48%
>20:1 dr, 96% ee

L ﬁ Yool
DMSO rt. 0

90 h 7
55%, 75% ee

45%,59% ee 68%,77% ee

r1'supported prolind 38 for asymmetric intermolecular direct

aldol reactions of ketones to aldehydes (Scheme 76, eq 1)
and also for Robinson annulation (eq'®!° Yields and

ee’s are comparable to those obtained by proline itself. The

reaction proceeds under homogeneous conditions; the catalyst

Proline and its derivatives have also been attached to polymerwas then precipitated by solvent change and reused without
supports. This approach permits recycling and reuse ofa major drop of catalytic activity and enantioselectivity.

catalysts. Even though for proline itself, because of its easy Kokotos et al.

reported the synthesis of a surface-

accessibility and ease of recycling via aqueous extraction orfunctionalized poly(propyleneimine) dendrimer based on

precipitation, such need of recycling can be questioned,

proline and its application for the intermolecular aldol

attaching proline derivatives (that require multistep synthesis reaction'®® The dendritic catalyst contains eight proline

to obtain) to polymer supports definitely makes such

residues at its periphery. This soluble dendrimer (6.5 mol

processes more attractive. Takemoto et al. described the first6, which is equivalent to 52 mol % proline) catalyzes the

example of this approach back in 1985 for the Hajos
Parrish-Eder-Sauer-Wiechert reaction (vide supré).
Benaglia, Cozzi, and co-workers recently attached 4-hy-
droxyproline to a succinic acid-modified poly(ethylene
glycol) support and applied the resulting soluble, polymer-

intermolecular acetone aldol reaction with comparable yields
and enantioselectivities within a short reaction time (2 h).
Recently, Zhao, Wang, and co-workers reported a chiral
amphiphilic dendritic catalystL39 derived from prolyl
N-sulfonamide for the asymmetric direct aldol reactions in
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Scheme 77. Dendritic ProlyIN-Sulfonamide Catalyst for Scheme 78. Polystyrene-Supported 4-Hydroxyproline for
Direct Asymmetric Aldolizations in Water Direct Asymmetric Aldol Reactions in Water
OR' OBn N=N
(e} Q N ,
Aot 0 S e
N 4 N’ﬁ‘@"‘“" ‘ 140 N
0 OR OBn (10 mol %)
139 0 0 DiMePEG OH
9 K
o 0 139 OH © . RJH _ (10mol%) . o
. 1)\ ___(10mol%) A‘)k 1 RTH , H20, t i
R™H ™ R Hp0, it,24-72 h R R R 18-144h R
R2 2% 1 RZ
89 OH 0 OH 0 OH 0
0 l O2N MeO
o \ 89a 89b 89z
2N
. 85% 75% 18%
89a 8ot 89a 98:2 dr, 97% ee 96:4 dr, 96% ee 90:10 dr, 93% ee
99% 94% 62%
>99:1 dr, >99% ee 98:2 dr, 81% ee 93:7 dr, 96% ee
OH o QH O | OH
H o OH Q oH 0 @/\é O/\)k :
O,N O,N O,N 89s’ 34a 67d
899 8or' 89d 97% 24%, 59% ee 42%
96% 59% 70% 83:17 dr, 87% ee 58:42 dr, 45% ee
79:21 dr, 98% ee 77:23 dr,99% ee 87:13 dr, 89% ee

) ) Scheme 79. Polystyrene-Supported Proline Catalyst for the
water (Scheme 77§* Using water as the only reaction  Asymmetric Direct Aldol Reaction of Cyclohexanone in
medium, 10 mol % compound39 at room temperature  Water

afforded theanti-aldol adducts in high yields with superb

diastereo- and enantioselectivities. Both aromatic and ali-

phatic aldehydes were used as the acceptor whereas cyclic S

or acyclic ketones served as the donor unit. One attractive V\Q\/

feature of this dendritic catalyst is that it can be recovered o"'O,COZH
quantitatively by simply adding 1:4-hexane/EtOAc to the N

reaction mixture. The authors reported the recycling of the e o H o OoH
catalyst five times without any loss of activity and enanti- H (10 mel %) _
oselectivity!*> This property of the catalyst will at least 5 * H,0, 1t :
partially counterbalance the disadvantage of its multistep A3 22-90 h - R
synthesis.

Perica et al. anchored 4-hydroxyproline to the polystyrene

(0] OH (0] OH o} OH
resin through click chemistry and applied the resulting
polystyrene-supported proliriel0 successfully to the direct it/k@\ é/'\© d/k@
aldol reaction in water (Scheme 78}Only 10 mol % resin- s NO, 500 s CN
a w

bound catalyst is required to obtain theti-aldol products o5 o .

in good yield and high diastereo- and enantioselectivities. % conv. 71% conv. 98% conv.
A gataly%c amount ?)f water-soluble DiMePEG (MW 85:5dr, 90% ee 95:5dr, 93% ee 928 dr, 98% ee
2000) proved to be beneficial for obtaining an improved yield
in a short reaction time. Both electron-deficient and electron-
rich aromatic aldehydes were used as the aldol acceptors
however, the electron-rich aromatic aldehyde gave only a
modest yield after a long reaction time, although the dr and
ee remained high. Only a moderate level of selectivities was
achieved with acyclic ketones as the donor. The favorable
influence of the polymer backbone was established by
comparing the results with those of a soluble analogue of
140, which were inferiof-% ; :

Very recently, Gruttadauria et al. reported another poly- €trifluoride. .

styrene-supported proline for the asymmetric direct aldol | S°me other supports for proline have also been employed
reaction of cyclohexanoné3 with various aromatic alde- N the asymmetric direct aldol reactions with varying success.

hydes in water (Scheme 79). Aldol products89 were These igclude supporfced_ ionic quui&ﬁ,a polyelectrolyte
obtained with high diastereoselectivities and enantioselec-SyStem:*’ and even anionic clays as intercalated supfért.
tivities. The authors also showed the recyclability of the
supported catalyst up to four cycles: although the selectivities 2.3.2. Aldehyde Donors

remain unaffected, conversion decreases with every recy- Recently, the scope of the proline-catalyzed aldol reaction
cling. Interestingly, no reaction was observed in the absencewas extended with respect to the donor carbonyl compounds.

of water. The authors hypothesized the formation of a
microenvironment with a hydrophilic proline moiety at the
resin/water interface which promotes the aldol reaction with
high stereoselectivity.

Fache and Piva prepared a polyfluorinated proline starting
from trans-4-hydroxy-@§)-proline and applied it for the direct
aldol reaction of acetone with 4-nitrobenzaldehyteA
similar level of enantioselectivity to that oB)-proline itself
was obtained when the reaction was performed in benzen-
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Scheme 80. Proline-Catalyzed Direct Asymmetric
Self-aldolization of Acetaldehyde

Chemical Reviews, 2007, Vol. 107, No. 12 5499

Scheme 82. First Direct Asymmetric Cross-aldol Reactions
of Aldehydes

(S)-Proline [0} (S)-Proline O OH
(ca. 2.5 mol %) 0 QH a (10 mol %)
3 j)k —_— > )J\M H + ) HJ\;/LR2
H THF, 0°C H R! H™ R DMF, 4 °C RI
141 5h 142 (11-26h) 144

10%, 90% ee

Scheme 81. First Proline-Catalyzed Intermolecular Direct
Aldol Reactions with Aldehyde Donors

O OH w 0 OH 0 OH
T HOY H)
Me Me Me Me

O o (S)-Proline O OH
0,
H)H + _(50mol %) _ H%COﬁt 144a 144b 144c 144d
: R

2
Rt R COEL CHyCly it = 80% 88% 87% 81%
1-3h 3:1.dr, 99% ee

143 4:1dr,99% ee  3:1dr, 97% ee 14:1dr,99% ee
O OH O OH O OH
H)k/'\( Hk;/k( H)k;/'\(
Me Bu Bn

144e 144f 1449

82% 80% 75%
24:1 dr, >99% ee 24:1 dr, 98% ee 19:1dr,91% ee

O OH O OH O OH
HMCOZEt HMCOQE'E HMCOzEt
= CO,Et Z  CO,Et = CO.Et
Me Et i-Pr

143a 143b 143c
90%, 90% ee 91%, 85% ee 88%, 85% ee

O OH O OH O OH
HMCOZEt H™ N CO,Et HMcozEt Scheme 83. Proline-Catalyzed Direct Asymmetric Cross-
: CO,Et : , CO.Et s COEt aldolization of Aldehydes in a Synthesis of Prelactone B
\/ n-CeH13 Ph
143d 143e 143f o o 1.(RyProline  TBS+g
94%, 88% ee 91%, 84% ee 97%, rac (10 mol %)
H + H— v "H
0 OH 0 OH “ » 2. TBSOTf z
5
HMCOZEt HMCOZEt 14‘:“
CFs i CF, 61%
Me 40:1 dr, >99% ee
143g 143h
81%, rac 98%, dr 1.5:1, 67/81% ee OTMS
BF3OEt2
Ot-Bu

Besides ketones, aldehydes are an interesting class of donors
in proline-catalyzed aldol reactio®¥.0One challenge in using
aldehyde donors in direct catalytic enantioselective aldoliza-
tion is the lower reactivity of aldehyde-derived enamines as
compared to those derived from ketones. More importantly,
the aldol products, being aldehydes themselves, may undergo
further aldolization.

In 2002, Barbas et al. reported an enantioselective proline-

catalyzed self-aldolization of acetaldehydd1).2% Treating i i , ,
acetaldehyde solutions in THF (20 vol %) with proline @S donors in the reaction with aldehyde acceptors. Proline
provided 5-hydroxy-(E)-hexenal {42), an aldol trimer of catalyzed the cross-aldolizations of two different aldehydes
acetaldehyde, with up to 90% ee in low yield (Scheme 80). under carefully developed conditions using syringe pump
The first direct catalytic asymmetric cross-aldol reaction t€chniques to furnisanti-aldols144in excellent enantiose-
using aldehydes as donor component was reported bylect|V|t|es and good yields and diastereoselectivities (Scheme
Jergensen et 4t Simplea-unbranched aldehydes were used 82)- Alth(?UQh the aldolizations were performed with only
as donors in proline-catalyzed cross-aldolizations with highly 10 Mol % proline in DMF, the reaction can be readily

activated nonenolizable” ketone acceptors such as kefo-2ccOmplished in a wide array of solvents with varying

malonates (Scheme 81). In the presence of a substoichioP0larity, from benzene to DMSO. The products of this cross-
metric amount (50 mol %) ofg-proline, the aldol products aldolization, thqﬁ’-hydroxy aldehydes, are important building
143were obtained in high yields within a short reaction time. P10Cks of polypropionate and polyacetate natural products.
High enantioselectivities were obtained in most of the cases, The discovery of the direct enantioselective cross-aldoliza-
except with phenylethanal and acetaldehyde, which affordedtion of aldehydes, which until quite recently would have
racemic products. Ethyl trifluoropyruvate {R= CFs) also probably been regarded as impossible by many, can be
reacts with propionaldehyde {R= Me) to give a mixture of viewed as a major breakthrough in the field of the aldol
two diastereomersl@3h) with moderate dr (1.5:1) and with ~ reaction. One product of this reaction has recently been used
67% and 81% ee of the two diastereomers. The potential ofin an extremely efficient and short synthesis of prelactone
this process was demonstrated by simple conversion of theB (146) by Pikho et al. (Scheme 83%
aldol products (when R= CO,Et) into optically active Barbas et al. described proline-catalyzed assemblies of
B-hydroxy carboxylic acid derivative'$? polyketides by direct aldol reactions involving three aldehyde
A useful variant of the proline-catalyzed intermolecular component3® Slow addition of propionaldehyd#45 into
aldol reaction was introduced by Northrup and MacMilt&h,  the acceptor aldehyde and 10 mol &-proline in DMF
who demonstrated that-unbranched aldehydes can be used generates the lactol$47, which were converted to the

Prelactone B (146)
58%, >19:1 dr
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Scheme 84. Proline-Catalyzed Assembly of Pyranoses by the

Aldol —Aldol Reaction Cascade

(S)-Proline
j\ & (10 mol %) HOwI;OlR
+ .
H™ R H)H 4°Ctort SN
DMF, 72 h &n

145 147
)/Mnoz (15 eq.)

EtOAc, rt, 48 h
OW\/\OIR quant.
OH
148
R % yield o/B % ee (148)
Et 53 1:2.2 33
i-Pr 32 1:2.0 12
i-Bu 24 1:25 11

correspondingd-lactones148 (Scheme 84). The product
pyranoses contain four stereogenic centers and are obtained
with excellent diastereoselectivity but only with modest

enantioselectivity.

This reaction was recently revisited by idova and co-
workers?** Improved enantioselectivities were achieved using
proline or 4-hydroxyproline as catalyst under modified
reaction conditions. Isolation of thg-hydroxy aldehyde
intermediatel44 from the first aldol step was proposed to
be beneficial: this allows the application of two different
catalysts for two aldol steps (Scheme 85). Irrespective of
the aldehydes used, almost perfect enantioselectivities (99
to >99% ee) were obtained in all cases, although the overall

yields are only in the range 3129204

Mukherjee et al.

Scheme 86. Proline-Catalyzed DYKAT of Racemic
p-Hydroxy Aldehydes to Polyketides

(o]
NN
145
(S)-Proline R _0._OH
(?DH (10 mol %)
_— > .
R H  DMF, 4°C, 12h R
R' thenrt 24 h OH
rac-144 ent-149
OH OH
ent-149a ent-149d
9% 21%

>19:1dr, 94% ee >19:1dr, 98% ee

Scheme 87. Proline-Catalyzed Enantioselective Direct
Homocoupling Aldol Reactions ofa-Oxyaldehydes

(S)-Proline
/ﬁVOR (10 - 20 mol %) MOR
_ >
H i, 24-48h H
OR 150
N 0Bn N oPMB AN OMOM
OBn OPMB OMOM
150a 150b 150¢
73% 64% 42%

4:1dr, 98% ee 4:1dr, 97% ee 4:1dr, 96% ee

O OH u 0 OH
The same group demonstrated a proline-catalyzed dynamic HM/ OTBOPS N oTIPS HMOTBS

kinetic asymmetric transformation (DYKAT) involving ra-

cemic S-hydroxy aldehyded 44 (Scheme 863% Proline-

mediated racemization df44 via retro-aldol aldol addition
followed by a subsequent proline-catalyzed stereoselective

OTBDPS OTIPS OTBS

150d 150e 150f
61% 92% 62%

9:1dr, 96% ee 4:1dr, 95% ee 3:1dr, 88% ee

direct aldol addition generates the triketide- and deoxysugars

ent-149in highly stereoselective fashion.

union of a-oxyaldehydes (Scheme 8%.In this reactions,

a prominent influence on the overall efficiency of the process.
The MacMillan group extended the scope of the proline- Electron-rich oxyalkyl groups are necessary for the reaction
catalyzed aldehyde cross-aldolization reaction to an importantto proceed and also to have practical levels of enantio- and
class of substrates and developed an enantioselective aldotliastereocontrol. In most cases, 10 mol % proline is sufficient
to catalyze the homocoupling afoxyaldehydes containing
o-oxyaldehydes were used both as donor and acceptor. Inbulky a-silyl substituents as well as the commonly used
the case of the homocoupling aldol reaction, the electronic protecting groups (Bn, PMB, or MOM). In all cases, products
nature of the oxyaldehyde substituent (R in Scheme 87) haswere obtained in useful yields and diastereoselectivities along

Scheme 85. Amino Acid-Catalyzed Asymmetric Two-Step Direct Polyketide Synthesis

(S)-Proline

OH
i (10 mol %) :

+ H ——>R H
ROH & DMF

/

OH

149a 149b
41%, >99% ee

29%,99% ee
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145
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thenrt 24 h OH
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-H ’, H /1, H
c ex)/\jo Bn O/ J,/\OJ/O
7y fe) 7y

Bn Y
OH
149c
39%, >99% ee
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Scheme 88. Proline-Catalyzed Enantioselective Direct
Heterocoupling Cross-aldol Reactions ofx-Oxyaldehydes

careful choice of Lewis acid and reaction solvent. The

authors also applied this reaction sequence for the synthesis

o o (S)-Proline o oH of 13C-labeled hexoses as well as 2-amino- and 2-thio-
J_ox . J_r (10 mol %) J I oxw®) substituted derivative®?
H H DMF, rt HY The significance of this de novo carbohydrate syntigksis
ﬁ?ﬁo and other proline catalyzed reactions has been luminously

a-oxyaldehydes as acceptors:

a-oxyaldehydes as donors:

demonstrated by Mangion and MacMillan for the total
synthesis of brasoside and littoralisciig.

O OH O OH O OH Recently, the Calova group accomplished MacMillan’s
HJ\/K/OHPS HJJ\_/'\/OTBDPS _ concept of two-step carbohydrate synthesis under complete
fte e TIPS proline catalysis in a single reaction sequeti¢é*?Proline
144i 144j 150g catalyzed the asymmetric .conversion of_protected glycol-
75% 84% 43% aldehydes into hexoses in one step in almost perfect

4:1 dr, 99% ee 5:1.dr, 99% ee

8:1dr, 99% ee

enantioselectivity. For example, 10 mol %)proline in

DMF at room temperature transformeebenzyloxy acetal-

O OH O OH O OH dehyde 155 to a mixture of tetrosel60g and 2,4,6-tri-
HJJ\/K/OTIPS HJ\/'\/OBn W O-benzyl allose 156) (Scheme 90). Although tetros&509
iPr i-Pr dBn . .
144k 1441 150h Scheme 90. Proline-Catalyzed Neogenesis of Allose from
54% 64% 33% ao-Benzyloxy Acetaldehyde

4:1dr, 99% ee 4:1dr, 94% ee 7:1dr, 96% ee o (S)-Proline OH O 1, _O_ _OH

(10 mol %) : BnO™ ™
- - .. . - H ——— H +
with good to excellent enantioselectivities. This reaction OBn DMF, 1t OBn OBn BnO ©OBn

provides a straightforward access to stereochemically con- 155 4d 150a OH
trolled polyol architecture®” 51% e

In the case of the enantioselective heterocoupling cross- 41dr, 98% ee 4%, >99% ce
aldol reactionp-oxyaldehydes react witlr-alkyl-substituted
aldehydes in the presence of 10 mol % proline as catalyst.is the major product in this reaction, protected allis®
Although both aldehyde partners bear enolizable protons, thewas obtained in an excellent ee f99%. The authors
glycolaldehyde invariably acts as the acceptor componentobserved a significant nonlinear effect for this reaction: only
in the reaction with alkyl aldehydes that conteiimethylene ~ 40% ee of §-proline is sufficient to induce>99% ee in
protons (Scheme 88J¢ However, in the presence of alde- the product allosé'! This is by far the largest permanent
hydes that do not readily participate in enamine formation nonlinear effect observed for a proline-catalyzed reaction.
(a-branched aldehydesdy-oxyaldehydes can act as aldol Considerable asymmetric amplification of enantiomeric
donors. In the later case, the yields are relatively lowered €xcess (vide supra) in the formation of allose was also
due to formation of significant quantities of the oxyaldehyde demonstrated. Based on these two observations, the authors
homodimers. Excellent enantioselectivities were obtained in proposed a model for the evolution of homochirafity.
both cases. MacMillan and co-workers also showed the potential of

MacMillan et al. successfully transformedoxyaldehyde o-thioacetal aldehydes as versatile acceptor units in proline-
dimer150e(Scheme 87) to the polyol differentiated hexoses catalyzed aldolizations with a variety of aldehyde and ketone
by a tandem Lewis acid-catalyzed Mukaiyama aldol addi- donors (Scheme 9%}2 Different a-branched aldehydes and
tion—cyclization reaction with ano-oxy-enolsilane151 ketones and also acetone were used as donor unit to generate
(Scheme 893”8 Selective access to each of differentially S-hydroxy anda,S-dihydroxy aldehyded57 and ketones
protected glucoselb?), allose (53, and mannoselbd) in highly diastereoselective (up t20:1 dr) and enantiose-
was realized in high yield and stereochemical purity by lective (up to>99% ee) fashion. Considering the synthetic

Scheme 89. One-Step Synthesis of Hexoses by Tandem Mukaiyama Aldol Additio@yclization

n,_O-_OH
TIPSO” L/\E 79%
10:1 dr, 959
TIPSO” > Nopc 01 dn95% ee

MgBry'Et,0
—— =

CH.CI,
-20to 4 °C on
Glucose (152)
0 H OTMS . /
Ho " H Et,0 . >19:1dr, 95% ee
0 2. TIPSO Y~ “OAc
TIPSO  OTIPS -20to 4 °C o
150e 151
Mannose (154)
. 7, O._OH
TiCly TIPs0” 97%
>19:1dr, 95% ee
78 Eﬁ'\fo c TIPSO OAc

OH
Allose (153)
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Scheme 91. Proline-Catalyzed Cross-aldol Reactions of
o-Thioacetal Aldehydes as Aldol Donors

o o (S)-Proline O OH
(10 - 20 mol %)
H)J\ + H&SRT H)K;/'\(SR
X SR X SR

157

O OH O OH
H)K_./k(s H)J\:/k(sa

Me S Me SEt
157a 157b
85% 70%

16:1 dr, >99% ee 10:1dr, 97% ee

O OH O OH
Ay A
n-hex S TBSO S
157¢c 157d
75% 52%

>20:1dr, 97% ee 13:1dr, 70% ee
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as acceptor (eq 2). The use of the phthalimide protecting
group is important for achieving regioselectivity in this
reaction. In the first case (eq 1), the prodgebydroxy-o-
amino aldehyde459 were converted to the corresponding
esters160, which were obtained in good yields and with
excellent diastereo- and enantioselectivities in most cases.
In the second case (eq 2), the prodddtydroxy-y-amino
aldehyded 61 were obtained in similar yields and selectivi-
ties.

Catalysts other than proline have also been successfully
applied for the asymmetric direct aldehyde cross-aldol
reactions. The MacMillan group reported the first asymmetric
aldol reaction in the presence of an imidazolidinone cata-
lyst.216 Aldol self-couplings as well as cross-aldol reactions
between two different aldehydes were found to proceed
efficiently in the presence of 10 mol % $55)-5-benzyl-
2-tert-butylimidazolidinone-TFA salt 162) (Scheme 93).
SB-Hydroxy dimethoxyacetal$63were obtained after metha-
nolysis of the initially formed aldol hemiacetals. Good yields
and excellent enantioselectivities (up to 97% ee) were
obtained in all cases along with decent diastereoselectivities.

value of thioacetals as latent carbonyl and alkyl equiva- a-Pivaloyloxy-substituted acetaldehyde, an otherwise inert
lents214the products are of potential as synthons for complex Substrate for the proline-catalyzed aldol reacti¥nwas

targets.

found to undergo smooth aldolization with propinaldehyde

Tanaka, Barbas, and co-workers reported a proline- to afford the aldol adduc63din moderate yield (58%) and
catayzed asymmetric direct aldol reaction of protected glycine good enantioselectivity (90% ee). Surprisingysilyloxy
aldehydel 58 (Scheme 923! They showed that the aldehyde aldehydes provide thsynraldol adduct in 4:1 dr and 92%
158 can act as both an acceptor and a donor depending oree (see Scheme 93).
the nature of the second aldehyde present. In combination Hayashi and co-workers recently developed a combined

with o-branched aldehydes, aldehyt®8 acts as donor (eq

proline—surfactant organocataly$65for the highly stereo-

1), whereas when-unbranched aldehydes are used it acts selective direct cross-aldol reactions of two different alde-

Scheme 92. ProIine-Catayzed Asymmetric Direct Aldol Reactions of Protected Glycine Aldehyde

I
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NMP, 4 °C
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Scheme 93. Imidazolidinone-Catalyzed Direct Aldol

I Scheme 95. Primary Amino Acid-Catalyzedsyn-Aldol
Reactions of Aldehydes

Reactions ofa-Hydroxyketones and Aromatic Aldehydes

(0] Me . R'
N TEA HsC H or H o]
Me I K \l}l
N Me /" O--1H---O
ph H  Me H,N" CO,H HO
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MeO MeO MeO
Me Me Bu Me OH OH O OH
NO. NO.
163a 163b 163c 168a 2 168b 168¢ 3
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Cat. 167a  75%, 15:1dr, 90% ee  70%, 8:1 dr, 86% ee
Cat. 167b  >95%, 18:1dr, 98% ee  87%, 10:1 dr, 80% ee 78%, 12:1 dr, 94% ee
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Scheme 94. Proline-Surfactant Organocatalyst 165 for
Asymmetric Direct Cross-aldolizations of Aldehydes

W&""@

CO,H

N 2
H

165 QH OH
(10-20mol %) ~ NaBH, R1&‘j

6:1dr, 91% ee

2.3.3. Direct Catalytic Asymmetric syn-Aldol Reactions

Most of the aldol reactions described above produce the
anti-aldol as the major diastereomer irrespective of the nature
of the donor component. There has been no report of a highly
enantioselective and exclusivegynselective direct aldol
reaction so far. Only a few exceptions givirgynaldol
adducts, mostly depending on the substrate type, have been
described_17,152,154,216

Very recently, Barbas et al. reportedyselective aldol
reaction between-hydroxyketones and aromatic aldehydes
catalyzed by the primary amine containing acyclic amino
acid (§-threoninel67aand its derivative ®Bu-(S)-threonine
(167b) (Scheme 9538 When the reactions were performed
in NMP with 20 mol % catalyst at 4C, syndiols were

(0]
(0]
A &H
R

OYYS‘;’” MeOH R? obtained in good yields, highynanti ratios (up to 18:1),
62-118h 166 and high enantioselectivities (up to 98% ee). 1-Hydroxy-2-
butanone was used as the donor component in the aldol
OH OH OH OH | OQH OH reaction with good results. According to the authors’
s : rationalization, the observesynselectivity stems from the
Me Me ipr reaction of aZ)-enamine in the €C bond forming transition
¢l Me state A (Scheme 95). TheZj-enamine intermediate pre-
166a 166b 166c . .
90% 65% 1% dominates due to hydrogen bonding of the hydroxyl oxygen

with the amine hydrogen.
Although the Barbas et al. report on thynraldol reaction

>20:1dr, 99% ee >20:1dr, 99% ee 10:1 dr, 73% ee

QH OH QH OH

provides excellent diastereo- and enantioselectivities, the
substrate scope of this process is limited:tbydroxyketones
as donors and only aromatic aldehydes as acceptors. The

I OH OH o
- MGON \/\‘j
Bn OMe Bn Me

166d 166e 166f

57% 35% 35%
14:1 dr, 92% ee 4:1dr,93% ee 10:1 dr, 89% ee

development of an asymmetric diresynselective aldol
reaction of general substrate scope, especially for the
aldehyde cross-aldol reaction, has been a considerable

hydes in aqueous media (Scheme Y4)The catalyst was challenge since the discovery of proline-catalyzed intermo-

: o : s . lecular direct aldol reactionis.

identified by a systemic optimization process. The chain ) )
length has a dramatic influence on the yield, although the ~Maruoka and co-workers developed a highyyrselective
selectivities remain the same. Both aromatic and aliphatic @nd enantioselective direct cross-aldol reaction between two
aldehydes were equally efficient as the acceptor when pro-different aldehydes catalyzed by the axially chiral amino
panal, isovaleraldehyde, and 3-phenylpropanal served as theulfonamide §)-169 (Scheme 965 Using only 5 mol %
donor unit. Excellent diastereo- and enantioselectivities were (S-169, aldol adducts were obtained in good yields in most
achieved using typically 10 mol % catalyst in water &Q0  cases, along with up tc-20:1 diastereoselectivity and
According to the authors’ proposal, “emulsions seem to offer excellent enantioselectivities (92 to 99% ee) in all cases. With
an ideal reaction environment in the presence of water, in respect to theynanti selectivity, this process complements
which organic molecules can be assembled through hydro-the proline-catalyzed cross-aldol reaction between two dif-
phobic interactions thus enabling the aldol reaction to proceedferent aldehydes. The drawback of multistep catalyst syn-
efficiently”.2” thesis is compensated not only by low catalyst loading but
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Scheme 96syn-Selective Direct Aldol Reactions between
Various Aldehydes Catalyzed by §)-169
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Nx

also by 95% catalyst recovery by column chromatography.
The authors explained the obsensdiselectivity with the
help of transition staté (Scheme 96), where the hydrogen
bonding activation of the acceptor aldehyde by the acidic
proton of triflamide triggers the reaction to proceed via the
syrnrenamine intermediaté?

Even though Maruoka’'synaldol reaction significantly
improves the substrate generality, a truly gengyalselective
variant still remains to be discovered. Nevertheless, these
two processes can be viewed as a first step in this direction.

After the discovery of the proline-catalyzed intermolecular
aldol reaction by List et al. in 200, enamine catalytic
chemistry has witnessed enormous development in terms o
both new catalyst design and new aldol reactions. Some of
the challenges of aldol reactions (e.g., aldehyde cross-aldol
reaction) have been solved by the design of new catalysts
or reaction engineering. However, despite such massive
research in this area, a number of aldol reactions still remain
considerably challenging to the aldol researchers. A few of
these include the use of acetaldehyde as an aldol partner o
the development of efficient transannular aldol reactions.
With the power of enamine catalysis and the ever increasing
discoveries of new amine catalysts, it does not seem to be
overenthusiastic to believe that solutions to these problems
are just around the corner.

3. Asymmetric Mannich Reactions

3.1. Introduction

The Mannich reaction is a highly useful transformation
for the construction of nitrogenous molecufés225 In this
transformation, three components, namely two carbonyl

Mukherjee et al.

compounds and an amine, react to forramino-carbonyl
compound. The increasing popularity of the Mannich reaction
has been fueled by the ubiquitous nature of nitrogen in drugs
and natural products as well as by the potential of this
multicomponent reaction to generate diversity. Bditect
variants with unmodified ketone donors andirect variants
utilizing preformed enolate equivalents have been described.
In addition, the imine intermediate may be preformed or its
amine and aldehyde precursors may be used directly (Scheme
97). Enantioselective variants are especially attractive. For

Scheme 97. Direct and Indirect Mannich Reactions

o] o] .
R1JJ\ + HJ\RZ +  RNH,

direct

; I O NHR®
X NR® indirect
+
RN e
pfnfglrant]:d preformed
equivalent Imine

example, Kobayashi and co-workers reported the first cata-
lytic enantioselective Mannich-type reactions of imines with
silyl ketene acetals as preformed enolates using a chiral
zirconium catalyst?® Trost and co-workers recently reported
zinc-catalyzed asymmetric Mannich reactions to furnish 1,2-
amino alcohol$?’ In the latter case, aromatic hydroxy ke-
tones react witha-imino esters or imines derived from
aromatic aldehydes in the presence of a catalytic amount of
the dinuclear zinc catalyst. Sodeoka and co-workers reported
the first late transition metal-catalyzed Mannich-type reac-
tions of silyl enol ethers witl-imino ester$?8 The reaction
involves slow addition of the silyl enol ether to a solution of
o-imino ester in the presence of 5 mol % catalysfmino
esters were obtained in excellent yields with varying levels
of diastereoselectivity and enantioselectivity. A direct Man-
nich reaction of unmodified ketones using a lanthanum cata-
lyst was discovered in 1999 by Shibasaki and co-work&rs.

3.2. Direct Asymmetric Mannich Reactions of
Ketones

In 2000, List discovered the first efficient proline-catalyzed
asymmetric three-component Mannich reactions of different
ketones with p-anisidine (71) and aldehydes in DM-

{02112 the presence of 35 mol 98 proline, aromatic

and a-substituted andx-unsubstituted aliphatic aldehydes
were reacted with aceton8) to give the corresponding-
amino ketoned.72in good to excellent yields with enanti-
oselectivities as high as 99% ee (Scheme 98). The author
found that the aldol addition and condensation products were
observed as side products during the Mannich reaction.
High pressure (200 Mpa), realized by freezing wate2(
EC) in a sealed autoclave, has been successfully applied to
the direct asymmetric three-component Mannich reactions
of various aldehydeg-anisidine (71), and acetone35).18*
Hayashi and co-workers showed that, under high pressure,
Mannich adducts were obtained in better yields and higher
enantioselectivities than under normal pressure. For example,
electron-rich aldehydes suchganisaldehyde, 3,4-dimethoxy-
benzaldehydes, andN-acetyl-(4-formyl)aniline are poor
substrates under normal atmosphere even with 0.1 MPa at
room temperature, while high yields and excellent enantio-
selectivities have been achieved under water-freezing high-
pressure conditions (200 MPa) (Scheme 99).
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Scheme 101. Comparison betweetnans-4-Siloxyproline 177

Scheme 98. Proline-Catalyzed Asymmetric
and Proline 1 in Mannich Reactions

Three-Component Mannich Reactions

NH,
(S)-Proline H
_PMP Catalyst 177 or 1
ﬁ + JO]\ + (35 mol%) ii’él\ j\ (5 mol %) (0] HN/PMP
H R DMSO, rt R DMSO, -20 °C )J\/\R
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.PMP _PMP 0 HN H
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/U\/:\)\ )J\/-\/\/ OO OMe
OMe OMe
172c 172d 172b 172e 172f
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With 177: 24 h, 62%, 93% ee 20 h,55%,90% ee 20 h, 48%, 98% ee

The authors also showed that th®-proline-catalyzed With 1. 24 h, <5%, n.d ee 20h,<5%,ndee  20h, <5%, n.dee

Mannich reaction between acetords), 3,4-dimethoxyben-
asymmetric Mannich reacticii? Due to the higher activity

zaldehyde 175), and 4tert-butyldimethylsiloxyaniline 176)
of 4-siloxyproline (77) compared to proline, the catalyst

followed by reduction with LiAlH, and cleavage of the
N-aryl moiety with Phl(OCOCE), gavesyn andanti-1,3- loading could be reduced to 5 mol % without reducing the
amino alcohols in excellent enantioselectivities (Scheme enantioselectivity (up to 98% ee). Generally, proline is

100)18* This procedure provides an alternative method for inefficient for the direct catalytic asymmetric three-compo-
the protecting group cleavage, which is normally PMP nent Mannich reaction using electron-rich aldehydes: For
removed with cerium(IV) ammonium nitrate (CAN). example p-anisaldehyde and 3,4-dimethoxybenzaldehyde are
Hayashi et al. usetrans-4-siloxyproline (77?3 as an poor substrates (Scheme 1038)The corresponding siloxy-
efficient and enantioselective organocatalyst for the direct proline 177 is quite effective with these substrates, and

Scheme 99. Mannich Reaction of Various Aldehydeg-Anisidine, and Acetone Catalyzed by §)-Proline under Ambient and
High Pressure: A Comparison
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Scheme 100. Synthesis @y and anti-1,3-Amino Alcohols via Mannich Reaction
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Scheme 102. Catalytic Enantioselective Synthesis of

syn1,2-Amino Alcohols
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resulting products were obtained in moderate yield—{(48
55%) and high enantioselectivity (9@8% ee).

Using hydroxyacetonesg) as the ketone component, the
reaction provides the correspondisygi1,2-amino alcohols
173 in high yields and excellent levels of diastereo- and
enantioselectivitied®® Aliphatic branched aldehydes were

tolerated but gave lower yields and selectivities (Scheme
102)_1,2,62,63,234

These Mannich reactions constitute a regiospecific alterna-

tive to the Sharpless asymmetric aminohydroxylation reaction
(AA) of enones’®®
In order to explain the observed stereoselectivity, it was

proposed that the reaction follows an enamine mechanism ¢

and involves a transition state similar to the earlier proposed
transition state of the corresponding aldol reaction (Figure
1). (E)-Configurations are assumed for both the enamine and
the imine. The two components react, to avoid unfavorable
steric interaction between tiesubstituent of the imine and
the proline ring and to allow for a stabilizing hydrogen bond

Mukherjee et al.

Scheme 103. Synthesis of 5-Acyloxy-oxazolidin-2-ones

0
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Scheme 104. Transformation of 5-Acyloxy-oxazolidin-2-ones
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Scheme 105. Three-Component Asymmetric Mannich
Reaction of Aromatic Aldehydes andp-Anisidine with
Hydroxyacetone Catalyzed by §)-Proline under Ultrasonic
Conditions

Me (S)-Proline

between the carboxylate and the protonated imine. Approach

of thesi-face of the imine to thei-face of the enamine results
if R? is highest priority and leads to the observed stereo-
chemistry (Figure 1).

List and co-workers developed a new asymmetric synthesis

of oxazolidin-2-ones, demonstrating the utility of Mannich
product173(Scheme 1033 The sequence is based on the
chemistry of previously unknown 5-acyloxy-oxazolidin-2-
onesl74. Oxazolidinoned 74were obtained via the proline-
catalyzed direct asymmetric three-component Mannich re-

action, protecting group manipulations, and a subsequent

Baeyer-Villiger oxidation.

These 5-acyloxy-oxazolidin-2-onek74 can readily be
transformed into many interesting optically active synthons
such as oxazolidinones and amino alcohols (Scheme 104)

Figure 1. Mannich transition state1.1v234v236

o NHPMP
(15 mol %)
DMSO rt, 1h 5,_,
R
66 171 173
Q  NHPMP NHPMP NHPMP
o
173a 173e 173c

98%, 94:6 dr, 99% ee 94%, 94:6 dr, 96% ee 85%, 75:25 dr, 66% ee

Kantam and Choudary described the effect of ultrasound
on proline-catalyzed three-component asymmetric Mannich
reactions®® The asymmetric Mannich reaction of various
aromatic aldehydes angtanisidine (71) with hydroxyac-
etone 66) was carried out in the presence of 15 mol %
proline under ultrasonic conditions (40 Hzyfbh (Scheme
105). The authors emphasized that ultrasonic conditions not
only promoted the asymmetric reaction but also promoted
imine formation between the aromatic aldehydes @nd

‘anisidine.

Kotsuki and co-workers have developed an anthracene-
fused chiral proline catalys205 that has been shown to
accelerate the asymmetric three-component Mannich reaction
of aldehydes, methyl ketones, apanisidine (71).2%° The
catalyst was synthesized in racemic form from the Diels
Alder reaction of anthracene and maleic anhydride via
lithiation/carbonylation followed by resolution with—j-
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Scheme 106. Asymmetric Three-Component Mannich
Reaction between Ketonesp-Anisidine, and Aldehydes Using
Catalyst 205

CO,H
NH
o} e 205 (e} NHPMP
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H™ R DMSO, rt : R
R R
NH 172,173
O NHPMP Q@ NHPMP
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172i 173b
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0.5h,56%,54% ee >19:1dr, 79% ee

(0]

NHPMP NHPMP
)
0 NO,

172j 172a

2h, 65%, 84% ee 2 h, 54%, 90% ee

menthol?4° With 5—20 mol % organocatalyg05 N-PMP-
protecteqs-amino ketone472and173were formed in good
yields (54-76%) with good enantioselectivities ranging from
54% to 90% ee (Scheme 106).
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the PMP group followed by reprotection with a Cbz group.
Piperidine204 was subjected to Pd(Oktatalyzed hydro-
genation to providentsedridine 199 in 34% overall yield
from p-anisidinel71in six steps (Scheme 108).

Cordova and co-workers have used chiral acyclic primary
amino acids to catalyze the direct asymmetric three-
component Mannich reaction between unmodified acyclic
and cyclic ketonesp-anisidine, and aldehydes with high
chemo-, diastereo- and enantioselectivities (up>1@9%
ee)?* Interestingly, in contrast to that gf-anisidine, the
primary amino group of the catalyst is not incorporated into
the product. Encouraged by this observation, the authors
screened several acyclic amino acids, such as setB#,
valine (77), isoleucine 185, and leucine 186), as catalyst.
(9-Alanine 88) and alanine-based tetrazdlg7were found
to be the most active amino acid catalysts (Scheme 109).
Addition of water (5 equiv) to the reaction mixture slightly
improved the yield; however, the ee decreased. The alanine-
based tetrazole catalys87 exhibited the highest efficiency
for the reaction.

Cordova and co-workers reported the use of protected
dihydroxyacetone 29, p-anisidine, and an aldehyde in the
direct amino acid-catalyzed enantioselective synthesis of
protected carbohydrate derivatit®0.}’® For example, the
(R)-proline-catalyzed three-component Mannich reaction
between dioxanon&29, p-anisidine (71), andp-isopropy-
lidene-glyceraldehydelBl) proceeded to afford protected
4-amino-4-deoxyp-fructose (80) in 55% yield with>19:1
dr and>98% ee (Scheme 110).

Enders and co-workers have also described the synthesis

Using the Ti-catalyzed Sharpless asymmetric epoxidation Of selectively protected amino sugat82 via an organo-

of allylic alcohol as the key step, Sudalai and co-workers
synthesized-{)-cytoxazone?3 a cytokine modulator in 83%
ee and 23% overall yield via nine steps from commercially

catalytic asymmetric three-component Mannich reaction of
dioxanonel29 and p-anisidine (71) with different alde-
hydes?* Generally, thesynrconfigurated Mannich products

available 4-iodophenol. The proline-catalyzed Mannich reac- 182 were obtained in good to high yields and with high
tion has also been applied in the enantioselective synthesigliastereoselectivities (up t099% de) and enantioselectivities

of (+)-epicytoxazone 188%* by the same authors. The
reaction provided-{)-epicytoxazone 188) with 35% overall
yield and 81% ee in six-steps starting from readily available
p-anisaldehyde89 (Scheme 1073*

Itoh et al. described an asymmetric synthesiseat
sedridine 199 applying the proline-catalyzed Mannich
reaction of 4-hydroxybutanak(Q0), p-anisidine (71), and
acetone 35) in the key step (Scheme 108%.The resulting
compound201 was reduced using LiAlldto give diol 202
as a mixture of diastereomers. Upon treatment with DEAD
and PPh the amino alcohol ring-closed to give a mixture
of cyclized product203in 88% total yield (major/minosr=

(up t0=98% ee) in the presence of 30 mol % proliig ¢r
20 mol % TBS-protected hydroxyproliri77in DMF at 2
°C (Scheme 111).

The presence of water {110 equiv) normally led to
increased stereoselectivity, independent of solvent. Interest-
ingly, TBS-protected hydroxyproline catalyst7led to an
improvement of reaction rate due to its higher solubility.
When TBS-protected hydroxyprolir/7 is employed, the
addition of water (3-5 equiv) improved the stereoselectivity.

To expand the synthetic utility of this direct Mannich
reaction, a new synthetic approach to biologically active
2-amino-2-deoxy sugar derivative$83 was developed

1.2:1), which underwent an oxidative cleavage reaction of (Scheme 112).

Scheme 107. Synthesis ofH{)-epi-Cytoxazone 188

CHO .
0o (S)-Proline PMPHN O )
)H (20 mol%) triphosgene, EtzN
+ +
OH DMSO, tt, 24hMeo OH CHZCIz,é12(°)AJ t025°C
OMe NH,
66 189 171 173c
0 0 i) O3, PPh3 CH,Cl,, 0
-78°C
)k LiHMDS pMp—N)ko i) NaBH,4, MeOH, HNJkO
TMSCI N 25°C s
CHs THE, 78 °C OTMS i) CAN, CH4CN, 5h OH

MeO MeO

59% (over 3 steps)
81% ee
MeO

188
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Scheme 108. Total Synthesis afntSedridine 199

NH,
(S)-Proline (30 mol %) J\
- ' S
i-PrOH, -10 °C, 185 h

HO o H HO/\/\/\N/PMP
76%, 91% ee
OMe ’ ’ H
35 200 171 201
DEAD (14 equw
LiAH4 (3 equiv) oH un-TMP PPh, (1.2 equiv) O
—_— b=y
THF, 0 °C,0.5h OH  CHaCly, rt, 2h
72% (2 steps) 88%, 91% ee
202 203

major:minor=1.2:1
CAN (5 equiv)

CH3CN-H,0 (1:1)
N N N
|

then MeOH, rt, 100% yield H

o]

CbzCl (20 equiv) Cbz 199
5N aqueous NaOH 204
54% (2 steps) 34%, 91% ee
(6 steps)
Scheme 109. Catalyst Screening for the Asymmetric Scheme 111. Organocatalytic Asymmetric Three-Component
Mannich Reaction Mannich Reaction of Dioxanone with Different Aldehydes
Catalyst and p-Anisidine
30 mol %)
o) O NHPMP o OCHj, Catalysts 1,177 NHPMP
2 e B (10-30 mol %) B
quw o
y Hkl 0] solvent 2°C
DMSO rt. : o. o M+
NO, >{ H R 57-98%
HsC' CHj NH, H3C CH3
& 76 129 17 182
OH 78->99% de
J\ I 81-98% ee
Cat: TBSO,
HoN™ "COH  HoN™ TCO,H  HoN™ TCO,H & ~
184 88 77 N~ COoH Ow
N N~ TCOH
60%, 48h 30%, 14h 65%, 48h H
6:1dr,94% ee  3:1dr,>99% ee 2:1 dr,91% ee 1 177
O NHPMP O NHPMP
~_-OCH
| NJ\(/N ‘N \/(\ M 3 Hki/\COzEt
2 UN—N HoNT COH  HoNT COuH O}/O OCH; 0)/0
187 186 185 HsC CHs HaC CH,
74%, 12h 38%, 48h 18% , 48h 182a 182b
3:1dr, 94% ee 6:1dr,93% ee 3:1dr,91%ee Cat.1, DMF, H,0 (4 equiv) Cat.1, DMF, H,0 (3 equiv)
) ) ) ) 91%, >99% de, 98% ee 91%, 296% de, 98% ee
Scheme 110. Direct Proline-Catalyzed Asymmetric Synthesis
of Protected 4-Amino-4-deoxy9-fructose 9  NHPMP 9 NHPMP
)-Proline -
30 mol %) = z
H,0 O NHPWMP 0,0  08n >/ 07/,,CH3
_ (5equv) HW Hae” CH, Hoc” “CHy HsC
DMSO t, 24 h o~/\ 182¢ 182d
HaC CHs ch CHs Cat.177, CH3CN, H,0 (5 equiv) Cat.1, DMF
171 181 180 77%, 88% de, 96% ee 57%, 80% de, 298% ee

55%, >19:1 dr, >98% ee _ ) _ )
Scheme 112. Synthesis of the Biologically Active

During the course of the development of a practical 2-Amino-2-deoxy Sugar Derivative

synthesis of polyoxamic acit® which is a unique polyhy- Q  NHPMP L-selectride QH NHPMP
droxyamino acid constituting the side chain moiety of the . OCHs  THF, 78 °C - OCH3
antifungal polyoxin antibiotics, Gdova and co-workers 0.0 OCH, 98% 0.0 OCH,
reported a Mannich reaction between dioxanod@9), Hsc)/"CHS H3CXCH3
glyoxylate @97), and p-anisidine (71) as the key step 182a 183
(Scheme 113)7°

. . . 296% de, >99% ee
The organocatalytic asymmetric three-component Mannich

reaction has significantly expanded the synthetic scope andpresence of pyrrolidine-based tetrazole catdl®have been
value of this transformation. Mannich reactions of protected realized. These reactions provide highly enantioselective (up
amino ketones, different aldehydes, gmdnisidine in the to 99% ee) and regioselective, efficient methods for the
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Scheme 113. Highly Chemo- and Enantioselective One-Step
Synthesis of Protected Polyoxamic Acid

(S)-Proline (30 mol %) _PMP

0 CHs ™ 1,0 (5 equiv) QH HN
DMSO, rt R R

HH . j\ . Y ot

0, 0 H” “COEt then o>/6
“ NaBH,4 MeOH, 0 °C

H3C CHs NH, 4 HsC™ CH4
129 197 171 198a

30%, 8:1dr, >99% ee

Scheme 114. Mannich Reactions for the Synthesis of

Various 1,2-Azidoamines
N N

H HN-N
OMe 102
NHPMP
(30 mol %) iﬂ
R + + — R . R2
2 z
Ny H R DMSO, rt Ny
NH,
171 192
O  NHPMP 0] NHPMP O  NHPMP
)J\;/\COZEt *Co,Et Hk;/\/OBn
N3 N3 N3
192a 192b 192c
0.5 h, 96%, 40 h, 87%, 6 h, 80%,
91:9dr, 99:.99% ee 88:12dr,99:64% ee 85:15dr, 82:79% ee
(syn:anti) (syn:anti) (syn:anti)

Scheme 115. Mannich Reactions for the Synthesis of
Protected 1,4-Diamines

N.
N e
OMe 10';N N
o (30 mol %) f  NHPMP
i |-|)I\R+ solvent, 4 °C R
NPht ’ NPht
NH,
193 171 194
o) (e} l\?lHPMP o NHPMP
NPht
Y NO, NPht
194a 194b
84 h, NMP 120 h, NMP
68%, 97% ee 71%,77% ee

asymmetric synthesis of 1,2-diamir32from azido ketones
(Scheme 114) and 1,4-diamine94 from phthalimido

ketones193(Scheme 115¥*¢ This represent the first example
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Scheme 116. Direct Catalytic One-Pot Three-Component
a-AminomethyIation of Ketones

(S)-Proline 0
(10 mol %)
+ ArNH, ——— AT
DMSO, rt H
R R
179
ij o~ -PMP ij W -PMP ﬁ .~ /©
179a 179 179¢

90%, >99% ee 85%, 3:1dr,>99% ee 92%, >99% ee

Scheme 117. Proline-Catalyzed One-Pot Three-Component

Asymmetric Aza-Diels—Alder Reaction
75%, >99% ee

odology, the authors reported a direct catalytic enantiose-
lective aza-Diels Alder reaction that yields the corresponding
product 191 with excellent enantioselectivity>(99% ee)
(Scheme 117).

Bolm and Rodiguez investigated thermal effects in the
(9-proline-catalyzed enantioselectiveaminomethylation
between ketone, aqueous formaldehyde, and arffithgy
applying microwave irradiation power heating with simul-
taneous air-cooling, reaction times and catalyst loadings
could be reduced. For example, complete consumption of
cyclohexanone43), formaldehyde 178), and aniline oc-
curred within 2.5 h in the presence of 10 mol ®-proline
in DMSO under a microwave power of 15 W, giving the
corresponding product79cin 96% vyield with 98% ee.
Interestingly, the authors found that, even with 0.5 mol %
proline, productl79cwas obtained in 83% yield with the
same ee afte3 h (Scheme 118).

Similar results were also achieved by heating in an oil
bath for 23 h at the same temperature<{&b °C) using 1
mol % proline. The corresponding reduced aminoalcaBél
was obtained in 82% yield with 97% ee (Scheme 119).

(S)-Proline
30 mol %)

DMSO 50 °C

3.3. Direct Asymmetric Mannich Reactions of
Aldehydes

Hayashi et al. reported proline-catalyzed asymmetric three-

of highly stereoselective catalytic access to chiral 1,2- and component, one-pot cross-Mannich reaction of different

1,4-diamines using the Mannich reaction.

Recently, Codova and co-workers reported a proline-

catalyzed, one-pot, three-component asymmetramino-

aldehydes wittp-anisidine {71).2 Initially, the reaction was
carried out at room temperature and the desired amino
alcohol221was formed (after reduction with NaBHn less

methylation of ketones. Typically, the reactions were per- than 10% yield; significant improvements were obtained at
formed with unmodified ketones, aqueous formaldehyde 0 °C and—10°C. To avoid the unwanted cross-aldol or self-

(178 and aromatic amines in DMSO or DM, In most
cases, the reaction furnisheeaminomethylated ketonds9
with >99% ee using 10 mol % catalyst (Scheme 116).

Mannich adducts, the reaction was performee-20 °C in
N-methyl-2-pyrrolidinone (NMP) as solvent. Under these
conditions, the desired products were obtained in excellent

Cordova and co-workers extended the scope of enamineyield with high enantioselectivity and diastereoselectivity
catalysis of proline, realizing an efficient method for the even if all three components are mixed together 20 °C.

direct catalytic asymmetriex-aminomethylation between

aqueous formaldehydel18), p-anisidine (71), and o,(-
unsaturated cyclic ketond$902424%|nspired by this meth-

This modified method is attractive in terms of generality,
high selectivity, ease of operation, and practicality for the
synthesis okyny-amino alcohol221 (Scheme 120).
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Scheme 118. Microwave-Assisted Direct Asymmetric Mannich Reaction Catalyzed be)éProIine

0 NH2 (S)-Proline
j\ (0.5-20 mol %)
+ + \\
H H DMSO i‘)
R under microwave
(15 W)

43

D D Q““ o
N RN AN NN
N N : o
179c 179c 179a 179d

10 mol %, 2.5 h 0.5mol%, 3 h 1 mol%, 3 h (10 W) 0.5 mol%,4h
96%, 98% ee 83%, 98% ee 84%, 94% ee 86%,97% ee

Scheme 119. $)-Pro|ine-CataIyzed Direct Asymmetric Mannich Reaction Using Conventional Heating

NH, (S)-Proline
1-10 mol ¥
( mol %) \\ NaBH4 \\
DMSO
in oil bath

179¢

1 mol %, 45-50 °C, 23 h, 82%, 97% ee
1 mol %, 64-66 °C, 8 h, 68%, 98% ee
1 mol %, 75-77 °C, 6 h, 84%, 98% ee

Scheme 120. Three-Component Mannich Reaction with Scheme 121. One-Pot Direct Three-Component Asymmetric
Various Acceptor Aldehydes Proline-Catalyzed Mannich Reactions with Unmodified
Aldehydes
(S)-Proline NHPMP
o i) (S)-Proline (30 mol %) -PMP
i \i (10 mol %) NaBH, R)YOH /?k DMF, 4°c 14-15h HN
+ -
H NMP,20h MeOH Me R™H BN ii) NaBH,, DMF,0°C  HO™ Y~ R
OMe -
171 221 221
\-PMP N PMP
NHPMP NHPMP NHPMP Y Y
oH oH /@/H/\OH /\/\@ /\/\@\
Me Me cl Me
221a 221b 221¢ 221a 2211
62% 65%
-10 °C, 50% -20 °C, 71% 20 °C, 91% 41 dr, 75% ee 5:1 dr, 93% ee
>95:5dr, 90% ee  >95:5dr,96% ee  >95:5 dr, 98% ee
Hy PMP .PMP
NHPMP NHPMP H HN
HO™ Y :
N OH OH : Ho Y T
N~ Me NO, -
yo1s ° 2::'6 221g 221h
© 75% 55%
-20 °C, 84% -20°C,87% >10:1 dr, 99% ee >10:1 dr, 81% ee

>95:5dr,>99% ee  >95:5dr, 84% ee

o Scheme 122. One-Step Asymmetric Synthesis of Protected
Barbag®? and Cadova®? also reported a similar three-  Amino-tetrose

component, one-pot Mannich reaction. To avoid the forma- Me Sporol

tion of cross-aldol or self-Mannich adducts, propionaldehyde 0 -proline O NHPMP
145(1 M) in DMF was added slowly via syringe pump into H * _(Bmol%®), HJ\_/'\/OBn
the reaction mixture containinganisidinel71(0.1 M), the OBn DMF, rt, 48 h 58n
aldehyde (0.1 M), and$-proline in DMF. This protocol NH,

providedsyny-amino alcohols221 in good yield with up 155 1m 222a

to >10:1 dr and 99% ee (Scheme 121). 80%, 4:1dr, 95% ee

Cordova et al. reported the one-step asymmetric synthesis
of protected amino-tetrose222a using the cross-Mannich  presence of-proline (30 mol %)a-benzyloxyacetaldehyde
reaction. The product was obtained in high yield with up to (155 reacted withp-anisidine {71) to give the corresponding
>99% ee and moderate dr (Scheme 122). homo-Mannich product, which was treated with methyl

Cordova and co-workers developed a stereoselective diethylphosphono acetate (2.2 equiv), DBU (2.2 equiv), and
catalytic one-pot tandem reaction that involves a Mannich, LiBr (2.2 equiv) to provide protected vicinal amino alcohol
Horner-Wadsworth-Emmons (HWE), and subsequent Sharp- 223 with two stereogenic centers in good yield (64%),
less dihydroxylation sequence to provide optically active enantioselectivity (95% ee), and diastereoselectivity (4:1 dr).
amino- and iminosugar derivativé®.For example, in the  Subsequent Sharpless dihydroxylation to galactonic 8gtr
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Scheme 123. Synthesis of Galactolactam 225

OCHj3 (S)-Proline
0 (30mol%)  PMP<
Hj\ DMF, r.t. M
+
H then S OMe
OBn NH o o OBn OBn
2 EtO.ll
155 >
171 EtO P\)J\OMe 223
DBU, LiBr,rt.
PMP
PMP- |
0504 (5%), NMO NH OH AcOH, MeOH g~ N0
Acetone-H,0 OMe refiux, 74% BnO “OH
9:1), r.t. OBn OBn OH OH
224 225

67%,7:1dr,95% ee

Scheme 124. Self-Mannich Reaction of Aldehyde with
p-Anisidine under Ultrasonic Conditions

Me i) (S)-Proline (15 mol %) NHPMP
DMF, 1t, 1h, ) B
H + HO Y
CH, ii) NaBH4 in MeOH CHs CHs
NH,
145 171 221h

80%, 95:5dr, 91% ee

followed by acid-catalyzed cyclization provided the galac-
tolactam225 in good vyield (74%) with 95% ee (Scheme

123).
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Scheme 127. Synthesis of Azetidine Derivative
-PMP

HY CDI (2 equiv), CH4CN, reflux; NP

H O/\/\/\/OTBS
H remove solvent; AL 2 ~_O0TBS
_0TBS then 150 °C, 0.05 mbar TBSO

231

eraldehyde 226), andp-anisidine (71) gave only the self-
Mannich product of isovaleraldehyd227g. Mannich adduct
227awas obtained in 7595% vyield with high stereoselec-
tivities (up to>10:1 dr and 99% ee). Only trace amounts of
the desired cross-Mannich produc®?8 were detected
(Scheme 1283%°

Scheme 128. Chemoselectivity in the Proline-Catalyzed
Asymmetric a-AminomethyIation of Aldehydes

PMP\
S)-Proline
\\\ PMP
Ho* JL :
/ij\ solvent /K/'I‘\
NH,
171 227a

75-95%

up to >10:1 dr, 99% ee traces

3.4. Indirect Asymmetric Mannich Reactions of
Preformed Aldimines with Ketones

Barbas and co-workers reporte§)-5,5-dimethylthiazo-

Kantam and Choudary demonstrated the self-Mannich lidine-4-carboxylic acid (DMTC87)-catalyzed asymmetric

reaction of propionaldehydd 45 with p-anisidine (71) at

Mannich reactions of acetone with a variety of preformed

room temperature under ultrasonic conditions to give the or in situ-generated aldimines derived fromanisidine

correspondingyny-amino alcohoR21hafter NaBH, reduc-
tion in 80% yield with 91% ee (Scheme 124j.

(Scheme 12938257 This catalyst was first used by Li5t
Funabiki et al. reported a highly enantioselective synthesis

For the synthesis of nitrogen-containing heterocycles suchof S-aminof-polyfluoroalkyl ketones212 via Mannich

as pyrrolidine229 (Scheme 125), piperiding30 (Scheme
126), and azetidine231 (Scheme 127), which are of

reaction of polyfluoroalkylated aldiminesl3 with acetone
(35) using ©-proline with up to 98% ee (Scheme 136).

considerable significance in antibiotics and related biologi- The reaction showed limited scope and modest chemical
cally active targets, a catalytic enantioselective direct Man- yields.

nich reaction of functionalized aldehyd282 with p-anisi- Barbas and co-workers usétPMP-protectedu-imido
dine (171) served as a key step; this is followed by a novel ethyl glyoxylate206as a Mannich acceptor, in the presence
dehydrative cyclization mediated by the Staab reagent(1,1 of a catalytic amount of)-proline with a number of ketones,

carbonyldiimidazole, CDI§%¢

forming the corresponding functionalizedamino esterd 72,

Cordova and co-workers reported that, if subjected to 173 207, and 208 with high stereoselectivities (Scheme

Mannich conditions, aqueous formaldehyd&®), isoval-

Scheme 125. Synthesis of Pyrrolidine Derivative
NH, (S)-Proline

(30 mol %)
NaBH,
ON\/OTBS +
CHsCN,-40°c O
OMe
232 171
PP i) CDI, CHACN,
HO H OH reflux
i) 2NNaOH,
OTBDPS THF, 69%

Scheme 126. Synthesis of Piperidine Derivative

HN’PMP

_ /\/\/\/OTBS

131) _230,259

HN,PMP i) TBDPSCI, imidazole,
DMF, 92%

ii) p-TsOH, MeOH, 91%

85%, 80% de, 98% ee

-PMP
N

OH

229

~*SoH

H i) TBAF, THF, 96%

HO

ii) CDI, CH3CN, reflux, then remove solvent; '\Il
150 °C, 0.05 mbar, 2N NaOH, THF, 62%

PMP
230
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Scheme 129f-Amino Ketones Obtained from the Reaction
of Acetones with Preformed Aldimines

3
N COH
MeO H g7 MeO
o) :@ (20 mol %) :@
P R " 0 HN

DMSO, rt, 24-48 h B
)I\ )I\/\R

3520 vol% 172

MeO: : Meo@ Meoj@

HN Q Hy HY
)K/\@\NHAC NO,

172k 1721 172m
45%, 16% ee 48%,60% ee 48%, 80% ee

Scheme 130. Asymmetric Synthesis of
f-Amino-B-polyfluoroalkyl Ketones via the Catalytic
Asymmetric Mannich Reaction

(S)-Proline

+
Rf)J\H DMSO/acetone Rf/'\)J\
1-7d
213 35 212
PMP\ PMP\ PMP\ PMP\
/'\/U\ /'\/U\ F3CF, C/K/U\ /'\/U\
212a 212b 212c 212d
13%, 88% ee 38%, 81% ee 22%,89% ee 71%,98% ee

Scheme 131. Proline-Catalyzed Mannich Reaction of
Unmodified Ketones with N-PMP-Protected a-Imino Ethyl
Glyoxylate

(S)-Proline -PMP
Kf\ PMP- (20 mol %) HY
+ _—
- H COZEt
R R H CO,Et DMSO, 1t, 2-24 h . ’i1
20 vol% 206
N,PMP _PMP )J\/\,PMP
/?KA CO,Et
CO,Et CO,Et i‘:/\ 2 COEt
208a 172n 207a 173f
81% 62%
77%, 61% ee 82%, 95% ee >19:1dr, >99% ee >19:1dr, 99% ee

A synthesis of the unnatural amino acig){cyclohexy-

Iglycine (211) using this reaction has also been developed.

The product obtainede(t207g from the ®)-proline-
catalyzed reaction of cyclohexanone withmino ester (see
Scheme 131) was elaborated2tl via simple functional
group manipulations (Scheme 1399.

Wang et al. reported chiral proline-derived pyrrolidine-
sulfonamide93 as an excellent catalyst of the Mannich
reaction of ketones with-imino ester206.2%1 For example,
the Mannich reaction of cyclohexanone witk-PMP-
protected-imido ethyl glyoxylate206was completed within
2 h at room temperature with 10 mol % catalyst to afford
product 207ain 90% vyield with 96% ee and>95:5 dr
(Scheme 133).

A highly enantioselective Mannich reaction of carbonyl
compounds witho-imino esters206 was achieved by Ley

Mukherjee et al.

Scheme 132. Synthesis of the Unnatural Amino Acid
Cyclohexyl Glycine

NHPMP i) PhI(OAc), MeOH, 0 °C NHBoc
1N HCI, 0 °C
CO,Et CO,Et
ii) Na,CO3 (aq), Boc,O
ent-207a 209
i) TSNHNH;, NHBoc NHBoc
MeOH, reflux LiOH
- COEt —/ = CO,H
ii) NaBH,4, 0 °C dioxane/H,0, rt
to reflux
210 211

Scheme 133. Pyrrolidine-sulfonamide Catalyzed the
Reactions of Ketones witha-Imino Ester

0. 0
Q{\H/S\C%
N H

93

(fg jL,PMP (10 mol %) ’/fK/N;\HPMP
+
DMSO, tt, 2-20 h : COEt
R R

R R' Et0:C7 TH

206 173,207
O NHPMP
MPMP MPMP O NHPMP 7 C0 Et
; > COo,E " Co,Et
¥ CO,E : ) i‘:/\ £
OH X \ f
173¢ 207b 207a 207¢

0, 0, 0,

74% o
>95:5dr, >99% ee >95:5dr, 96% ee >95:5dr, 96% ee >95:5dr, 96% ee

Scheme 134. 5-Pyrrolidin-2-yltetrazole-Catalyzed
Asymmetric Mannich Reactions

N //N

H HN-N
Q PMP< 102 O NHPMP
J\ N (5 mol %) J\/_\
R + - .
1 HJI\CO Et CH2C|2, rt R = COZEt
R 2 R1
206 207,208

NHPMP Q  NHPMP 0 NHPMP (0] NHPMP

O T - T
\]EE/\COZEt ij:iﬂcoﬁt ])J\ACOZEt ‘)J\EACOZEt

207d 207a 208a 207e

74% 65% 63%
>19:1dr,94% ee >19:1dr, >99% ee 31%,14% ee >19:1dr,>99% ee

and co-workers using the chiral pyrrolidine-based tetrazole
catalyst102'?° The catalytic activity as well as solubility of
tetrazole catalyst02is better than that of proline. Reaction
with different cyclic as well as acyclic carbonyl compounds
provided a high degree of stereochemical control (95 to
>99% ee and>19:1 dr) (Scheme 134).

Ley and co-workers investigated tetrazdl@2 and acyl-
sulfonamidesl04 as catalysts for the asymmetric Mannich
reaction. For example, the reaction of cyclohexant®with
o-imino ester206 catalyzed by 5 mol % tetrazole organo-
catalyst 102 in CH,Cl, at room temperature gave the
corresponding produ@07ain 65% yield with>19:1 dr and
>99% ee after 2 h. In comparison, 65% yiek19:1 dr,
and 83% ee after 24 h were achieved using methyl sulfona-
mide catalystl04d under the same conditions. Most impor-
tantly, the tetrazole organocatalyi€i2 showed a high level
of enantioselectivity ¥99% ee) and reactivity even at low
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Scheme 135. Comparing Proline Variants for the Scheme 137. Synthesis ofH)-Polyoxamic Acid via Mannich
Asymmetric Mannich Reaction Reaction of N-Boc-imine with Ketone
. NHBoc
Boc~ (S)-Proline H L-Selectride
o PMP- talyst Q  NHPMP N (30 mol %) . 0 THE
N catalysts : . o Y \ /
+ e Y CO,Et 0.0 H CF4CH,0H O« 0O °
H)J\COZEt solvent, rt H 7 \ / r13852°/ 7 -78°C, 90%
H3sC  CHj ® HsC CHs
43 206 207a 129 215 216

296% de, 92% ee
0
N- O)L 9 O)L 2 OH NHBoc .
N N —§~Me 7 N=§~Ph AR i) O3, MeOH, -78 °C OH O
H HN-N a N" " H 8 (\_/\ﬁ? it) CFaCO,H-Ho0 (9:1), rt
102 104d 104e o\ HO OH

O>/O 60% over 2 steps

5mol % in CH2Cl2,2h 5 mol% in CH,Cly, 24 h 20 mol % in DMSO, 24 h HaC "'CH3 OH NH,
65%,>19:1dr, >99% ee 65%,>19:1dr, 83% ee 87%,>19:1dr,>99% ee 217 214
296% de 296% de, 92% ee

Scheme 136. Comparison of Microwave-Assisted and

Original Mannich Reactions Scheme 138. Organocatalytic Mannich Reaction Using an

N-Boc-imine
NHPMP
o PMP. (S)-Proline 0 H B . (e} NHBoc
N (30 mol %) 0C~ (S)-Proline :
L — o COoE (30 mol %)
0, © H™ >CO,Et TFE o, 0 — 05
HiC” “CH, HaC” “CH, CF3CH,0H
129 206 182b HaC CHa HsC™ CHy
. 129 218 182e
) - . o
W!thout M.W-lrrac?latlon (rt,72h) . 72%, 97:3 dr, 99% ee 85%, 299% de, 96% ee
With MW-irradiation (300 W, 10 min) 72%, 90:10 dr, 94% ee

Scheme 139. Diastereoselectiwyn and anti-Reduction of
catalyst loading (1 mol %). On the other hand, the phenyl the Mannich Product
sulfonamide catalysiO4ewas much less reactive and 20 NHPMP
mol % catalyst loading is required. However, the level of A~ -OCHs
selectivity is the same as that of tetrazole catali8p o0w_b
(Scheme 135)%

Westermann et al. investigated the proline-catalyzed
asymmetric Mannich reaction of protected dihydroxyacetone
129 and various imines in 2,2,2-trifluoroethanol (TF&3. MeNHB(ORS)s

. ; . cOH, CH4CN
For example, the asymmetric Mannich reaction of ketone
129 with N-PMP-protectedr-imido ethyl glyoxylate206in -30t0-24 °C, 77% -78 °C, 98% \
the presence of proline (30 mol %) to the corresponding
product 182b proceeded with up to 72% yield and up to
99% ee after 72 h. Interestingly, the authors pointed out " EIHP%F;H oH A PMOPCH
that the reaction was accelerated under the action of g ’ YO
microwave (MW) irradiation. The best results were obtained 0.0 OCHs o>{o OCH3
using 30 mol % catalyst with 300 W of irradiation power. HsC™ CHs H;C" CH,
Under these conditions, the product was obtained in only 198b 198¢c
10 min in 72% yield with 90:10 dr and 94% ee (Scheme 296% de 296% de
136).

Enders et al. reported the synthesis-bf-polyoxamic acid imine 218 as Mannich acceptor instead of th&¢PMP
214 employing the Mannich reaction df-Boc-protected imine, giving the correspondingynMannich productl82e
imine 21583 with 2,2-dimethyl-1,3-dioxan-5-onel29).264 in almost perfect diastereoselectivity 9% de) (Scheme
The reaction occurred with excellent stereoselectivity in 85% 138).
yield with >96% de and 92% ee. Subsequent reduction with The Enders group also examined reduction of Mannich
L-Selectride in THF at=78 °C afforded the alcohoR17. productl82ainto the corresponding diastereomefi@amino
Oxidation of the furyl group to the carboxylic acid via alcohols198b—c using MeNHB(OAc); or L-Selectride as
ozonolysig®®followed by treatment with C£O,H—H,0 (9: reducing reagent. The MEHB(OAc);-mediated reduction
1) gave enantiomerically puret§-polyoxamic acid 214) of the Mannich product produced highbnti-selectively
in 60% yield over two steps wittr96% de and 92% ee protected 2-amino-2-deoxyaldopentose 2-amino-2-desxy-
(Scheme 137). arabinose198b) (=99% de), whereas L-Selectride afforded

Enders et al. also reported the synthesis of various the syrnisomer198cselectively (Scheme 139).
synthetically important amino sugars and derivatives via Enders et al. developed an elegant method for the highly
three-component, direct Mannich reaction of a variety of syndiastereoselective direct reductive amination of the
aldehydes, including heteroatom containing opesnisidine Mannich productl82a using NaBH(OAc), BnNH,, and
(179, and 2,2-dimethyl-1,3-dioxan-5-on&29) in high yields AcOH (Scheme 1407
with high stereoselectivities (78 t899% de, 81-98% ee) Based on important contributions by Gellman et?#.,
when ©)-proline or TBS-protected hydroxy prolind{7) Cordova and co-workers reported the asymmetriami-
was used® The authors also reported the useMNBoc nomethylation of cyclohexanone with dibenzyl aminomethyl

) OCH3
HsC' CH,4
182a
L- Selectrlde
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Scheme 140synSelective Direct Reductive Amination of the Scheme 143. Proline-Catalyzed Mannich Reaction of
Mannich Product Unmodified Aldehydes with N-PMP-Protected a-Imino Ethyl
Glyoxylate
NHPMP BN~\H NHPMP
(?K_/’\(ocm NaBH(OAc); BnNH, S __OCHs 0 PMPS (;35)"':2,",'{,2‘; o nnFMP
0,0 OCHs CHyCl,,2°C,73% OO OCH, H cO.Et Dioxane, it,224h H™ Y "CO.Et
Hye” CH R z R
’ ’ HiC Cha (1.5 equiv)
182a 219 5eq 206 227
296% de
Sch 141 O alvtic A i N-PMP N-PMP N-PMP N-PMP
cheme 141. Organocatalytic Asymmetric
o-Aminomethylation of Ketones J\/\CO Et HJ\/\CO Et HJK/\CO Et HJ\/\COZEt
i-Pr n-Pent
(S)-Proline  Bn. .Bn 227b 227c 227d 227e
_ (@omors) NP 72% 57% 81% 81%
DMSO, 40 °C 3h 1.1:1dr, 99% ee  1.5:1dr,99% ee >10:1dr,93% ee >19:1dr, >99% ee
R R
220 179 selectivies (up to>19:1 dr) and enantioselectivities (up to
Bn. .Bn >99% ee) (Scheme 148)2:252270.271The bulkiness of the
Q Bn. BN, substituent of the aldehyde donor influences the diastereo-
Bn. BN Bn. /BN selectivities.
% % The authors applied this method in the synthesis of
Q" p Oxo a-alkyl-g-lactam @33), which is used as a carbapenem
OH antibiotic PS-6 precurs®® 27 (Scheme 144).
179 1ot 1799 17%h One-pot enantioselective Mannich-hydrocyanation reac-
75%, 9% ee  50%,75% ee 43%, 84% ee  32%, 83% ee tions, to givep-cyanohydroxymethyti-amino acid deriva-
+ tives 234 with three stereogenic centers as single diastere-
0 omers in high yield and with excellent enantioselectivity,
anﬁ-’“---_-o— have also been developed. Under elevated temperature, the
}L(ﬁ reaction product cyclizes to the lactor#85 (Scheme
271,275
HR Hg 145)_. S _ _
TS With an in situ similarly, the Mannich reaction can be

combined with indium-promoted allylation to giveallyl
substitutedx-amino acid derivative236 (Scheme 146)71.276

In the synthesis of the DPP-IV inhibitd47,2’” which
belongs to one of several new classes of antidiabetic

Scheme 142. Reaction of 9-Tosyl-3,4-dihydrf-carboline
with Acetone in the Presence of $)-Proline

(S)-Proline | medications;® a catalytic enantioselective direct Mannich
m , O _(3mol%) N NH reaction between a glyoxalate-derived imi@6 and phenyl
N DMSO-H,0 T acetaldehyd®48 served as a key step (Scheme 147).
Ts o Fustero and Sanz-Cervera reported that the combination
99%. 94% e of a proline-catalyzed Mannich reaction between protected

fluorinated aldimine213and unbranched aldehyde propanal
145 followed by reduction with NaBklin MeOH gives
fluorinateds-alkyl y-amino alcohol®21in highly diastereo-
(up to 97:3 dr) and enantioselective fashion (99% ee in all
cases) (Scheme 1489,

ether 220 using -proline and proline derivatives as
catalyst%® Screening of solvents and catalysts revealed that
this reaction proceeds best in DMSO at*@in the presence

of 20 mol % ©)-proline to give the corresponding-ami-

nomethylated ketonek79in generally modest yields (32 Using a ruthenilégrl—cqtalyzed aerobic oxidation qf amines
75%) with high enantioselectivities (799% ee) (Scheme 245 to imines 2462° Backvall and Cedova investigated
141). A possible transition sta®S is also suggested. proline-catalyzed asymmetric tandem Mannich reactions

(Scheme 14938 In the presence ofg-proline, a single

A highly enantioselective proline-catalyzed Mannich reac- operation providecs-amino aldehyde®27 in high yields

tion of ketones with 9-tosyl-3,4-dihydr6-carboline has also

been developed (Scheme 14%) with excellent enantioselectivities (up ¥09% ee) (Scheme
' 150).
3.5. Indirect Asymmetric Mannich Reactions of Cardova et al. reported the asymmetric synthesasaky-

P : B-aminoaldehyde®&22 using the cross-Mannich reactions of
Preformed Aldimines with Aldehydes imines with protected glycolaldehydes (Scheme ¥51).
Barbas et al. explored the possibility of using unmodified Potentially, the differently protectertoxy-3-aminoaldehydes
aldehydes in catalytic asymmetric Mannich reactions. This 222 could be easily converted to the corresponding amino
Mannich reaction was initially examined using isovaleral- alcohols angs-aminoa-hydroxy acid€2* This methodology
dehyde. Under optimized reaction conditions, treatment of provides a complementary and metal-free approach to
the aldehydes witiN-PMP-protectedr-imido ethyl glyoxy- Trost's?” and Shibasaki®% methods.
late 206 using 5 mol % §-proline in dioxane at Gellman and co-workers identified am-aminomethyl
room temperature provides the desired aldehyde-substitutecether 220 as the key reageti??®?in the catalytica-ami-
o-amino esters227 in high yields with high diastereo- nomethylation of aldehydes. In the presence of 20 mol %
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Scheme 144. Synthesis ai-Alkyl- #-Lactam

i) NaClO, KH,PO,,

o nn-TMP 2-methyl-2-butene o mnMP

H t-BUOH/H,0 PPN Linmps, THE -PRE T COzEt
HJ\./\C02Et " MeO” > CO,E
: if) CH,N,, Et,0, P 20 °C, 96%, 93% ee N,
i-Pr 89% (two steps) I=Fr o] PMP
227d 233
Scheme 145. Asymmetric One-Pot Mannich-Cyanation Scheme 149. Combination of Catalytic Aerobic Oxidation of
Reactions Amines with Organocatalytic Mannich Reactions
i) (S)-Proline -Ar
o (30 mol %) -PMP o HN
PMP\N THF, rt QH HN NC. 0 1J\ [Ru] Hydroquinone (ML™)o H,0
H P NG coEt T R
R H7COE ii) EGAICN : 2 R NHPMP 245
-Ar
206 234 235 ﬂ\ [Ru]-H Quinone mL™ 112 Oy
93-99% ee 97-98% ee 1 +
R "H hr
Scheme 146. One-Pot Asymmetric Synthesis of 246
-AllvI- i -Ami i ivati Ar~
y-Allyl-Substituted o-Amino Acid Derivatives amino acid NH O
i) (S)-Proline
o (10 mol %) o o R! H
)H PMPSN H,O:THF =1:9 \/\qo J\ R
H MY i i : H 227
R H” “CO,Et )4 equiv, In, allylBr R NHPMP R
2 equi 206 236
(2 equiv) R e Lpr P O\SQCO o
=i " _
(64%, 2:1 dr, 73% ee) Ph MeO OMe :
b o T \Phph\ Ph _N,ﬂN—\N_
R = CH3(CH,)4CH=CHCH; . TI1:Co=1ll
(77%, 1:1 dr. >99% ee) ocogu\ojéph G:O OQQ
Ph 0
. . . - mL™
Scheme 147. Enantioselective Synthesis of DPP-IV Inhibitor [Ru] Quinone
i) (S)-Proline (17 mol %) PMP< . . N - .
PMP~ j% THF, -5 °C, 20 h NH Scheme 150. Catalytic Aerobic Oxidation of Amines with
+ : ) ) i
o coset i) ACOH (3 equiv) HO/\i/\COZEt Organocatalytic Mannich Reactions
Ph " then, NaBH, (1 equiv) Ph \i
208 248 92:8 dr, >90% ee H
145
Bocy _PMP -PMP (3)-Proline PMP~
. Q W NQ Fﬁ' [Rul, Quinone, ML™ )N| (30 mol %) NH Q
MeZNJ\‘;/\W R 112 0, R NMP, -20 °C R)\HH'
Ph O
247 245 246 227
. . . PMP~ PMP~
Scheme 148. Preparation of Fluorinatedy-Amino Alcohols NH O NH O
from Propanal and Aldimines “/K‘)LH ©/'\‘)LH
y-FMP 0 i) (S)-proline (20 mol %) /"y‘i"wﬂp OO
+
R
RF)J\H Me\)J\H i) NaBH4/MeOH, 0 °C ' © OH 2271 2279
Me >95% >95%
213 145 221 15:1 dr, 76% ee >19:1 dr, >99% ee
RF= CF3, C2F5, C|CF2, PhCFz 12-50% o
up to 96:4 dr, up to 99% ee PMP\NH o PMP\NH
diaryprolinol-acetic acid sa249 in DMF containing 1 M N
LiCl, a methylene iminium species is generated in situ and | EtO,C H
converted too-substituteds-amino aldehydes, which after N 227b
reduction afforded alcohoR50in high yields with excellent 227h e
. . ey >
enantioselectivities (Scheme 152). N _ 191 ;§5>/99/ o >19:1 o 280% oo
This Mannich reaction was used in an efficient synthesis
of ?-amino acids251 (Scheme 15332 ee follows the order following: LiBr> LiCl > Lil >

This asymmetria-aminomethylation reaction was revis- without salt. For example, when LiBr was added into the
ited by Codova and co-workers using the same catalyst reaction mixture, the optical purity of the isovaleraldehyde
249284 |n the presence of 20 mol % cataly249 simple product was increased from 78% to 96% ee. Gellman and
unmodified aldehydes were found to react smoothly with Cérdova proposed that the mechanism may involve an ion
dibenzyl aminomethyl ethé@20in DMF and LiBr (2 equiv) pair interaction between the carboxylate and the iminium

at —25 °C, and the corresponding amino alcoh@Ss0 ion, while the diaryprolinol reaction induced a nonbonding
were isolated in high yields with up to 98% ee (Scheme interaction, forcing an electrophile to approach from the
154). opposite facé@ss 284

Cordova and co-workers observed that the inorganic salt Cordova and Zhao reported an organocatalytic asymmetric
exerts a significant influence on enantioselectivity, and the reductive Mannich reaction od,3-unsaturated aldehydes
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Scheme 151. Catalytic Cross-Mannich Reactions with
Protected Glycol Aldehydes

(S)-Proline 0 NHPMP
PMP~ L
30 mol % R
Hf\ Py _Goman  J T
H R solvent, rt, 22-26 h =
OPG OPG
222
Q  NHPMP o NHPMP O  NHPMP O  NHPMP
H)'S/\@\H)J\:/\@ HJJ\;/\COZEt H - CO,Et
oTBS gr OBn O OTBS OBn
222b 222¢ 222d 222e
NMP, 80% DMF, 60% NMP, 95% DMF, 89%

3:1dr,82%ee 3:1dr,95% ee 2:1dr,99% ee  19:1dr, 98% ee

Scheme 152. Enantioselective Aminomethylation of
Aldehydes

Ph
N
Ph
- N
A" H, oTms
249
0 OMe (20 mol %)
1M LiCl, DMF, -25°C, 2 h
k .B ! ’ ' HO NBn
HJ\ . N n . /Y\ ,
I NaBH,4, MeOH, 0 °C, 20 min R
R Bn
220 250
(2 equiv) (1 equiv)
HO™ Y “NBn, HO™ Y “NBn,
Et iPr
250a 250b

84%, 90% ee 86%, 91% ee

HO/Y\NBnZ HO/\(\Nan
Bn CO,Me
250¢ 250d

81%, 92% ee 65%, 90% ee

with a Hantzsch ester as a hydrogen dofieithe authors
presumed that exposure of/-unsaturated aldehydes to
chiral (§-diphenylprolinol catalyst252would generate an

Mukherjee et al.

Scheme 154. Chiral Diphenyl Prolinol Silyl Ether-Catalyzed
Asymmetric a-Aminomethylation of Aldehydes
Ph
A" N Ph
¢ Hy oTms

249

(20 mol %) Bn. .Bn
LiBr (2 equiv), DMF, -25°C,2h N OH

e
H + ’T‘,Bn
R B

NaBH,4, MeOH, -25 °C

n R
220 250
(2 equiv) (1 equiv)
Bn. .Bn
Bn. -Bn N~ OH Bn. .Bn Bn. .Bn
UH I\) UH NK)OH
Allyl SoTBs Bn iPr
250f 2509 250c 250b

78%,92% ee 75%,95% ee 79%,98% ee 80%, 96% ee;

80% conv., 78% ee
(without LiBr)

protectedy-iminoglyoxylates206to give the corresponding
anti-amino acid derivative254 in good yields with up to
50:1 dr and up to 99% ee (Scheme 155).

To achievesynselective Mannich produ@b5 with high
enantioselectivity, the reaction mixture together Ntir MP-
protected a-iminoglyoxylate 206 in the presence of a
catalytic amount of R)-proline was added (Scheme 158).

A highly diastereo- and enantioselective Mannich reaction
of unmodified aldehydes with-Boc imineg®6263.287ysing
(9-proline as catalyst was recently reported by List and co-
workers?®8 Originally, the proline-catalyzed Mannich reac-
tion required the use of anilines as the amine component.
Since the N-substituent is usually employed as protecting
group, it should be easily removable after the reaction has
taken place. However, the removal of the most commonly
used p-methoxyphenyl (PMP) group from nitrogen often
requires drastic oxidative conditions involving harmful
reagents such as ceric ammonium nitrate (CAN) that are not
compatible with all substrates. List et al. have employed the
tert-butoxycarbonyl (Boc) group as an easily removable

activated iminium species, and then subsequent hydrideprotecting group in order to overcome this drawback. In

transfer to an iminium intermediate from Hantzsch e2&3

general, thesynMannich products directly precipitated from

presumably gives the enamine intermediate. This enaminethe reaction mixtures to give high yields and stereoselec-

activation would enable addition to a wide arrayNoPMP-

Scheme 153. Concise Synthesis of Bfé-homonorvaline

tivities or alternatively can be isolated by crystallization

Ph
Ph
- N
AO"H, otms
249
o) OMe (10 mol %)
i) 1M LiCl, DMF, -25°C, 2 h
k .B HO NBn
N S —. HOT e,
I ii) NaBH,4, MeOH, 0 °C, 20 min Pr
Pr Bn 40 mmol scale
226 220 250e
(1.5 equiv) (1 equiv) 85% ee

3 simple operations
>50% overall yield

0
H,Cr,0
HO)H/\NHBOC 2 oYy
Pr Pr
251 >90%

>80%

HCI
Recrystallization

PdIC, H,

NHBoc =———— HO”™ Y “NBny HCI

Boc,0 Pr
72%,>98% ee
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Scheme 155. Direct Catalytic Enantioselective Reductive Mannich Reactions

Ph
* Ph
IN\
H H OTMS
PhCOy”
J\/(l)k Etochj/\coza 252 (10 mol %) A/&
CHCl3, -20 °C R H
253
(1.1 equiv)
PMP\N
-PMP
: HN
H CO2Et : :
06 R™ Y7 co.Et

° SN
4°C,24h H/\O

254

-PMP /PMP -PMP _PMP
HY : Y HY Y
©/\AC02Et/©/\/\COZEt DMCOZEt COZEt
/\
254a 254b 254c¢ 254d
69% 54% 58% 70%
16:1dr, 99% ee >10:1dr, 96% ee 10:1 dr, >95% ee 50:1 dr, 97% ee

Scheme 156. Direct Catalytic Enantioselective Reductive Mannich Reaction with a Diphenyl-Prolinol Derivative anc)-Proline
as Catalyst

Ph
+ Ph
IN\
H H OTMS
PhCOy - 0
EtOzC CO,Et 252 (10 mol %) :
H
CHCl3, -20 °C, 63 h OO
253 257

(1.1 equiv)
PMP~
/PMP

H/’U\COZEt H
4°C,24h /\
DMSO:CHCI; (3:1)
(R)-Proline (35 mol %)

80%, 5:1 dr, 96% ee

Scheme 157. Proline-Catalyzed Asymmetric Mannich

induced by trituration with hexanes (Scheme 157 and Figure Reaction of Aldehydes withN-Boc-imines

2). .

The authors also showed that an application of this Q  Bocsy ‘ééi’gl'"f") MB%
methodology to the synthesis @fs-branchegb-amino acids, HJ\ + " H” Y OR!
which are of great potential for the synthesis of peptide R H R CHf_;"é?] c R
derivatives and related biologically active compounds, is 227
possible (Scheme 158)2°°Cardova et al. also reported this
reaction?®! 0 NHBoc 0 NHBoc
3.6. Indirect Asymmetric Mannich Reactions of "l " iPr OO
Preformed Aldimines with  a-Branched Aldehydes 2271 227]

Barbas and co-workers reported)-proline-catalyzed 91% 82%
asymmetric Mannich reactions df-PMP-protecteda- >99:1 dr, >99% ee >99:1 dr, >99% ee
imido ethyl glyoxylate 206 with a,o-disubstituted alde-
hydes to give quaternagi:formyl a-amino acid derivatives @ NHBoc NHBoc
240 with excellent yields and enantioselectivities (Scheme H™ Y N Z
159)292 i-Pr ovte R

The Mannich adduct241 can be converted into the 227k 2271
corresponding quaternagy andg-amino acid42and the 80% 74%

p-lactam243 (Scheme 160). >99:1 dr, >99% ee 97:3 dr, 98% ee
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Figure 2. Reaction of isovaleraldehyde with 2-naphttNABoc-
imine in the presence ofS-proline (20 mol %) in CHCN.
Homogeneous reaction mixture after mixing all compounds (left).
Reaction mixture after completion of the reaction (10 h) (right).

Scheme 158. Synthesis af f-Branched #-Amino Acid
0 NHBoc NaH,;POy4, 2-methyl-2-butene 0 NH,* TFA

NaClO,, t-BuOH:H,0 (5:1), 96% J\/\@
HO™ Y

258
>99:1 dr, >99% ee

TFA, CH,Cl, 1t., 97%
227

Scheme 159a,0-Disubstituted Aldehydes as Donors in the
Synthesis of Quaternaryf-Formyl-Substituted a-Amino
Acid Derivatives

0 (S)—Proline 0 NHPMP
LIS T Wy
H * H™ % “CO,Et
R H™ "CO,Et DMSO, 1t R' R
206 240
O  NHPMP
O  NHPMP N
Q  NHPMP H : 0 NHPMP
H™ 77 Tco.et B o COEt 2
H CO,Et 5 2 3 H COLEt
o0
S t-Bu
240a 240b 240c 240d
0.25 h, 99% 3.5h, 80% 46 h, 80% 6h,94%

96:4 dr, 93% ee 83:17 dr, 92% ee  60:40 dr, >99% ee 98% ee
3.7. Indirect Asymmetric Mannich Reactions of

Preformed Ketimines with Aldehydes

Ketimines can be used in organocatalytic Mannich reac-

Mukherjee et al.

nary carbons using the enantioselective Mannich reaction of
ketimines and unmodified aldehyd®3.(S9)-1-(2-Pyrrolidi-
nylmethyl)pyrrolidine 237) proved to be the best catalyst
and provided quaternary-amino acid derivative238 and
239with excellent yields (7299%) and enantioselectivities
(83—98% ee) (Scheme 161).

3.8. Asymmetric anti-Mannich Reactions

In 2002, Barbas and co-workers reported &)-4-
methoxymethylpyrrolidine (SMPR59catalyzed Mannich
reaction between unmodified aldehydes &RBMP-protect-
ed a-imino ethyl glyoxylate206 which gave the products
260in good yields (44-78%) withanti-selectivities ranging
from 1:1 to >19:1 dr and good enantioselectivities {74
92% ee) (Scheme 162%2°*The authors proposed that the
anti-selectivity was achieved because thes(E)-enamine
could be attacked to thsi-face of imine by a favorable
Coulombic interactioff*2°® between the ethereal oxygen
group of the catalyst and the nitrogen group of the imine
(TS-A). An alternative transition statd §-B) based solely
on steric considerations may also be operative.

A highly anti-selective and enantioselective asymmetric
Mannich reaction using a novel axially chiral amino trifluo-
romethanesulfonamide69 has been developed by Maruoka
and co-workerg Reactions between aldehydes &hE&MP-
protecteda-imino glyoxylates proceed smoothly to give
p-amino aldehydes260 with a high anti/syn ratio and
enantioselectivity (Scheme 163). Maruoka'’s studies provide
a plausible mechanistic insight that may ultimately be utilized
in the design and development of othanti-selective
organocatalysts.

The authors proposed that the key for the formation of
the anti-Mannich product is an sis configurated E)-
enamine. The activation of the imine occurs by hydrogen
bonding from the acidic proton of the sulfonamide moiety.
Since in the sis configured E)-enamine, the imine nitrogen
was brought into closer proximity to the sulfonamide proton
compared to that in the tsans configured E)-enamine, a
stronger hydrogen bonding and therefore higher activation
of the imine is possible in theds configured one (Scheme
164).

Later, the same group developed an even simpler orga-
nocatalyst for thenti-selective asymmetric direct Mannich
reaction. The noveC,-symmetric pyrrolidine-based amino
sulfonamide261 was prepared from-tartaric acid in seven
steps and used in the Mannich reaction of aldehydes and
ketoneg®” The carbonyl compounds were treated with
o-imino ester206in the presence of pyrrolidine-based amino
sulfonamide261 (10 mol %) to afford the corresponding

tions with aldehydes. Jgrgensen and co-workers reported arMannich product260and262in good yield with highanti-
effective method for the construction of asymmetric quater- diastereoselectivities and enantioselectivities (Scheme 165).

Scheme 160. Synthesis of Quaternarg- and f-Amino Acids and

Spiro B-Lactams from Mannich Products

0 NHPMP
NaClO, -
HO CO,Et
NaH,PO, 2
(S)-Proline O NHPMP
PMP~y (30 mol %) : 242
+ _— CO,Et .
H HJJ\COZEt DMSO, rt 80%
0. PMP
244 206 241 i) NaCIO,, NaH,PO, N
94%,98% ee - g %}
’ ii) NaOH “
i) HC1 COqEt

243
80%
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Scheme 161. Direct Organocatalytic Asymmetric Mannich Reactions of Ketimines with Aldehydes

@V@

o]
M N
o) o H 237
R (5 mol %)
CO,Et + HJ\H ——
5 0°C,20h
R R
R2
OMe
238a 238b 238c 238d
Et,0, 99% Et,0, 95% Et,0,97% CH,Cly, 72%
>20:1dr, 91% ee 9:1dr, 86% ee 19:1dr, 83% ee 5:1dr, 95% ee
Scheme 162. SMP-Catalyzed Mannich Reactions of Scheme 163anti-Selective Mannich Reactions between
Unmoadified Aldehydes with N-PMP-Protected a-Imino Ethyl Various Aldehydes anda-Imino Esters Catalyzed by Axially
Glyoxylate Chiral Amino Trifluoromethanesulfonamide
O\ NHSO,CF,
y O
H OMe
0 259 O  NHPMP NH
PMP~ (20 mol %) = OO
HJ\ L H)H/\COZEt
R H CO,Et DMSO, rt, 24-48 h R o) PMP- 0 NHPMP
206 260 )H )NJ\ 169 (0.2-5 mol %) J\‘/'\
H * ) H CO,R?2
Rl H” “CO,R? Dioxane, rt R
NHPMP NHPMP NHPMP NHPMP 260
J\‘/\COZEt HJ\‘ACOzEt HJ\‘/\COZEt HJ\‘/\COZEt 11:1->20:1 dr
97-99 ee
t-Bu i-Pr n-Hex
260a 260b 260c 260d NHPWP NHPMP
44% 57% 52% 68% : :
1:1dr,75% ee >10:1dr,92% ee 10:1dr,82% ee >19:1dr, 76% ee CO,Et H CO2Et
n-Bu
+ % 260e 260f
N [N> 0.2 mol%, 22 h, 82% 1 mol%, 4 h, 93%
pMP-\N OMe MeO PMP'\N 11:1dr, 97% ee >20:1 dr, 99% ee
H H H H
O  NHPMP O  NHPMP
H CO.Et H CO,Et : :
R R H CO,Buf H CO,Et
TS-A TS-B i-Pr t-Bu
260g 260b
Barbas, Tanaka, and Houk reported a higiyi-selective 2mol%,0.5h, 99% 5mol %, 16 h, 42%
and enantioslective Mannich reaction catalyzed by a designed 16:1.dr, >99% ee >20:1dr, >99% ee

amino acid. The Mannich reaction between aldehydes andgeyeloped?® Here the authors rationalized the obseraat-
N-PMP-protected imines catalyzed )-{proline derivative Mannich product based on the conformation of tii®- (
263 affords theanti-amino a|dehyde§60WIth h|gh stereo- enamine. The free enamine conform26es and266 should

selectivities (Scheme 168}

Here the designed new catalyst induces a preferred s-
configuration of the E)-enamine to the carboxylate in the

have similar free energies. However, in the transitions state
for the Mannich reaction involving sis-(E)-enamine266,
formation of a stronger hydrogen bonding (compared to the

transition state to avoid 1,3-allylic strain between the enamine TS involving the strans-enamine) from the carboxyl group
and the methyl substituent at the 5-position of the proline- of the catalyst to the imine nitrogen is expected due to the

type catalyst. Thai-face of the enamine attacks thieface

proximity of these functionalities. Subsequently, theis-

of the (E)-imine (Scheme 167). Remarkably, even if the conformation of the E)-enamine attacks thei-face of the
Mannich reaction was carried out in the presence of 1 or 2 (E)-imine to give theanti-Mannich products in good yields

mol % catalys263 the desired product was obtained in good

with high diastereo- and enantioselectivities in most cases

yield with high diastereoselectivity (up to 98:2 dr) and (Schemes 168 and 169).

enantioselectivity (up te-99% ee) within a few hours. Cordova and co-workers have examined catalytic asym-

A highly anti-diastereoselective and enantioselegfivami- metric anti-selective Mannich reactions in which TMS-
no ketone synthesis with preform@dPMP-imines using  protectedx,a-diphenyl-2-pyrrolidinemethan@65is utilized
3-pyrrolidinecarboxylic acicd?64 as catalyst has also been as organocataly$t® The corresponding-formyl-a-amino-
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Scheme 164. Proposed Transition States of thanti-Selective Mannich Reaction
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: o ¥ ¥
PMP\N‘,HN/O NHPMP 0  NHPMP
/ » A <

H T COkEt H CO,Et
H CO,Et R R
R 227 260
anti-enamine

Scheme 165anti-Selective Mannich Reactions Catalyzed byC,-Symmetric Chiral Pyrrolidine-Based Amino Sulfonamide
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H™ Y “CO,Et HJ\;/kCOZEt CO,Et Et CO,Et
i-Pr t-Bu Me
260c 260b 262a 262b

10 mol%, -20 °C, 1h 10 mol%, -20 °C, 24 h

93%, 11:1dr, 95% ee 88%,

Scheme 166. 5-Methyl-3-pyrrolidinecarboxylic
Acid-Catalyzed Mannich Reactions

CO,H
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H * ~ H CO,R2
Rt H Co,R2  DMSO.rt R
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NHPMP O I;JHPMP NHPMP NHPMP
H CO,Et H COzEt H CO,Et H CO,Et
Me Allyl n-Bu n-Bu
260e 260h 260f 260f
5mol%, 1 h, 70% 5 mol%, 3 h, 72% 1 mol %, 2 h, 57% 2 mol%, 1 h, 71%

94:6 dr, >99% ee 96:4 dr,>97% ee 97:3dr,>99% ee 97:3dr, >99% ee

10 mol%, rt, 1 h 0.5mol%, rt,35 h

18:1dr, 90% ee 99%, >20:1 dr,95% ee 98%, >20:1dr, 93% ee

%

Scheme 167. Proposed Transition States for the
anti-Selective Mannich Reaction and the Proline-Catalyzed

syn-Selective Mannich Reaction
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ester260are obtained in good yields (455%), with high
diastereoselectivities (14:1 ®©19:1 dr) and enantioselec-
tivities (97—99% ee) (Scheme 170). The authors invoked

Pl
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Scheme 168. 3-Pyrrolidinecarboxylic Acid-Catalyzed
anti-Mannich Reactions of Ketones

O
Dy

10 mol %

/
N
).\\\\\ e
® Cl
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R
X THF, rt, 15-24 h X/j\(

O o)
n,

279 281
O 0o O o)
) )
Ph 7
281a 281b

99%,
24:1dr, 97% ee

99%,
20:1dr, 93% ee

o) o] O o]
H—, H—~,
. y .
TsN
281c 281d

85%,
49:1 dr, 80% ee

90%,
8:1dr, 93% ee

Scheme 169. 3-Pyrrolidinecarboxylic Acid-Catalyzed
anti-Mannich Reactions of Cyclic Ketones

:COZH
Q H (0] NHPMP
PMP\N 264 z
+ _— CO,R
HJJ\COQR 2-PI’OH, rt
X
262
NHPMP
NHPMP NHPMP Q  NHPMP :
: : : CO,R
CO,Et CO,Et CO,R
S 6} Q
262a 262f 2629 262h

10 mol %, 96%
>99:1 dr, 96% ee

10 mol %, 78%
>99:1dr, 99% ee

10 mol %, 82% 5 mol %, 80%
>95:5dr, 86% ee >99:1dr,96% ee

the transition stateTS based on steric and Coulombic
interactions to account for the observed stereoselectivity.

Very recently, aranti-selective three-component Mannich
reaction betweea-hydroxy ketones, aromatic aldehydes, and
p-anisidine (71) catalyzed by primary amine containing
acyclic amino acids was reporté When the reaction was
performed in DMF orN-methylpyrrolidinone (NMP) with
20 mol % Ot-Bu-(9-threonine 167b) as catalyst at 4C,
anti-Mannich adduct266 were obtained in good yields with
high diastereoselectivities (1.3:1 t019:1 dr) and enanti-
oselectivities (53-98% ee) (Scheme 171). The reaction with
(9-tryptophan267was found to be faster than that withtO-
Bu-(9-threonine 167h). The observednti-Mannich adducts
266are proposed to arise from the reaction oZgpénamine
in the C-C bond forming transition state. Th&){config-
uration of the enamine is favored over iS){counterpart

Chemical Reviews, 2007, Vol. 107, No. 12 5521

Scheme 170. Catalyti@nti-Selective Asymmetric Mannich
Reactions
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3.9. Immobilized Catalysts for Mannich Reactions

Benaglia and Puglisi investigated a PEG-bound chiral
proline catalyst. The immobilized PE&roline catalyst was
prepared from (34R)-4-hydoxyproline, and the Mannich
reaction between amiN-PMP-imine 268 and acetone35
investigated?®® The reaction proceeded smoothly at room
temperature in the presence of 30 mol % cata®89,
affording the-aminoketonel72ain yields and enantiose-
lectivities that depend on reaction conditions. The best result
was observed in DMSO after 72 h, which gave an 81% yield
of f-aminoketonel72ain 96% ee (Scheme 172).

The PEG-supported catalyst was recycled by simple
filtration and extraction, and used three times without
significant loss of enantioselectivity (9®7% ee). However,
subsequent uses of recycled catalyst led to diminished activity
(from 81% to 64% vyield). The same authors also reported
three-component a direct asymmetric Mannich reaction
between aliphatic aldehyes, acet@te andp-anisidinel71
to afford the corresponding product32in modest yields
(from 35% to 51%) and enantioselectivities (from 40 to 83%
ee) (Scheme 173¥° However, the PEG-supported proline-
catalyzed reaction of 4-nitrobenzaldehytinstead of the
aliphatic aldehyde for the three-component reaction in DMSO
provided a 50:50 mixture of Mannich product and aldol
product in only 20% combined yield.

lonic liquids can accelerate the asymmetric Mannich
reaction ofN-PMP-protectedx-imino ethyl glyoxylate206
with aldehydes and ketones catalyzed Byroline3%* For
example, the Mannich reaction of cyclohexanattewith
N-PMP-protectedi-imino ethyl glyoxylate206 using 5 mol
% (9-proline in the presence of [bomim][BF95 was com-
pleted within 30 min and provided the Mannich products
207in quantitative yield with excellent ee-@9%) and dia-
stereoselectivity ¥19:1 dr), whereas the same reaction in
traditional organic solvent required-24 h using 5-20 mol

due to an internal hydrogen bonding between the hydroxyl % (S)-proline to achieve complete conversion (Scheme 174).
oxygen of the substrate and the amine NH of the catalyst. This rate acceleration effect induced by the ionic liquid was
Although excellent stereoselectivity was obtained, the processshown even more dramatically when the amount of the cata-

is limited to a-hydroxy ketones.

lyst was reduced to 1 mol %. The authors mentioned that
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Scheme 171. Direct Asymmetric Mannich Reactions

Me
Catalyst 267 or 167b
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Scheme 172. Poly(ethylene glycol)-Supported Proline Scheme 173. Catalytic Enantioselective Three-Component
Catalyst for the Enantioselective Mannich-Type Reaction Synthesis offi-Aminoketones
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the use of an ionic liquid solvent allows for easier catalyst M W
recycling without the need for catalyst modification. How-

ever, no data on recycling experiments have been reported.

The authors also investigated the three-component Man-
nich reactions in [bmim][BE ionic liquid 95 (Scheme . .
175)3%L These results are comparable with respect to yields 3.10. Computational Studies

and enantioselectivities with those of the reactions conducted . .
in normal organic solvents. The use of computational chemistry to understand and

The (§-proline-catalyzed asymmetric Mannich reaction Predict the stereoselectivity and transition states of catalytic

CO,H

172i 172¢
24 h,41%,78% ee 24 h, 45%, 83% ee

of N-PMP-protectedo-imino ethyl glyoxylate 206 with asymmetric reactions has undergone rapid development in
hydroxyacetone@g) in the presence of [bmim][Bff ionic recent years. Some recent examples are Houk and co-workers
liquid 95 (Scheme 176) has also been developédA studies on the enantioselective proline-catalyzed direct Man-

significant decrease of enantioselectivities{39% ee) and  nich reaction using DFT (density functional theory; B3LYP/
diastereoselectivities (58:458:32 dr) was observed com- 6-31G*)302 Using this tool, a transition state could be
pared with those obtained in organic solvent. provided to explain the origin of the opposite stereoselec-
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Scheme 174. $)-Proline-Catalyzed Direct Asymmetric
Mannich Reactions in [bmim][BF ]

(S)-Proline
j\ PMP~y (5 mol %) 0 NHPMP
+ v,
R ) ; CO,Et
Rl HCO,Et  [mim]BF], 30 min a1 2
206 207, 227
. AN NN
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95
o  NHPMP O NHPMP MPMP
Y COLEt H)J\;/\coza H™ Y coLEt
i-Pr n-Bu
207a 227d 227m
99% 90% 87%
>19:1dr,>99% ee  5:1dr,93% ee 13:1 dr, >99 ee

Scheme 175. $)-Proline-Catalyzed Direct Asymmetric
Three-Component Mannich Reactions in [bmim][BF]
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R R R!
[bmlm][BF4] 1-6 h
NH,
171 172,208
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60%, 87% ee
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172¢c
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Scheme 176. §)-Proline-Catalyzed Direct Asymmertric
Mannich Reactions in [bmim][BF,] with Hydroxyacetone

0o (S)-Proline .PMP
PMP~ (5 mol %) O HN
+ —_—
; CO,Et
CO,Et [bmim][BF,] - 2
OH 2 OH
66 206 173f

22 °C,30 min, 97%
68:32 dr, 3:24% ee (syn:anti)

0 °C, 180 min, 50%
67:33 dr, 0:25% ee (syn:anti)

tivities of the proline-catalyzed Mannich and aldol reac-

tions. The results confirmed the initial proposal by List et
a|.234

Houk and Barbas reported the experimental and compu-

tational investigation of thegj-pipecolic acid270-catalyzed
Mannich reaction between aldehydes &&MP-protected
o-imino ethyl glyoxylate2063% The reactions provided both
syn227 and anti-products 260 (1.4—2:1 dr) with high
enantioselectivitiesX98% ee) (Scheme 177). In contrast,
(9-proline-catalyzed reactions give mairdynproducts227
with high enantioselectivities.
Computational studies using HF/6-31G(d) revealed the
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Scheme 177. $)-Pipecolic Acid-Catalyzed Mannich Reaction
of Aldehydes anda-Imino Ethyl Glyoxylate to Afford syn
and anti-Mannich Products

CL

N YCOH
H
270 NHPMP o NHPMP
/ﬂ\ PMP- (30 mol %) j\A H
+ R ——— +
H J\L H : CO2Et  H COzEt
DMSO, it, 6-14 h =
R M COEt & R
206 227 syn 260 anti

R =Me; 80%, 2.0:1 (syn:anti) dr, >99% ee (syn), >99% ee (anti)
R =i-Pr; 82%, 1.4:1 (syn:anti) dr, >99% ee (syn), 98% ee (anti)
R = n-Bu, 83%, 1.5:1 (syn:anti) dr, >99% ee (syn), >99% ee (anti)

o-imino ethyl glyoxylate usingY)-pipecolic acid led to the
formation ofsyn andanti-products in a 1.4:1 rati&f®

4. Asymmetric Michael Reactions

4.1. Introduction

C—C bond formations by conjugate addition of nucleo-
philes to thes-position of o, f-unsaturated carbonyl com-
pounds (Michael reaction) are frequently used in organic
synthesi$®#307 An increasing demand for optically active
compounds has aroused considerable interest, since stereo-
genic centers can be created in the course of the Michael
reaction. Thus, much effort has been made to develop
efficient catalytic stereoselective methd%s32 Though
remarkable advances have been made in the design of
asymmetric catalysts containing metals, only recently have
asymmetric transformations been reported which employ
small organic molecules as cataly’t$3313

Carbon nucleophiles that contain active methylene centers
were widely applied in direct Michael additions, whereas
simple carbonyl compounds had generally to be converted
into more reactive species such as enol ethers and enamines
prior to use (Scheme 179). Since chemical transformations
that avoid additional reagents, waste, and working time are
highly desirable, a more promising and atom-economic
strategy would involve direct addition of unmodified car-
bonyl compounds to Michael acceptors.

Consequently, aminocatalysis has gained considerable
attention. The Michael donor can be catalytically activated
either through enamine or enolate formation for the addition
to a Michael acceptor (Scheme 180, paths a and b).
Complementary, carbonyl-derived Michael acceptors can be
activated via formation of an iminium species (Scheme 180,
path c). For instance, early asymmetric attempts have been
made to use active methylene compounds as Michael donors
in the presence of chiral proline-derived cataly$ts3?° In
these cases, the,S-unsaturated carbonyl compounds are
most likely activated via iminium ion intermediates. On the
other hand, chiral tertiary amines are known to catalyze the
in situ formation of enolate®!323

In contrast, enamine-catalyzed enantioselective addition

energy difference for the proline-catalyzed reaction between reactions have only recently attracted considerable attention.

the seis- and strans(E)-enamine conformations to be 1.0

The use of preformed enamines in the Michael reaction has

kcal/mol. On the other hand, the computed energy difference been pioneered by Stork et &land ever since, several

of the competing conformation for the pipecolic acid-

nonasymmetric as well as asymmetric examples have been

catalyzed reaction is only 0.2 kcal/mol (Scheme 178). Thesereported. For example, asymmetric Michael additions of

calculations predict that approximately equal amounts/af
and anti-product (2:1 dr) will be formed by this reaction.

preformed enamines derived from chiral amines to conju-
gated nitroalkenes and alkylidene malonates have been

Indeed, this is consistent with experimental results, where extensively studied by Seebach et#t32¢ Yamada and co-

the reaction of propionaldehydes witid-PMP-protected

workers reported early examples of the asymmetric Michael
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Scheme 178. Transition Structures for the G-C Bond Formation of the (S)-Proline and (S)-Pipecolic Acid-Catalyzed Mannich
Reaction between Propionaldehyde andN-PMP-Protected a-Imino Methyl Glyoxylate
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Q‘COZH 1AG=20 AG=00 AG =26 AG=1.0
H
(”j\COZH ;AG=25 AG=0.0 AG =20 AG=0.2
Scheme 179. Indirect and Direct Michael Reaction based work of Stork and Saccomano, the authors examined
X ) the intramolecular cyclization of este231laand271busing
R1,§ + RSA gy Indirect stoichiometric amounts of chiral amines to form the corre-
preactivated o R? sponding enamines in situ (Scheme 182). Initial attempts with
carbonyl compound - R1JJ\/K/EWG
o ) Scheme 182. Asymmetric Intramolecular Michael Reaction
J\ + RA AN _direct | Using Stoichiometric Amounts of an Amine
R! EWG
NH,
Scheme 180. Enamine-, Enolate-, and Iminium-Catalytic Ph Ph
Michael Reactions 273 W

HNR; )r __ (100mol%) N

@ n
SN S MS 5 A, ﬁ
N a o) /b\ AN %/‘/ EtO,C 7

A lo THF, 5°C,13-21d /
/§ /\EWG A /\EWG Nu /\/N\ COzEt Of‘
addition of §-proline-derived preformed enamines to acryl- 2Ma:n=1 272a: 96%, 61% ee
. . . . - - 0, 0,
onitriles, acrylates and methyl vinyl ketof:328 21b:n=2 272b: 82%, 90% ee

Enamines can also be formed reversibly from amines and
carbonyl compounds and used as intermediates in a catalyticl equiv of §)-proline in DMF at room temperature furnished

cycle (Scheme 181). In analogy to the well-studied reactions product 272ain 34% enantiomeric excess (45% vyield, 7
days). Under optimized conditions®)t1-phenylethylamine

Scheme 181. Enamine-Catalyzed Michael Reaction (273 was shown to be superior in terms of both yield and
O@_ enantioselectivity (up to 90% ee). Additionally, the authors
Q H,0 N ® could recover the chiral amin273 in quantitative yield
RAH @ // RAH \<H without any loss of optical purity. To obtain a “truly”
R? / R catalytic Michael reaction, only 30 mol % cataly&t3was
- N7 employed under otherwise identical conditions. However,
E RH\ low turnover was achieved, presumably because molecular

sieves were added, preventing the hydrolysis step of the

R2 .
0 RIR s //\ EWG catalytic cycle.
R1% \®/R 5 R‘H}\Rs Toward the synthesis of medium-sized ring compounds,

R2 RS H,0 WEWS RS Kozikowski and Mugrage needed sulfur-containing diketones
R’ 6 274-276in optically active form*?° Enones277 and 278
R? R turned out to readily cyclize in the presence of 1 equiv of

of preformed enamines, further reaction with an acceptor (9-proline in DMF (Scheme 183). Although the enantiomeric
' excess of Michael adduct&74 and 275 could not be

Ie_ads_to th_e desired Michael add_uct. Importantly, hydrolysis determined, keton276was obtained as a single diastereomer
with in situ-generated water liberates the product and With 28% ee.

enbrmine catalytc onantioselective Michael addiions willbe . ReCenty, Fonseca and List reported the firt catayti
Y asymmetric intramolecular Michael reaction of aldehytiés.

discussed. Formyl enone279 were shown to readily cyclize in the
. presence of 10 mol % of the commercially available

4.2. Intramolecular Reactions MacMillan imidazolidinone280in THF under mild reaction

Early examples of intramolecular Michael additions cata- conditions (Scheme 184). The Michael addition furnished
lyzed by stoichiometric amounts of chiral amines were transdisubstituted cyclic five-membered ketoaldehy@84
reported by Hirai, Kozikowski, and Momog&:33! Hirai, in excellent yields and very good stereoselectivities (up to
Momose, and co-workers were interested in the construction49:1 dr and 97% ee). The method proved to be quite general,
of chiral building blocks for alkaloid synthesis via an since aromatic enones as well as aliphatic enones could be
asymmetric Michael reactiofi®3*!Inspired by an auxiliary-  used and even an enal furnished the desired dialdet§tie
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Scheme 183. Asymmetric Intramolecular Michael Reaction
Using Stoichiometric Amounts of Proline

Scheme 185. Asymmetric Intramolecular Michael Reaction
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(S)-Proline s H o s H O Su
S (100 mol %) 74N N O
—_— ¥ o H® H
DMF,60°C o : Oy R® CF3CO;” 2 0 o
o H A Q j/ 283 Wt ¢
277 274 275 H 10mol% — R
81%, acetone, 0°C,1-4h
1:1dr,een.d. -, o
R' R? R' R?
o] (S)-Proline o H Q 279 282
s (100 mol %) m 0 o o o
/J//\ DMF,-15°C,7d  g? " w4 A 4
o A O Ph Ph
278 276

single diastereomer,

28% ee

Scheme 184. Catalytic Asymmetric Intramolecular Michael

Reaction of Aldehydes
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279 281
J/O o] ///O o] enones279, giving cis-disubstituted cyclopentané82 as
LY o H—, kinetic products (up to-19:1 dr, up to>99% ee) (Scheme

185)332-334 Sjince these products could be completely
281 2816 isomerized to the thermodynantians-adducts without loss
a

99%,
24:1 dr, 97% ee

99%,
20:1dr, 93% ee

of optical purity, the method allows access to both diaster-
eomers with very high optical purity. Pyrrolidine and
imidazolidinone catalysts gave unsatisfactory results, whereas

o] o 0 o a new cysteine-derived organocatal¥88was found to give
H’// H’// superior activity as well as selectivity. Importantly, both
H TsN aromatic and aliphatia,$-enones turned out to be suitable
substrates. Starting from enals, the authors reported the
281c 281d

85%,
49:1dr, 80% ee

90%,
8:1dr, 93% ee

formation of a hemi-aminal incorporating the catalyst. This
suggests that a chiral enamine is involved in the reaction
and that the mechanism may include an inverse-electron-

H i 35,336
in good yield and stereoselectivity. Additionally, a hetero- deémand Diels-Alder reactiory

atom containing formyl enone was shown to give the Furth_ermore, blcyclo[4_.3.0]nonen284and285could be

corresponding pyrrolidin@s1d To point out the utility of ~ Synthesized from 4-substituted-4-(3-formylpropyl)cyclohexa-

the primary Michael adducts, potential precursors for natural 2-2-dieén-1-one@86with creation of three contiguous chiral

products could be synthesized via subsequent in situ aldolCENters (up to 24:1 dr, 95% ee) (Scheme F8&Dnly

or HWE transformations. The above-mentioned Michael 10 mol % catalyse83was sufficient to promote the reaction

reaction is assumed to proceed through an enamine activatiortt 0 °C in acetonitrile.

of the aldehyde followed by intramolecular 1,4-addition to .

the a,f-unsaturated carbonyl function. Furthermore, an 4.3. Intermolecular Reactions

inverse-electron-demand hetero-Diefdder mechanism to- 4.3.1. Nitroolefins as Acceptors

ward intermediary hemi-aminals should also be considered.
List and co-workers further expanded this methodology = The enaminecatalytic Michael addition of carbon nu-

to a catalytic highly stereoselective reductive Michael cleophiles to nitroalkenes is a useful synthetic method for

cyclization of enal enones to gitmns-disubstituted cyclic ~ the preparation of-nitrocarbonyl compounds. Owing to the

keto aldehydes (up ta-50:1 dr and 97% e€¥® In this various possible transformations, for example to aminocar-

tandem sequence, an initial iminium catalytic nonasymmetric bonyl compounds, aminoalkanes, or pyrrolidines, 1,4-addi-

conjugate reduction is followed by an enamine catalytic tion adducts are important precursors in organic synti¥ésis.

asymmetric Michael cyclization using a single catalyst. In organocatalysis, a number of different Michael acceptors

Besides enal enones, an alkylidene malonate emerged as have already been used. Among them, nitroalkenes are the

suitable Michael acceptor60:1 dr, 86% ee}®® most prominent ones, because of their high acceptor reactiv-
Complementarily, Hayashi and co-workers reported an ity and the possible conversion into other useful function-

enantioselective intramolecular Michael reaction of formyl alities31°
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Scheme 186. Asymmetric Intramolecular Michael Reaction

o {0

N
CF3CO H2®
772 283
10 mol % - H o)
CH3CN,0°C,3-5h
R H 3 R H
286 284 285
H O H O H O \ H O
Bn H Me H n-Bu H H
284a 284b 284c 284d

89%,
19:1dr, 90% ee

93%,
24:1dr,91% ee

100%,
10:1 dr, 90% ee

96%,
11:1dr, 95% ee

The first enaminecatalytic asymmetric intermolecular
Michael reaction was developed by List et al. in 266%
The addition of unactivated symmetric keton287 to
nitroolefins 288 was found to proceed in the presence of
catalytic amounts of §-proline in DMSO to furnish the
desiredy-nitro ketone89in generally high yields and good
diastereoselectivities but only low enantioselectivitie23%)

proline. Indeed, the enantioselectivity of the reaction could
be increased by using methanol as the solvent (Scheme 187,
method B, up to 65:1 dr and 76% €&)To explain thesyn
diastereoselectivity and the absolute configuration observed,
Enders et al. proposed an acyclic synclinal transition state
(TS) based on Seebach’s model (Scheme £88}°At this,

all bonds around the newly formed bond are staggered, with

(Scheme 187, method A). In general, proline-catalyzed a gauche relationship of the donor and the acceptsys-
Michael reactions seem to be less enantioselective thantems. Additionally, the partially positive nitrogen of the
Mannich or aldol reactions, which might be due to less enamine and the partially negative nitro group should be
efficient hydrogen bonding between the catalyst and the situated close to each other, due to favorable elecrostatic
Michael acceptor or might be because a different mechanisminteractions. An intermolecular hydrogen bond between the
is operative. This highly efficient and operationally simple carboxylic acid moiety and the nitro group was assumed to
process served as proof of principle for enamine catalysis further fix the conformation (Scheme 188).

of the Michael reaction. o
Scheme 188. Proposed Transition State

Scheme 187. Proline-Catalyzed Michael Addition of

Unmodified Ketones to Nitroolefins @9 Q\\//O
RZ__NO, o (S)-Proline R! J/N \(()9‘“‘&"“3’0
T . (15-20 mol %) NO, . - 18 R
R R R e eorimi-sd R R ™
288 287 289 The application of ionic liquids to the Michael reaction
of different aldehydes and ketones was reported by Toma
O Ph O Ph O Ph and co-worker§#! Screening different secondary amines as
M Ao, HK/’VNOz A NO, catalyst in ionic liquids revealed tha&)¢proline 1 is the most
: : active among them. Similar enantioselectivities (up to 60%
289a 289 289¢ ee) and diastereoselectivities (upt@5:1) were reached and

shorter reaction times (1 day instead of2 days) are
possible compared to previously reported reactions in DMSO
and methanol.

Analogously, Salunkhe et al. also investigated the proline-
catalyzed asymmetric Michael-type reaction of various
ketones to nitrostyren290in ionic liquids342 Interestingly,
they pointed out that the enantioselectivity was clearly

A 97%, 7% ee
B: 93%, 12% ee

94%, >20:1 dr, 23% ee
74%, 16:1 dr, 76% ee 79%, >20:1 dr, 57% ee

O Ph 0 o iPr
ﬁk/'\/NOZ A M Ao,
NG NO;

289d 289 289f ; ; X .
A 92°% 95 a79% enhanced in comparison to that reported in organic solvents
">20:1dr, 0% ee 101 dr, 19% ee een.d. (Scheme 189; [moemim][OMsP91  1-methoxyethyl-3-

methylimidazolium methanesulphonat&)3*° The product
Barbas and co-workers reported catalytic acetone additioncan be obtained by simple extraction with ether, and the ionic

reactions tof-nitroolefins and alkylidene malonates in
DMSO, using §)-proline as catalyst. However, only racemic
products were obtained.

liquid layer (containing proline) can be reused. Though the
isolated yields of the products were similar to that obtained
in the first run, a significant decrease of the enantiomeric

Most commonly, aprotic solvents are used in proline- excess was already observed in the second run (first run,
catalyzed reactions. Enders et al. anticipated that alcohols,73% ee; second run, 47% ee; third run, 26% ee).
which can homogenize the reaction mixture, may be effective  Diamine catalysts have also been u$8qS-1-(2-Pyrro-
for this reaction by increasing the amount of dissolved lidinylmethyl)pyrrolidine £37) was found to be an effective
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Scheme 189. $)-Proline-Catalyzed Asymmetric Michael

Addition
H 1
(0] (0] Ph
40 mol ¢ B
+ PhaA o (40 mol %) “_NO,
2 solvent, rt,60-70 h :
/ - \
43 290 Ny N~""OMe 289c
10 equiv. MeSO3e 291
solvent: yield: dr: ee:
[moemim][OMs] 75% 19:1 75%
DMSO 65% 12:1 20%
MeOH 85% 19:1 50%

catalyst. Mainly applied to the addition of ketones to
alkylidene malonates, the addition of cyclopentan6@¢o
transS-nitrostyrene290 was also accomplished, leading to
improved results in comparison with those f&@-proline
(Scheme 190).

Due to the difficulty in controlling reactions of enolates
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moderate to good enantioselectivities (Scheme 191). For
aldehydes, higher enantioselectivities were observed with
increasing substituent bulk on the Michael donor in the order
Me < Et < Bu < i-Pr (up to 49:1 dr and 78% e&¥

Aliphatic nitroolefins also provided Michael adducts, but
in low yields, and enantioselectivities were not determined.
Since isovaleraldehyd226 was a suitable substrate and no
reaction took place with the sterically more congested 3,3-
dimethylbutyraldehyde, steric factors seem to play an
important role. The same is true for the nitroolefins. An
isopropyl substituent on the nitroolefin renders the reaction
impossible (Scheme 1934 Furthermore, pyrrolidine itself
catalyzes the Michael reaction, wher&amethylpyrrolidine
is ineffective. This is in agreement with the proposed
enamine mechanism.

Alexakis and co-workers report@édi-Pr-2,2-bipyrrolidine
(i-PBP,294), which was successfully used in the asymmetric
Michael addition of aldehydes (symmetrical as well as
unsymmetrical), ketones, arg-hydroxyketones to nitro-
styrenes*7-3%0 Satisfying reaction rates, even aP5 °C,
and the best stereoselectivities were obtained for propional-

or enols of aldehydes, there had been no examples of direcdehyde as Michael donor (19:1 dr, 83% ee) (Scheme ¥92).
catalytic asymmetric conjugate additions of naked alde- Higher aldehyde homologues reacted more slowly, and the
hydes3#4345The first utilization of unmodified aldehydes as ~ corresponding Michael adducts were obtained in lower
donors in the catalytic asymmetric Michael reaction was enantioselectvity. In a search for improved reaction condi-
accomplished by Barbas and co-work&fsA highly dias- tions, they found that the hydrochloride salt of the free
tereoselective direct catalytic Michael reaction involving the diamine294significantly improved the enantioselectivity and
addition of aldehydes to nitroolefin888 was reported. diastereoselectivity, whereas the reaction rate was slower
Whereas prolind furnished the Michael adduct of isoval- (Scheme 192)" Later, the authors reported improved
eraldehyde226 and trans-3-nitrostyrene290 in low yield diastereoselectivities (up to 24:1) and enantioselectivities (up
with low enantioselectivity €5%, 13:1 dr, 25% ee), better 0 96%) for the Michael addition of different aldehydes to
results were obtained using pyrrolidine-type diamine cata- various nitroolefing‘

lysts. The authors foun®)(-2-(morpholinomethyl)pyrrolidine In contrast, acyclic ketones turned out to be more
(292 as the best catalyst in terms of selectivity (78%, 12:1 challenging substrates. The best outcome for the addition to
dr, 72% ee). Using this catalyst, the reactions generally trans-nitrostyrene 290 was reached with cyclohexanone
proceed in good yields in a highynselective manner with ~ (43) (16:1 dr, 81% ee). Acidic additives accelerated the

Scheme 190. Michael Reaction of Cyclopentanone

UVNO

H

237
f OaN 20 mol % oo oo
. \[]\ (0mol%) “_NO, + “_NO,
Ph THF, 1t 3
60 290 289g 289h
20 vol% 78% ee 71% ee
78%, 4:1dr
Scheme 191. Michael Addition of Unmodified Aldehydes to Nitroolefins
(3
O\/N\)
N
H
292 )
(0} o} R
20 mol %
rL 7 r~ (20 mol %) NO,
H NO, THE H
10 equiv. 288 r,3h-3d R" 203
O Ph O 1-Naph O  CsHyy o j-Pr
NO
H)H/k/"‘oz H)J\‘/'\/Noz H)H/b 2 H/Uﬁ)\/Noz
i-Pr i-Pr i-Pr
293a 293b 293c 293d
85%, 67%, 42%, no product
9:1dr, 56% ee 24:1dr,75% ee 8:1dr,een. d. formation
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Scheme 192. Additive Effect in Asymmetric Michael Additions of Aldehydes and Ketones

G0

294
o] O Ph
(15 mol %) H
R! " Pho A NO
\/U\RZ o, - RZJI\/\/ )
CHCl3, additive, z
10 equiv. 290 -25-60°C,2h-7d R 289, 293

: ~ NO
HJ\E/\/NOQ NN )H/'\/ - NO,
= Et

293e

-25°C,4d,
70%,9:1 dr, 70% ee

ent-293a

rt, 1.5 h,
99%, 3:1 dr, 66% ee

HCl additive, 0 °C, 2 d,
82%, 7:1 dr, 68% ee

-25°C,2d,
71%, 19:1 dr, 83% ee

HCl additive, rt, 3 h,
86%,6:1 dr, 79% ee

289i 289j

n,3d,
61%, i;j= 43:57,
i:6:14dr,32% ee

pTSA additive, rt, 4 d,
99%, i;j= 70:30,
i:5:1dr, 48% ee

Scheme 193. Asymmetric Michael Addition ofo-Heterosubstituted Ketones to Nitroolefins

age
"

o ent-294
1 19
RZO\/U\ 1 * Af\/\ (15 mol%)
R NO, CHCl,,
295 rt-60°C,2 -7d OR? 596
10 equiv.
O Ph (0] F:’h O 4-MeOPh (0] 4-(:3IPh
/[]\/\/NOZ )H/'\/Noz - NO, : NO,
OMe OH OH NMe,
296a 296b 296¢ 296d
rt, 2d, 75%, rt, 7 d, 79%, rt, 7 d, 65%, rt, 3 d, 52%,
5:1dr, 69% ee 5:1dr, 98% ee 4:1dr, 97% ee 62% ee

reaction by facilitating enamine formation and suppressing linear addition products were obtained. The balance between

side reactions. Additionally, the use pftoluenesulfonate
or hydrochloride affected the regioselectivity for nonsym-
metrical ketones (Scheme 192J.Again, the observedyn
selectivity was explained by an acyclic synclinal model with

steric effects and acidity presumably favors the terminal

enamine formation (Scheme 19%j.
To demonstrate the potential of organocatalysis in asym-
metric total synthesis, Alexakis and co-workers described

favorable electrostatic interactions between the nitro group the first enantioselective synthesis of (-)-botryodiplod@8?)

and the nitrogen of the enamine.

To further investigate the regioselectivity problems as-

(Scheme 194%!' The asymmetric Michael addition of
propionaldehydel45) to (2E)-(3-nitrobut-2-enyloxymethyl)-

sociated with nonsymmetrical ketones, the authors decidedbenzene298) served as the key step, using the previously

to evaluatea-hydroxy- ando-alkoxycarbonyl compounds
295348 This is the first report on organocatalytic asymmetric
additions ofo-hydroxyketones to nitroolefins. Interestingly,
the expectedynisomer was only obtained usirg-meth-
oxyacetone, whereas-hydroxyacetone yielded mainly the
unexpectednti-isomer. This was explained by an additional

reportedN-i-Pr-2,2-bipyrrolidine (-PBP)ent294 catalyst.

In order to make the reaction more efficient and viable,
Mosseand Alexakis investigated microwave heatiigBy
applying constant microwave irradiation (15 W) and simul-
taneous air cooling, reaction times and, most importantly,
catalyst loadings could be reduced. For example, complete

hydrogen bond between the OH group of the substrate andconversion of hydroxyacetone at@ns3-nitrostyrene oc-

the tertiary amine of the catalyst which leads to ttis-
instead of thetrans-enamine (seelS-A and TS—B in

curred withn 4 h instead of 7 days (Scheme 193), giving
the corresponding product in 83% vyield without loss of

Scheme 193). In general, the products were obtained inselectivity. Similiar results were obtained using isovaleral-
excellent enantioselectivities (Scheme 193). When the oxy- dehyde and isobutyraldehyde as Michael donors, showing
gen is replaced by the nitrogen of the dimethylamino group, that microwave irradiation seems to be general with regard
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Scheme 194. Asymmetric Synthesis of+)-Botryodiplodin

A

N

"

ent-294 OBn
O,N OBn (15 mol %) —_—
Ao -y
CHCI3,-10°C, 7 d NO
145 298

2

92%,
4 diastereomers

10 equiv.
o]
OBn \>/
— = (6] —_—
o) Ho™ ©
297
54% (-)-botryodiplodin
syn:anti 57:43 (separable) 57 %,
ee (syn): 93% 92.5% ee
ee (anti): 74% 297:epi-297 96:4

Scheme 195. 3;3Bimorpholine Derivative as a New Organocatalyst
-, 0—, o] o]
~J ©
Eﬂ N &NQ_(N:) o/”«f(Nj,N@
o*
294: j-PBP 299: i-PBM YH R' “Ph

TS
Catalyst 294 or 299

t

(15 mol %) 9 32
R " * RZ\/\N o 0, N _AnNo,
2 CHCl3, 0°C - 1t Hoz
R1
1 A ent-293, 289
0 equiv.
O Ph O Ph O Ph o Cy
HJJ\/\/NOZ HJJ\/\/NOZ )I\_/'\/NOZ H/lj\/\/Noz
: i-Pr n-Pr :
ent-293a ent-293b 289k 293f
294:1t,15h, 294:1t, 2 d, 294: 11, 15 h, 299: -3 °C, 13 d,
99%, 3:1dr, 66% ee  99%, 7:1dr, 61% ee 99%, 3:1dr, 62% ee  23%, 6:1dr, 85% ee
299:rt, 1 d, 299: rt, 3 d, 299:rt, 3 d,
90%, 5:1dr, 74% ee 85%, 16:1dr,88% ee  88%, 7:1dr, 89% ee
299:-3°C,3d,

86%, 9:1 dr, 80% ee

to Michael donors. Moreover, the catalyst loading could be Scheme 196. Chiral Diamines as Catalysts for Michael
decreased from 15 to 5 mol %, maintaining good reactivity Reaction
and selectivity.

A new class of efficient six-membered ring organocatalysts

was recently applied by Alexakis and co-work&n anal- O\,NO (N/_(Nj Qﬁ&
N —
4 300

ogy to the previously reported chiral pyrrolidine-type catalyst H

i-PBP294, the newN-iPr-3,3-bimorpholine catalysti{PBM) 237 29

299 also promotes the asymmetric direct Michael addition . o Ph

of aldehydes to nitroolefins (Scheme 195). Moderately hin- . P o, (15-20mol%) J__no,
dered aldehydes proved to be suitable substrates in terms o'f'ﬁ\ solvent, rt H
conversion and stereoselectivity (100% conversion, up to N

19:1 dr and 90% ee), whereas bulkier aldehydes such as iso- 226 290 ent-293b
butyraldehyde and 3,3-dimethylbutyraldehyde did not react 10 equiv.

with trans-5-nitrostyrene 290). Irrespective of the nitroole- 237: THF, 3 d, 80%, 4:1, 75% ee
fin, good stereoselectivities were obtained and, except for 294: CHCls, 2 d, 99%, 7:1, 61% ee
aliphatic nitroolefins, the yields were generally good. The 300: CHCl, 3 d, 93%, 1.4:1, 47% ee

newly reported-PBM (299 showed better performance in

the asymmetric Michael addition of various aldehydes to  Inspired by Alexakis results and reports by Barbas ét'@l.,
nitroolefins in comparison tPBP @94) (Scheme 1957353 Royer and co-workers envisioned preparing similar catalysts
A transition stateTS was proposed in which the isopropyl containing a constrained structure (Scheme 13®).3%*
group promotes the selective formation of #rgi-enamine. Focusing on the access to a new rigid bi-pyrrolidine, the
Hence, thesi—si transition state should be favored, leading authors prepared cataly300, whose efficiency was tested
to the synadduct. in the addition of isovaleraldehyd@2Z6) to trans-3-nitrosty-
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rene 90). The corresponding-nitro aldehydeent293bwas

obtained in poor diastereoselectivity but encouraging enan-

tioselectivity under nonoptimized conditions (1.4:1 dr, 47%
ee).
Previous success using pyrrolidine-based chiral diamine

Mukherjee et al.

Using brine as the only reaction medium, 10 mol % diamine
30V TFA at room temperature afforded the expectsu
Michael adducts with high yields and excellent stereoselec-
tivities for cyclohexanone and tetrahydrothiopyran-4-one (up
to 49:1 dr, 97% ee), whereas somewhat reduced stereose-

catalysts has prompted Barbas et al. to explore other diaminedectvities were obtained fax,a-disubstituted aldehydes (up

and to show the full scope of the aldehyde and ketone
addition to nitroolefing#3.346.45%6Generally, §-proline and
analogues lacking the tertiary amine were less effective
catalysts. Superior results for the ketone additiotréms
p-nitrostyrenes Z90) in THF were obtained with the new
catalyst301 (Scheme 197). Whereas cyclic ketones turned

Scheme 197. Addition of Ketones and Aldehydes to
Nitroolefins

C1oHz1

O\/N‘Cme
N
H
0 O,N 301 O Ph
2
10 - 20 mol % H
R1JH + l ( O) R1J\/\/NOZ
2 R3” “Ph A: 10 equiv. donor, o) l3
R THF, rt,1-5d R® R
B: 2 equiv. donor, TFA 289, 296
brine, rt, 122 h-4d
O Ph (e} Eh O Ph
)J\/-\/NOZ MNOZ - NO,
289a ent-289i 289c
A: 17 h, 61%, A:2d, 90%, A: 22 h, 92%,
56% ee 7:1dr, 68% ee 49:1 dr, 90% ee
B: 24 h, 87%, B: 12 h, 93%,
32% ee 19:1 dr, 89% ee
O  Ph G Ph G Ph
&/:\/Noz M AN, A A No,
s OH 2
289g 296e 2891
A: 72 h, 46%, A: 17 h, 81%, A:2d, 97%,
6:1dr, 74% ee 2:1dr,een. d. 1.6:1 dr, 70% ee
B: 96 h, 75%,
3:1dr, 80% ee
O Ph O Ph
H)H)VNoz H%Noz
Et
ent-293e 293g
B: 24 h, 99%, B: 30 h, 76%,

2:1dr, 38% ee 76% ee

out to be good substrates, with cyclohexanone and cyclo-

pentanone giving reasonable yields and high enantioselec-

tivities, the reaction with cycloheptanone was sluggish (after
5 days, 32%, 7:1 dr, 53% ee). Interestinghans5-methyl-
f-nitrostyrene 802 was also used as an acceptor. The
product, bearing a stereogenic centeto the nitro group,
was obtained in high yield with poor diastereoselectivity
(1.6:1 dr, Scheme 197).

The same hydrophobic cataly&0() has also been used
for the asymmetric direct Michael reaction of ketones and
aldehydes witlirans3-nitrostyrene in brine (Scheme 197).
Initial attempts showed a similar conversion in pure water
and in brine but significantly lower isolated yields due to an
amine initiated polymerization of the nitroolefin. Hypothesiz-
ing that the anion intermediate could be stabilized by metal
complexation the authors found that polymer propagation
can be inhibited in brine, and addition of TFA further
improved the yield by facilitating the enamine formation.

to 1.5:1 dr, 76% ee) (Scheme 197). CataB@1 turned out
to be less efficient fon-substituted aldehydes and acetone
(up to 38% ee). Similar or slightly lower stereoselectivities
were obtained to those in organic solvents (Schemes 197
and 199)%6458 Importantly, only 2 equiv of the carbonyl
compounds had to be used and a multigram-scale synthesis
revealed the practicability of the process, since no washing
or chromatography was necessary to obtain the pure product.
Furthermore, the 2,3-disubstitutgeformyl nitro Michael
adductsent-293a—b were shown to be easily converted to
substituted pyrrolidines803 (Scheme 198), as had been
previously shown by List et al. using analogousitro
ketones!>6:459

Scheme 198. Hydrogenation of Optically Activey-Formyl
Nitro Compounds

1
Y Ph
Rh 1.H, PAOH), =
OHC NO, = = 5
R1 2.TsCl N

Ts
303a: R'=Me 79%
303b: R" =j-Pr 82%

ent-293a: R'= Me
ent-293b: R" =-Pr

Other interesting and particularly noteworthy aldehyde
donors area,a-dialkylaldehydes. Barbas and co-workers
showed that Michael adducts bearing an all-carbon quater-
nary stereogenic center are formed in moderate diastereo-
selectivities and with good enantioselectivities (up to 91%
ee) (Scheme 199%8 This is the first application ofx,a-
dialkylaldehydes as donors in asymmetric organocatalytic
Michael reactions. Before, this substrate class had been used
by Brése ina-aminations’>® The addition of a Brgnsted acid
slightly improved the enantioselectivity but prolonged the
reaction time. This is in contrast to previously reported aldol
reactions'®® in which the enantioselectivity and activity of
the catalyst were dramatically increaseg-1-(2-Pyrrolidi-
nylmethyl)pyrrolidine 237), in combination with an equal
amount of TFA, turned out to be the best catalyst system
(Scheme 199).

In search of new chiral catalysts and additives, Kotsuki
and co-workers designed pyrrolidinpyridine conjugate
base catalyst804, which are easily prepared fronB)¢
prolinol and are effective for the asymmetric Michael
addition reaction of ketones to nitroolefi?f. They antici-
pated that incorporation of a pyridine moiety in close
proximity to the pyrrolidine function should facilitate the
enamine formation from ketone precursors and efficiently
shield one side of the enamine double bond. Indeed, the
reaction conducted in chloroform as a solvent af@®
proceeded with exceptionally high yields, diastereoselectivi-
ties (up to 99:1), and enantioselectivities (up to 99%) for
cyclohexanone and tetrahydrothiopyran-4-one, but only with
modest enantioselectivity in the case of aldehydes (isoval-
eraldehyde, 22% ee) (Scheme 200). As had been shown
before, an acid additive was needed to improve the catalytic
activity.116v117'347’357

Tetrazoles are commonly used as bioisosteres for car-
boxylic acids due to their increased solubility and the sim-
ilarity in pKa The combination of the pyrrolidine core with
a tetrazole moiety as an organocatali8P for asymmetric
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Scheme 199. Asymmetric Organocatalytic Michael Reaction af,a-Disubstituted Aldehydes

DVNO

H
237
(0} [0} Ph
30 mol %
RH)J\H P, { b HJ%)\/NOZ
) 2 30 mol% TFA f=,
R 290 2-PrOH,4°C,1-4d R* R 293
2 equiv
(0} Ph Ph (e} Ph Ph
NO
H)§KVVNO2 W N0, H)S/'V N
- Et * Pr - 4-j-PrBn *
293g 293h 293i 293j
87%, 94%, 95%, 75%
80% ee 3:1dr, 3:1dr, 1:1dr,
syn 81% ee, syn 86% ee syn 65% ee
anti 75% ee anti 67% ee anti 65% ee

Scheme 200. Pyrrolidine-Pyridine Conjugate Base Catalysts for Use in Asymmetric Michael Addition Reactions

N
N 7
304 '~ R
2 (10 mol %) g A
R1\)J\R2 + AI’\/\NO 2 L RZJI\/\/NOZ
2 5 mol % DNBS, :
20% vol CHCI3,0°C,8h-3d R" 289
[0} Ph 1- naphthyl Ph Ph
~_-NO, NO, f‘\/y NOz
> I-Pr
289¢ 289m S 289d 293b
R=N-pyrrolidinyl, R=NMey, R=NMe3y, R=H,
24 h, 95%, 50 h, 92%, 68 h, 95%, 48 h, 93%,
49:1dr, 99% ee 32:1dr, 98% ee 99:1 dr, 96% ee 49:1 dr, 22% ee

Scheme 201. Tetrazole Organocatalysts for the Addition of Ketones to Nitroolefins

15 mol % catalyst -
\)]\/Rz T AN N0 SERE L A A N,
2 EtOH/IPA (1:1), R e
20°C,1-3d R" 289
1.5 equiv.
O Ph O p-MeOCgH, O Ph O Ph
“_NO, _No, M A No, M Ao,
> > i-Pr
289c 289p 289a 2890
24 h 24 h 24 h, 24 h,
1: 52%, >19:1 dr, 51% ee 102: 83%, 305: 68%, 42% ee 305: 39%,
306: no reaction >15:1 dr, 58% ee >19:1dr, 37% ee

102: 80%, >19:1 dr, 62% ee 305: 74%,
305: 88%, >19:1 dr, 91% ee >19:1 dr, 93% ee

&CO " O\ OYN\N
2 N 1 N
H

H  CO.H H HN-N
1 306 102 305

Michael reactions was introduced by the group of E&#5? observed for cyclic ketones. Nevertheless, in alcoholic
Due to the higher solubility of this “modified proline” solvents, this catalyst is more active th&pgroline (Scheme
catalyst, a greater range of solvents can be used. In the201). The authors suggest this to be the result of differences
presence of tetrazol&02, the authors were able to achieve in hydrogen bonding strengths, or they suggest the increased
the asymmetric Michael addition of a ketone to aromatic size of the tetrazole moiety to be responsible. Most impor-
nitroolefins in a 1:1 mixture of ethanol and isopropanol tantly, the amount of ketone could be reduced to 1.5 equiv
(Scheme 201102). The reactions proceeded in moderate to without affecting the outcome of the reaction; lowering the
good diastereoselectivities (up t©19:1) and moderate catalyst loading had little effect on the enantioselectivity but
enantioselectivities (up to 73%), and the best results weredecreased the yield significantly.
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Scheme 202. $)-Homoproline-Catalyzed Michael Addition Reaction

N CO,H
HCI H 397
20 mol% Catalyst Ar
R! R2 * Ar\/\NO 20 mol% amine base z NO,
2 t-BuOH, =
n,1d-8d R? R’ 289
O Ph O p-NCCgH4 Ph Q PBh
- NO, . - NO, /ﬂ\/\/NOQ )J\/\/NOZ
289c 289p 289a ent-289i
20 h, 90%, 20 h, 95%, 5h, 88%, 24 h,79%,
49:1dr,90% ee 5:1dr,96% ee 42% ee 12:1 dr, 73% ee,

(non-terminal:terminal 57:43)

Inspired by these results, the preparation of a new homo-lidine sulfonamide93 as an efficient catalyst foo-ami-
proline tetrazole derivativé05was undertake??® Compared noxylation,a-sulfenylation a-selenenylation, and also aldol,
to tetrazole102 this new catalyst gave similiar diastereo- Mannich, and Michael reactiof® Based on calculations,
selectivities and higher enantioslectivities (up to 93% ee) in the authors proposed transition states for the rate-limiting
the Michael addition of ketones to aromatic nitroolefins C—C bond forming steps in which the preferentid){
(Scheme 201305. Two possible transition states were enamines of both aldehydes and ketones would add to the
discussed accounting for the improved enantioselectivity. less hindered face of a nitroolefin (Scheme 203). Lower
Most likely, the facial bias is more efficiently induced by

the more bulky homo-tetrazole side ché&if. Scheme 203. Proposed Transition States

No reaction has been observed usir®-{omoproline o /O o /O
(306) itself (Scheme 20138 However, Oriyama could show S Y . C)é\\’N\ N
that (§)-homoproline hydrochloride3Q7) in the presence of = o N * of
a base (NEtor morpholine) efficiently catalyzes the addition oﬁ /'lﬁ® O'H /ﬁ@ N
reaction of ketones t@-nitrostyrene and its derivatives (up W0~ \I]\ ‘H———g L
to 49:1 dr and 96% ee) (Scheme 26%)Again, alcohols © Ar Ar

turned out to be the solvents of choice in terms of both

chemical yield and stereoselectivity. The influence of sub- energy barriers for thei-face attack in reactions of aldehydes

stituents on aromatic nitroolefins was negligible. The best (leading to R3S products) and fore-face additions in

results were obtained using symmetrical cyclic ketones, reactions of ketones (leading toS2R products) were

whereas the regioisomeric ratios were moderate in the casecalculated, which is in agreement with the experimental

of unsymmetrical acyclic ketones (nontermingtrminal up results (Scheme 2043 The authors found by DFT calcula-

to 61:39). tions higher rate-limiting reaction barriers feynenamines
Pyrrolidines containing sulfonamides were also found to than foranti-enamines. Consequently, only teti-enamine

be active catalysts for the asymmetric conjugate additions conformers are presented (Scheme 203). This is consistent

of aldehydes to nitrostyrenes. Wang et al. described pyrro- with studies on proline-catalyzed aldol reactions but in

Scheme 204. Pyrrolidine Sulfonamide-Catalyzed Michael Addition to Nitrostyrenes

N NHSO,CF;4
H 93
0 0 Ar
20 mol %
RH)J\ "t AN (20mol™) )%/NOZ
H NO2 iproH,0°C,5h-204 H %
R? RR%03
10 equiv.
O Ph Ph O Ph C2H4Ph
N
H)%/NOZ H NO, H)H/'V 0, H NO,
4 n-C4Hg n—C4H9
293g 293k 2931 293m
4.5h, 85%, 42 h,89%, 24 h, 94%, 24 h,76%
90% ee 93% ee, 30:1dr, 99% ee 50:1 dr, 22% ee
o Ph O p-MeOCgH, 0 Ph Ph
~_NO, ~_NO, ~_NO; ~_NO,
= = /:
289¢ 289p S 289d 289a
10 h, 96%, 16 h, 92%, 12 h, 95%, 8 h, 96%,

50:1 dr, 97% ee 50:1 dr, 98% ee 30:1dr, 97% ee 55% ee



Asymmetric Enamine Catalysis

contrast to previously evaluated Michael reactionssyia
enamineg§?7.:356:456

With 20 mol % catalys93in i-PrOH at 0°C, thea-alky!
as well asa,a-dialkyl aldehyde-derived Michael adducts
were typically obtained in good yields (up to 99%) with
excellent diastereoselectivitiex 20:1, up to 50:1 dr) and
excellent enantioselectivities (up to 99% ee) (Scheme £04).
Additionally, the reactions of both symmetrical cyclic ke-
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water at room temperature (up to 50:1 dr, up to 95% ee),
although the stereoselectivities were slightly lower compared
to previous results achieved in organic solvefitsé! The
catalyst was shown to be readily separated®@o) by
fluorous solid-phase extraction and was reused four times
without significant loss of activity and stereoselectivity.
Recently, Enders and Chow evaluated different proline-
based catalysts for the addition of 2,2-dimethyl-1,3-dioxan-

tones (up to 50:1 dr, up to 99% ee) and acyclic ketones 5-one (29 to various nitroalkenes (Scheme 206)33Initial

(up to 50:1 dr, up to 93% ee) with aromatic nitroolefins
demonstrate thagj-pyrrolidine trifluoromethanesulfonamide

investigations revealed pyrrolidine sulfonamiél®, previ-
ously used by Wang et al., as the catalyst of choice. The

93 can catalyze the reaction of a wide range of Michael addition of water accelerated the reaction and furnished
donors in high diastereo- and enantioselectivities (Schemehigher yields. Generally, a long reaction time was needed

204)361

Wang's catalys®3 was also successfully employed in the
synthesis of the potentdhgonist Sch5091308 previously
prepared by applying an Evan’s auxiliary controlled Michael
reaction3®? A route to this target was designed with the
stereoselective addition of propionaldehyldéto nitroolefin
309 as a key step (Scheme 205).

Scheme 205. Synthesis of Sch50971 308

TrN—\

o] TNy N

20 mol % 93

H + —
i PFOH/CH2C|2
2 0°C,2

145 309

20:1 dr 99% ee

Sch50971 308
59%

and the desired products were obtained in lsighselectivity
and good enantioselectivities (#86% ee), but only in
moderate yields (Scheme 206). Accordingly, the reaction did
not proceed with sterically more demanding aliphatic ni-
troalkenes (R= i-Pr, t-Bu).

A modified pyrrolidine sulfonamide catalys211 was
reported by Diez and Broughton (Scheme 2%7)Since

Scheme 207. Energies of the Putative Intermediates with
Solvent Model for Chloroform

Lr  socr @fj\lg o O
Z_S\/NH N
: AQ Aﬁ
H

SO,CF, SO,CF,

311

Catalyst \ \
312 313
SCF energy (hartrees) -2208.1774 -2208.1674
Zero point energy (kcal/mol) 350.1 350.3
Gibbs free energy Gtotygg -2207.6839 -2207.6734
Free energy relative to minimum (kcal/mol) 0 6.7

Wang’s catalyst was mainly used in isopropanol, the authors
envisioned to increase the solubility of the catalyst in
nonpolar solvents without affecting the acidity of the
sulfonamide in order to obtain superior results. Indeed, in

Based on their previous achievements, the authors recentlythe presence of 15 mol % catalyal1in chloroform as the
developed a recyclable and reusable chiral fluorous pyrro- solvent at room temperature, they could obtain ketone-
lidine sulfonamide containing a more lipophilic and strongly derived Michael adducts in moderate yields with excellent
electron withdrawing fluorous tag{CsFs group) for cata- diastereoselectivities>32:1 dr) and moderate to good
lyzing the Michael addition of ketones and aldehydes to enantioselectivities (up to 94% ee). Cyclic six-membered
nitroolefins#62 Remarkably good results were obtained in ketones and ethyl methyl ketone proved to be the best

Scheme 206. Michael Addition of Dioxanone 129 to Nitroalkenes

O

N NHSOZCF3
H 93

o} R’
2 19 2
H\ ' R1\/\NO e (ﬁ\/\/NOz
2 H,0 (0 - 4 equiv.), H

o PBh o Et Me 6 C
HJ\/.\/NOZ ’)J\/-\/NOZ . s NO, Hj\/\/

i-PrOH, 20 °C 07/0

310

CH,0TBS
NO,

07/0 07/0 07/0 07/0
310a 310b 310¢ 310d
13d, 33%, 4d,62%, 6d,52%, 6d, 60%
12:1dr, 77% ee 10:1 dr, 81% ee; 32:1dr, 85% ee 49:1dr,een.d.
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Scheme 208. Diphenylprolinol Silyl Ether as Organocatalyst for the Asymmetric Michael Reaction
Ph

(3L
N OTMS
H
o 265 o .
R
R! * ORI (10mol%) NO
H NO H™ 2
) 2 hexane, =,
R 0-23°C,1h-4d R' R%293
10 equiv.
O Ph Cy 0 Ph 0 Ph
NO
HJ\‘/K/NOZ H NO, H)H/'\/ ) HJ){'\/NOZ
i-Pr -
293a ent-293f 293b 293g
5 h, 85%, 48 h, 56%, 46 h, 72%, 96 h, 85%,
16:1 dr, 99% ee 24:1 dr, 99% ee 13:1dr, 99% ee 68% ee

Scheme 209. Transition State Model Using the diphenylprolinol silyl ethe265 Hayashi and
co-workers developed a highly enantioselective Michael
reaction of aldehydes and nitroolefi#§:367:463 Though
diphenylprolinol itself also catalyzes the Michael reaction
H of propanal and nitrostyrene in high enantioselectivities
TS Ph (23 °C, 24 h, 29%, 6:1 dr, 95% ee), the catalytic activity
Michael donors, whereas acetone gave diminished enantio-2"d €nantioselectivity were dramatically increased by form-
selectivity (20% ee). ing the corresponding more soluble S|_Iyl etms (23 °C,

A detailed molecular modeling study, leading to the 1N 82%, 6:1 dr, 99% ee). Cataly265is easily prepared
proposal of Diels-Alder-type intermediates, was included. frc_)m diphenylprolinol, and th_e prqducts @f-mo_nosub-
Studying the addition process of the enamine derived from Stituted aldehydes were obtained in nearly optically pure
catalyst311 and cyclohexanone to nitrostyrene, geometry [0M (99% ee) (Scheme 208). A limitation is the application
optimization gave rise to unexpected cyclic intermediaigs ~ Of o.ow-disubstituted aldehydes, since the products were
and313(Scheme 207). Such cyclic intermediates are known, obtained with mfenor stereoselectlon. Inter_estlngly, .bOth aryl-
but only compounds where the nitroolefin dssubstituted and alkyl-substituted nitroalkenes are suitable Michael ac-
could be isolated® In cases without an-substituent, the ~ C€Ptors. _ N
mechanism either could be a simple Michael addition or ~An acyclic synclinal transition stat€S was proposed,
could involve a rapid breakdown of the cyclic intermediates. involving an electrostatic interaction between the nitrogen
However, Diez and Broughton reasoned that the cyclic Of the enamine and the nitro groéf§.The bulky diphenyl-
structures are possible intermediates which could be stabi-Siloxymethyl group affects the selective formation of &mei-
lized by a hydrogen bond between the sulfonamide and the€hamine and eff|C|entIy shields thie-face of the enamine
nitro group. Although this could not be proven unequivocally, (Scheme 209).
the experimental stereochemical outcome (nonpolar media, Later on, Enders and co-workers developed a chemo- and
absolute configuration, high diastereoselectivity) was con- stereoselective three-component domino reaction leading to
sistent with the proposed Dieta\lder-type intermediates, tetrasubstituted cyclohexane carbaldehydes using the same
in particular with the calculated preference for tBdR- catalyst265 (Scheme 210368 In the course of the reaction,
product @12 Scheme 207). The idea of a change of three carborcarbon bonds were formed consecutively,
mechanism may be further supported by the fact that the starting with the activation of linear aldehydes by enamine
results in chloroform are superior to those in isopropanol. formation, which then add to various nitroalkenes.

Ph .
mso~ T NN,
Ph

Scheme 210. Triple Cascade Organocatalytic Reaction
Ph

[\ Lpn
N~ 0TMs
H 0
265
R1
R1VELH "R, 3«\/& (20 mol %) \©\)LH
2 R H toluene, 2V NVRS
1.2 equiv. 1.05 equiv. 0-23°C,16h-24h NO,
314
0 0 0 o)
Et
PR Y TPh o-ClPh" YT TPh PR Y “Ph PR Y
314a 314b 314c 314d

40%,
4:1dr,>99% ee

51%,
5:1dr, >99% ee

58%,
4:1dr, >99% ee

25%,
2:1dr,>99% ee
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Scheme 211. Recyclable Catalysts

N
O (0]
Rrg 0

N N
H OTMS H OTMS

O,

315 316

Scheme 212N-Terminal Prolyl Peptide-Catalyzed Michael
Reaction

o 30 mol % catalyst O  Ph
A, ———— NO,
2 DMSO, rt, 36 h

35 290 ent-289a

Pro-Val (317): 65%, 31% ee
Proline (1): 97%, 7% ee

Very recently, Wang and co-workers developed a recy-
clable and reusable diphenylprolinol TMS ether containing
two Rg fluorous tags i-CgFi7) (315 Scheme 211%%4
Compared with Hayashi's previous resuitéthe Michael
adducts of aldehydes were obtained with similar stereose-
lectivities (up to 29:1 dr, 97 ta99% ee) using 20 mol %
of the modified fluorous organocatalyst in trifluoromethyl-

benzene. The catalyst was shown to be readily recovered

(>90%) and reused without significant loss of activity and
stereoselectivity.

Along those lines, Zhao and co-workers developed a
recyclable diphenylprolinol TMS ether-based dendritic cata-
lyst 316 for the asymmetric Michael addition of aldehydes
to nitrostyrenes (10 mol 9816, up to 19:1 dr and 99% ee)
(316, Scheme 211¥° The catalyst was easily separated from
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Though only modest enantioselectivites were observed (up
to 31% ee), these enantioselectivities constitute an improve-
ment compared to those of proline-catalyzed Michael reac-
tions in DMSO (Scheme 213§

Later on, Codova and co-workers demonstrated that
simple di- and tripeptides derived from alanine with a
primary amine residue can catalyze the direct asymmetric
Michael addition of ketones and aldehydes to nitroolefifis.
N-Terminal alanyl peptides with increased structural com-
plexity as compared to the parent amino acid provided
superior reactivity and stereoselectivity. Again, the best
stereoselectivities were obtained with symmetrical cyclic six-
membered ketones as the donors (dr'$2:1, ee’s> 90%),
whereas diminished results were obtained with symmetrical
cyclic five-membered ketones, acyclic ketones, and aldehydes
(Scheme 213A andB). It turned out that the acid moiety
of the dipeptide was crucial to achieve reasonable yields.
Both the acid and the amide moiety are supposed to assist
in the stabilization of the transition state, and the addition
of a small amount of water not only increases the observed
yield but also facilitates hydrogen bonding, which improves
the stereoselectivity. Moreover, they could also show that
simple linear amino acid amides catalyze the direct asym-
metric addition of ketones to aromatic nitroolefins, giving
similar results (Scheme 2135)(alanine amide320, up to
>38:1 dr, up to 99% e€¥! In this case, the addition of a
small amount of a Brgnsted acid additive accelerated the
reactions.

Gong et al. reported triaming21, which emerges to be
an efficient catalyst for the Michael addition of cyclic ketones
to nitroolefins$72 Triamine 321 contains a diamine substruc-
ture, previously used for the addition of ketones and
aldehydes to aromatic nitroolefid¥.456458 The authors
reasoned that the larger substituent on the pyrrolidine core
should occupy a larger space to more efficiently shield one
side of the enamine. As has been already reported, the usage
of an acidic additive enhanced the catalytic activity (Scheme
214)347.3% performing the reaction in toluene at°G, the
Michael adducts derived from symmetrical cyclic six-
membered ketones were obtained in good yields and with
good to excellent stereoselectivities (up to 49:1 dr, up to 91%

substrates and products through precipitation and could bege) (Scheme 214). Modification of the aromatic nitroolefin

reused five times with only a slight loss of activity.

ThatN-terminal prolyl peptides efficiently catalyze enan-
tioselective Michael reactions between aceto86) @nd
trans-S-nitrostyrene 290 was shown by List and Martit®

had no remarkable effect on the stereochemical outcome. In
the cases of tetrahydropyran-4-one and tetrahydrothiopyran-
4-one, somewhat lower enantioselectivities were observed
(Scheme 214).

Scheme 213. Primary Amine-Catalyzed Asymmetric Michael Reaction

A: 30 mol % (S)-ala-(S)-ala (318)
B: 45 mol % (S)-ala-(R)-ala (319)
C: 30 mol % Catalyst 320 O Ar Jﬁfﬂ Ph
¥
R! R Ao ) NO, HoN h
) 2 10 equiv. H,0 R O Ph
3 equiv. DMSO/NMP, R
320
-20-4°C,3d
O Ph O Ph Ph O Ph
NO, fﬁ/‘\/Noz /?K/k/NOZ H%Noz
S OH ”
ent-289c ent-289d ent-296b 293¢
A:67%, B: 66%, A:-20 °C, 23%, B:57%,
22:1dr,91% ee 25:1dr,98% ee 1:2dr, 40% ee 58% ee
B:62%, C: 45%, A:4°C,60%,
17:1dr,97% ee 38:1dr, 99% ee 1:2.dr, 29% ee

C: 15 mol % p-TsOH
92%,
27:1dr,93% ee

3%,

C: 15 mol % p-TsOH
0

1:2dr, 27% ee
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Scheme 214. Michael Addition of Cyclic Ketones to Nitroolefins

O

Hoo g 1
(15-30 mol %) R
+ RK/\NO > - NO,
X 2 75-15mol% (+)-Camphor
sulfonic acid,

30% vol. foluene, 0 °C, 3d -5 d X 289
0 Ph Q 2-CIPh Q 2-CIPh 0 2-CIPh
é/\/N02 é/\/NOZ fj\/\/NOQ ﬁ‘\/\/N02
: : s G
298¢ 289q O 280r S 289s
3d, 95%, 3.5d,99%, 5d,82%, 5d, 99%,
>49:1dr, 90% ee >49:1dr, 91% ee 99:1dr, 81% ee 99:1dr, 81% ee

(no additive: 5 d, 83%,
28:1dr, 84% ee)

Scheme 215. A Thiourea-Amine-Catalyzed Addition of Ketones to Nitroolefins

Ph S z

N -
Py
NH,
322
15 mol % 17
R R2 * A0 - 1JJ\/'\/N02
2 H,0 (2 equiv.), R 5
AcOH (0.15 equiv.), R® 289
toluene, rt
Ph 0 Ph Ph O Ph
~_NO;y it/\/Noz [ﬁ\/\/NOZ )H/‘VNOz
= S/:
289a 289¢ 289d 289t
98%, 91% ee 82%, 89%, 88%,
4:1dr, 96% ee 5:1dr, 98% ee 5:1dr, 99% ee
Tsogoeva, Schmatz, and CO'Worker3374 reported primary scheme 216. Proposed Transition States for the Michael
amine-derived chiral thiourea cataly$t$*"*They demon-  Reaction of Symmetrical and Nonsymmetrical Ketones
strated that these catalysts catalyze the Michael reaction of Ph Ph
nonactivated ketones to aromatic nitroolefins via enamine A _Pn A _pn

intermediates. While a proline-based chiral thiourea gave the HN® HN™

Michael adducts in racemic form and low yields, outstanding @ s \%\ N
activity as well as selectivity was observed for thiouB22, / " N
bearing a primary amine, for a wide range of ketones and H
aromatic nitroolefins (8299%, up to 6:1 dr, up to 99% ee)

(Scheme 215). Inspired by the fact that the imine formation

is accelerated by acidic additives and that water plays an

important role in the regeneration of the catalyst, the authors \jichael product. Additionally, their results suggest that only
examined various additives. Finally, the addition of 0.15 one oxygen atom of the nitro group is bound to the thiourea
equiv of acetic acid and 2 equiv of water significantly moiety 373
improved the catalytic activity and slightly increased the  Hyang and Jacobsen also reported direct conjugate addi-
enantioselectivity (Scheme 215). tions of ketones to nitroalkenes promoted by a similar
The thiourea moiety of bifunctional organocatal@2  primary amine thiourea cataly®23375 While reactions
presumably interacts with a nitro group via hydrogen performed in polar and/or protic solvents proceeded slowly,
bonding, whereas the primary amine group forms an enaminenonpolar solvents and high concentrations turned out to be
(Scheme 216). Enamine formation of catalyg22 and  peneficial. A broad range of acyclic ketone substrates as well
acetone could be detected by ESI-MS. Furthermore, it wasas both aromatic and aliphatic nitroolefins furnished the
shown that the 1,2-diphenylethylenediamine alone does notdesired Michael adducts with remarkahlati-selectivity (up
act as an efficient catalyst in the presence of acetic acid.to 20:1 dr) and excellent enantioselectivities {89% ee)
The authors proposed plausible transition states to explain(Scheme 217). It is noteworthy that the challenging Michael
the diastereoselectivitya(iti for ethyl methyl ketone, oth-  products obtained from acetone and various nitroolefins were
erwisesyr) and the absolute configuration observed (Scheme almost enantiomerically pure and aliphajiesubstituted
216). Cyclic ketones capable only of forming){enamines nitroalkenes proved to be excellent Michael acceptors (up
afforded synproducts, whereas the acyclic ethyl methyl to 98% ee). Similar to the results of Tsogo&¢aand in
ketone presumably reacts viag-{enamine to give thanti- contrast to previous reports using secondary amine catalysts,
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Scheme 217. Primary Amine-Thiourea-Catalyzed Michael Reactions of Ketones and Aldehydes

Me t-Bu )s]\ Q H tBu )Sl\
N - o N - o
W N L e
o M N 0

324 NH;
Conditions A: Conditions B:
PhCO,H (0-10 mol %), H,0 (5 equiv.),
toluene CH,Ch, 24 h
(e} O Ar
10 - 20 mol % Catalyst
RZ2 " A A > Jg/'\/
R1J\( r\/\N 0, R , NO2
rt b
R3 R4 R
1.5-5.0 equiv.
O Ph O Ph o) -Pr )?\/';i/
MNOz ’)J\)\/NOZ NO, _ NO;
i-Pr i-Pr :
289a 289u 289v ent-289t
A: 93%, 99% ee A:71%, (>30:1 rr), A:56%, (>30:1 rr), A:53%, (2:1rr),
97% ee 97% ee 15:1dr, 97% ee
0 Me 0 O Ph Ph
NO
H . NO2 H /U>)\/ NO2 H . NO, H . 2
Ph * Ph E PhO ~
293n 2930 TBSO 293p 293q
B: 54%, B:91%, B: 87%, B: 78%,
28:1 dr, 96% ee 23:1dr, 99% ee 6:1dr, 99% ee 10:1 dr, 94% ee
acyclic ketones furnished mainly thenti-diastereomers Independently, Xiao and co-workers described bifunctional

(Scheme 217). A4)-enamine intermediate was proposed to pyrrolidine-thiourea327, which slightly improved the ste-
be responsible for the observexhti-diastereoselectivity  reoselectivity of ketone-derived Michael adducts (up to 99:1
(Scheme 21637437 Previously, only Alexakis et al. had  drand 99% ee) (Scheme 218j37°Comparable results were
reported aranti-selective Michael addition using a pyrroli- observed in both agueous media and organic solvents.
dine-derived catalyst, but onky-hydroxyacetone afforded Luo and Cheng developed a novel asymmetric catalytic
anti-products (Scheme 198 system composed of functionalized chiral ionic liquids and

Recently, Jacobsen et al. could show that the slightly showed their potential as catalysts for asymmetric Michael
modified primary amine thiourea cataly@24is suitable for reactions8 The attachment of a pyrrolidine moiety onto the

the direct conjugate addition of racemuca-disubstituted  gjge chain of an ionic liquid produced a powerful catalyst
aldehydes tof-substituted Michael acceptors (Scheme 35g At this, the former can act as the catalytic site, whereas

217)3"® Very good results (up te-50:1 dr, up to 99% €e)  iha |atter serves as the chiral-induction

; ) ) - group and the phase
for a broad range of,o-disubstituted Michael dor;ors and a9 which facilitates catalyst recycling. A broad range of
Michael acceptors were obtained using 20 mol % catalyst both ketone- and aldehyde-derived Michael donors were

3?1‘“5 eq”t‘;]’ of water, al'”d f $ﬂ”i"h.°fh thte d@'dfhyde iI” shown to yield the addition products with high yields and
lichloromethane as a solvent. 1he highest diastereoselecs, \yq ae 1o excellent stereoselectivities (up to 99:1 dr, up
tivities were obtained for aldehydes bearing a phenyl or to 99% ee) (Scheme 219). Again, acetone turned out to be

gitgsetr:ggésellj:cstti'\%gg \(,\Llf réozg?aﬁ]g(;).f é? ecl%rgrr]azté Slot\;\ge; fing@ challenging donor substrate for the Michael addition to
Y gtransrﬁ—nitrostyrene. However, better results were obtained

alkyl substituents (up to 4:1 dr). In all cases, the enantiose- using acetone and a cyclic nitroolefin. Precipitation with

lectivities observed are excellent. Interestingly, essentially . X
racemic aldehyde was recovered, indicating that a dynamic JiEthy! ether allowed recycling of the catalys28 which
was reused three times. In subsequent runs, the reaction time

kinetic resolution process took place. According to the . L .
stereochemical outcome of the reactisyréproducts pre- was increased and the stereoselectivities were slightly lower.

dominate), Jacobsen and co-workers proposed the reaction A similar catalyst was reported by Xu and co-worké¥s.
taking place via anE)-enamine. Instead of using a large excess of the carbonyl component,
A secondary amine-derived bifunctional thiourea catalyst additional solvents were explored. Much better yields and
325was reported by Tang and co-workers for the Michael Stereoselectivities (up to 99% ee) could be obtained in ionic
addition of cyclohexanone to nitroolefidg. Pyrrolidine- liquids than in conventional organic solvents. The amount
thiourea325afforded the desireg-nitroalkanes of both aryl ~ of the carbonyl compound could be decreased to 2 equiv.
and alkyl nitroolefins with high diastereo- and enantiose-  Further interested in the environmental impact of the
lectivities under solvent-free conditions (16:99:1 dr, 88- Michael addition process, Luo and Cheng developed sur-
98% ee). Products derived from other carbonyl compounds factant-type asymmetric organocatal$20 by replacing the
were obtained in lower stereoselectivities (Scheme 218). To anions with surfactant sulfonate (compare Scheme 219 with
illustrate the potential usefulness of the process,)te- Scheme 220), since chiral ionic liquid-type catalysts were
troalkane derived from cyclohexanone arghsS-nitrosty- ineffective in water® These compounds were expected to
rene was converted to the corresponding nitrone in 95% yield promote the reaction and simultaneously act as a surfactant
without loss of ee. to help solubilizing the organic substrates. Inde8a9
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Scheme 218. Pyrrolidine-Thioureas as Bifunctional Organocatalysts

F3
il 1,0
EV\N N CFy EV\N N
N H H N H H
H X=8 (325) H
X=0 (326) 327
n-Butyric acid (10 mol %) benzoic acid (10 mol %)
neat, 0 °C - rt H20,35°C
0 R4

R1J\/R2+ RE - 10 - 20 mol % fg/v

289c 289w 289a ent-289i 293g
325: 38 h, 93%, 325:6 d, 63%, 325: 80%, 325:90% (rr: 54/46), 326:61%,
24:1, 90% ee 99:1dr, 94% ee 48% ee 99:1dr,70% ee 82% ee
327: 12 h, 90%, 327: 65%,
49:1 dr, 96% ee 57% ee

Scheme 219. Functionalized Chiral lonic Liquids as Efficient Organocatalysts

©
\@ BF4
Q\/N\?N‘Bu

H
328
15 mol% o }34
1 RZ T RAAN - > 1)8/-\/"‘02
R NO, 0 R ’
3 5 mol % TFA, Iz
R n12h-4d R®R
20 equiv.
O Ph 0 O Ph Ph O Ph
)J\/\/NOZ )J\\\“ S : NO, H NO; H)H)\/Noz
NO, > = i-Pr
289a 289x 289c 293g 293b
12 h, 83%, 24 h, 92%, 8 h, 100%, 4d,70%, 60%, 100%,
43% ee 6:1dr, 76% ee 99:1 dr, 99% ee 86% ee 9:1dr, 72% ee
Scheme 220. Michael Addition in Water Using a Scheme 221. Catalyst Design
Surfactant-Type Asymmetric Organocatalyst hydrogen-bond donor activates

the Michael acceptor and directs

(I)I it to the less hindered enamine
GO_SOCQH% face controls the enamine
® I formation and shields
O\/N\&N‘Bu o \ /Q one enamine face
N

(0] H 329 (0] Ph H / HO," o
+ Ph 20 mol % ~NO: 0 O\o O)L N
—_— >
v\NOZ H,0 B =O N —— N
r,12-36h H H%H Ph
43 290 289c¢ H bh
. SR
5 equiv. 330

12 h, 93%, 32:1 dr, 97% ee

catalyzes the asymmetric Michael addition of cyclohexanone
43 to aromatic nitroolefins efficiently in pure water in the

absence of organic solvents and acid cocatalysts (Schemé&ficient and powerful catalys830 (Scheme 221). The

group of Palomd®® By introducing a new model for the
asymmetric Michael addition, the authors designed an

220). Cyclohexanone-derived Michael adducts were obtained@Uthors assumed to activate and direct the Michael acceptor
in good yields and excellent stereoselectivitiest6:1 dr, O the less hindered enamine face by introducing a hydrogen
>91% ee). However, isovaleraldehyde proved to be a lessPond donor in the 4-position. Complementarily, the sub-
suitable donor in terms of enantioselectivity (80%, 32:1 dr, Stituentin the 2-position shields the opposite side and controls
61% ee), and the reaction of acetone resulted in a tracethe enamine formation. Accomplished experiments showed
amount of product. Importantly, the Michael products could that the introduction of a hydroxyl group was essential to
be readily separated from the reaction mixture by simple obtain adequate enantioselectivities. Moreover, DFT calcula-
phase separation without using any organic solvent. tions at the B3LYP/6-31G* level showed that the OH group
A very recent example of enantioselective conjugate accelerates the Michael addition and helps to discriminate

addition of aldehydes to nitroalkenes was reported by the between possible transition state structures.
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Scheme 222trans-4-Hydroxyprolylamide-Catalyzed Michael Addition

HO,’. 0
(A
N
Hph
330 Ph 3
1 2 " 3 (5-10 mol %) e R
R \)J\H R \/\NO L HM/NOZ
) 2 CH,Cl, 0°C-1t,20h b
R R R® 293
1.2-2 equiv.
[0} Ph (e} Ph O Cy O Ph
HJJ\‘/k/NOZ H/uﬁ/'\/NOZ HJK‘/'\/NOZ H)JYK/NOZ
Et n-Pr n-Pr i-Pr
ent-293e 293r 293s 293b
90%, 72%, 75%, 75%,
99:1dr, >99% ee 19:1 dr, 96% ee >99:1 dr, >99% ee 19:1 dr,91% ee

Optimal results were achieved for linear chain aldehydes scheme 223. Pyrrolidine Triazole Organocatalyst for
when the reactions were carried out in the presence of only Asymmetric Michael Additions

5 mol % catalysB30in dichloromethane at €C (up to 99:1 Ns s
dr and 99% ee), whereas 10 mol % catalyst at room

temperature was best f@rsubstituted aldehydes (up to 19:1 Q\ Q\\ d” NKo
dr, 92% ee) (Scheme 222). As control experiments revealed H o Ny H N I 2
the absence of self-aldol adducts, only a small excess of the 331 3\/{(, 332 yﬁ’, Ph"’\‘)
aldehyde had to be used (2 equiv). Furthermore, the PH PH

reaction can be performed on a 20 mmol scale and the

catalyst was shown to be easily recovered by acid/base 0 10-20 mol% catalyst & AT

extraction in 76-80% vyield. a,a-Disubstituted aldehydes R‘JLRz F AN, T o R N

were not reported, and the catalytic system seems to be less 5 equ. gty &

effective for ketones, since cyclohexanone afforded the

product in 5:1 dr and 20% ee. O Ph O p-MeOCgH,
Since pyrrolidine-based catalytic systems are among the N0, ANO2

best asymmetric organocatalysts known for this reaction, : :

Luo, Cheng, and co-workers reported in 2006 a modular and 289¢ 289u

efficient approach for the discovery of new chiral pyrro- 331: 18 h, 99%, 332: 38 h, 95%,

lidines 28 Using “click” chemistry, a chiral pyrrolidine library 49:1dr, 92% ee 49:1dr, 90% ee

was prepared starting from azido-pyrrolidine and evaluated 332:17 h, 95%,

in asymmetric Michael additions of aldehydes and ketones 24:1dr, 93% ee

to nitroolefins. Similar to the case of tetrazole-derived o ph o Ph

catalysts, the polar and planar triazole ring was supposed to M~ no, MNOZ

be efficient for space shielding, which is regarded as a key H

i-P
factor for stereocontrol. In fact, potent cataly38land332 289a "03b

were found to give very good results for cyclohexanone as 331 17 b 93% 331: 36 h. 809

a Michael donor (up to 99:1 dr, up 96% ee). However, other 5% e 321 dr, 40% ee

ketone and aldehyde Michael donors gave diminished results

(Scheme 223). A gram-scale synthesis of compo2&8c (335.#65This is a rare example of functionalized nitroalkenes

(95%, 49:1 dr, 91% ee), with only 5 mol % catalyg31 being used as Michael acceptors. Vicario and co-workers
employed, demonstrated the potential usefulness for organiccould obtain the enantioenriched highly functionalized
synthesis. Michael products containing a second chemically differenti-

Complementing other reports mainly dealing with privi- ated formyl group using equimolar amounts of aldehyde
leged catalyst backbones such as pyrrolidine or imidazolidine,donor and nitroalkene and 10 mol % prolin@34) in
Barros and Phillips have recently introduced chiral pipera- isopropanol (Scheme 225). The products were obtained with
zines as organocatalysts for the asymmetric Michael addition only moderate diastereoselectivity (typicath?2:1, up to 9:1
of aldehydes to aromatic nitroalken&Dibenzylpiperazine  dr) and good enantioselectivity (up to 88% ee). Similar results
(333 was found to catalyze the addition of aldehydes to were obtained using only 1 mol % catalyst, and most
aromatic nitroolefins with moderate to good yields (up to importantly, the catalyst is inexpensive and readily available
78%), diastereoselectivities (up to 32:1 dr), and enantiose-in both enantiomeric forms.
lectivities (up to 85%) (Scheme 224). However; and Pansare et al. investigated proline-derived triamines,
f-branched aldehydes retarded the reaction considerably, andeadily prepared from S)-Boc-proline in three steps, as
longer reaction times were needed to obtain reasonablepotential promoters for the direct asymmetric Michael
yields. Achiral unsubstituted piperazine was shown to reaction (Scheme 226% Initial experiments with cyclo-
efficiently furnish the racemig-nitro aldehydes. hexanone andransS-nitrostyrene revealed that the use of

Recently, prolinol 834) was shown to efficiently promote  p-TsOH has a strong effect on the outcome of the reaction.
the addition of aldehydes {@-nitroacrolein dimethyl acetal  In addition, the secondarsecondary diamine motif was
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Scheme 224. Chiral Piperazine as Catalyst for the Addition of Aldehydes to Nitroalkenes
-t

H OyN
N Bn H "
H Ar
Bn N
H

Bn,,,

L Al _
i (103n::2I°7) R?
RKHJ\H * R3\/\NO 2 = Hfg/'\/Noz
) 2 CH,Cly/hexane -,
R 0°C-rt,17h-11d R'R
10 equiv. 293
Ph 0 Ph
~ ~ NO
H NO, HJ\‘/\/ 2 )k‘/\/ J?/\/
Me Et i-Pr
293t 293u 293v ent-293g
0°C:17 h, 78%, 0°C:48 h, 63%, 0°C:6d, 66%, rt: 11 d, 36%,
32:1dr, 81% ee 32:1 dr, 84% ee 9:1dr,68% ee 75% ee

Scheme 225. Michael Addition of Aldehydes tg@-Nitroacrolein Dimethyl Acetal

{ o

N
H 334 MeO OMe

1 Q. PMe (10 mol %)
"5 RS N Y

NO2  iprOH, 1, 12h-72 h

1 equiv. 335 R 293
OMe
i-Pr
293w 293x 293y 293z
12 h,74%, 48 h, 75%, 70 h, 46 %, 36 h, 99%,
1.7:1 dr, 80% ee 3.7:1dr, 80% ee 9:1dr, 88% ee 1.3:1dr, 40% ee

Scheme 226. Amine-Protonic Acid Catalyst for the Michael Addition of Cyclic Ketones to Nitroalkenes

O\/H\/\'\{/

N
(0} H 336 .
1 20 mol % 9 B
+ R \/\No > NO,
X h 2 20 mol% pTsOH, H
DMF, rt, 24 h x’ﬁ"
5 equiv. 289
Ph CgH4-p-OMe CgHy-0-OMe Q 2-Clph
ii/\/ ij:/\/NOZ it/\/ NOZ
289c 289n 289y 289z
90%, 83%, 99%, 51%,
19:1 dr, >99% ee 19:1 dr, 99% ee 5:1dr, 86% ee 7:1dr,29% ee

found to be essential for good selectivities. Using DMF as Scheme 227. Transition State Assemblies
the splvent, 20 mol % protonated tria}mine catal$$6 at Ofﬁﬁ\\/R B R
ambient temperature afforded the cyclic ketone-dersigd v

_ Ure a \ _ ! NoH™ Y No H™ 'H
Michael adducts in high yields with good diastereo- and | N o NS o
enantioselectivities (up to 50:1 dr, up *®9% ee) (Scheme 90 Q4 N0 0

substrate in this case. Although 5 equiv of the cyclic ketones
were usually used, it was shown that in some cases equal

amounts were sufficient. nitroolefin by hydrogen bonding (Scheme 22. Interest-
The authors proposed a synclinal transition state assembly,ngly, the authors could show that the stereoselectivities were
in which the protonated secondary amine activates the very high for nitroalkenes with substitution at the 4-position

226). Cyclopentanone proved to be a more challenging ; o’s\:o @o %
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Scheme 228. Enantioselective Addition of Ketones {f-Nitrostyrenes

o]
E’Q&"‘H‘N R
DL O [k
-- “H-
N N Ar {\‘ 0" R
H H
o 337 0 gl
20 mol % H
\)J\/ * Ar\/\NO % \)J\/\/NOZ
2 NMP, rt, 4 d :
10 equiv. ~ 289
4-MeCgH 4-CICgH 4-CF4CgH
0 Eh 0 6 §4 o) 6 g4 0 3v6 g4
\)J\/\/Noz \)J\/\/NOZ \)J\/\/Noz \)J\/-\/Noz
289b 289a’ 289b’ 289¢’
90%, 98%, 93%, 99%,
10:1 dr, 78% ee 13:1.dr, 74% ee 19:1dr,78% ee 32:1dr, 50% ee
Scheme 229. Michael Addition Promoted by Self-assembled Organocatalyst
0 | AN
~ ~
N" N7 N
NH H 4
I |
338 Oy N N\fo
Y
o 339
Ar
0 =
flj + AI'\/\NO 10 mol % o ~ NOZ
X 2 CHCls, :
3°C-rt,42-65h -
5 equiv. X 289
p-MeOCeH4 m-N0206H4
O Ph o :
~_NO; NO, ~_-NO; ~_NO,
= = S/:
289¢ 289d’ 289n 289¢’
63%, 94%, 81%, 70%,

58:1dr, 79% ee 19:1dr, 75% ee 26:1 dr, 61% ee 35:1dr, 94% ee

without 339: 70%, 63%, 36%, 7%,
41:1dr, 7% ee 10:1dr, 16% ee 12:1 dr, 13% ee drnd., een.d.

of the phenyl ring, whereas the enantioselectivity was activities as well as selectivities. Even with modular struc-
lowered by moving the substituent to the 2-position. Here, tures, the approach to catalyst libraries can be time-
a non-hydrogen-bonded transition state may compete, dueconsuming. However, Clarke and Fuentes could modulate
to steric interactions between the 2-substituent and thethe catalyst activity of a chiral pyrrolidine-derived precatalyst
counteranion of the acidic additive, which would reduce the by combination with a library of achiral additivé¥. This
enantioselection. concept is based on self-assembly of the new catalyst by
(9-Prolinamides, prepared fron®)¢proline ands-amino complementary hydrogen bonding between precatalyst and
alcohols, were recently introduced as catalysts for the additive in order to alter the precatalyst environment. A
addition of 3-pentanone t8-nitrostyrenes by Alonso and combination of 10 mol % precataly838 and 10 mol %
co-workers®® Using 20 mol %337 in NMP, the Michael pyridinone339(Scheme 229) catalyzed the addition of cyclic
adducts were obtained in high yields with moderate to good ketones to aromatic nitroolefins, giving the Michael adducts
diastereo- and enantioselectivities (up to 32:1 dr and 80% 289 in high yields with moderate to excellent stereoselec-
ee) (Scheme 228). Experiments showed that the presence dfivities (up to 58:1 dr and 94% ee).
both the secondary amide and the alcohol functionality is In 2003, Benaglia et al. utilized poly(ethylene glycol)-
important for good catalyst activity and selectivity. Hence, supported proline (PEG-Pr&B8as a catalyst for the already
the amide and the hydroxyl group were expected to interact discussed diastereo- and enantioselective addition of cyclo-
with the nitroolefin via double hydrogen bonding (Scheme hexanone tdransS-nitrostyrene (Scheme 238 Fair yields
228). and good diastereoselectivities were observed, and the
Typically, catalyst structures are optimized through co- successful recovery and recycling of the supported catalyst
valent structure modifications in order to obtain high was reported. Nevertheless, the PEG-supported cafie8gst
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Scheme 230. Structure of Immobilized Proline Catalyst enamine from the less hinderesiface. Furthermore, a three-
component, one-pot reaction of benzaldehyde, diethylma-
lonate, and acetone was established that directly converts
an aldehyde into the final Michael adduct via amine catalysis
O‘O 0., M of both steps (Knoevenagel and Michael reaction, 52%, 49%
0 N OH
H

O = MeO-(CHzC Hzo)n-CHchz'

ee). The Michael adducts could be further converted to
PEG.P 3-substituted-5-keto esters after monodecarbomethoxylation
-Fro .
138 under Krapcho conditions.
Other promising catalysts arose from a catalyst screening
reported later by the same groti.In terms of both yield

is less efficient than nonsupported proline in terms of ; S S :
hb b and enantioselectivity, diamir&1turned out to be superior

enantioselectivity (in MeOH: 57% vs 35% ee; in DMSO:

0 0 2,339 to previously reported3j-1-(2-pyrrolidinylmethyl)pyrrolidine
23% vs 22% eey: (237) (Scheme 232).
4.3.2. o, B-Unsaturated Carbonyl Compounds as List and co-workers treated a mixture of acetoBi@
Acceptors (20 vol %) and prolinel (35 mol %) in DMSO with an

- . . . aromatic alkylidene malona6 and cyclohexenong47.t

In most organoc_atalytlc Michael _addltlons, either highly \w/nile the expected Michael adducB4{eand348 respec-
activated nucleophiles or electrophiles have been used. Thejyely) were formed (Scheme 233), the enantioselectivities
add_ltlon of ungctlvated carbpnyl compognds to nitroalkenes, ramained unsatisfactory (90%, 14% ee: 15%, 20% ee). As
for instance, is well established _(sectl(_)n 4.3.1), \_/v.hereasan extension, a novel proline-catalyzed three-component
fewer examples are known dealing with the addition to gomino reaction between ketones, aldehydes, and Meldrum’s
simple enone acceptors. ) N acid was describe®#? Two new carbor-carbono-bonds are

Barbas et al. investigated the Michael addition of acetone formed in the course of the reaction, but the enantioselectivity

35to highly activated diethyl benzalmalonag() in DMSO is generally low and products were typically obtained with
as a model transformatidf?-343Since the desired Michael  ee’s under 5%.

adducts were obtained in racemic fotfra variety of chiral Recently, Wang et al. developed a highly enantioselective,
amines were screened as catalysts for the reaction. The besgrganocatalytic Michael addition reaction of cyclic ketones
overall results were obtained using 20 mol %-{-(2- with a.8-unsaturated keton@93% The process is catalyzed

pyrrolidinylmethyl)pyrrolidine 237) in THF at room tem- by 10 mol % ©)-pyrrolidinesulfonamided3 and leads to
perature (rt, 47%, 59% ee) (Scheme 231). Although higher synthetically useful 1,5-dicarbonyl compours0in good
enantioselectivities were observed at lower temperatures, nojjelds and with high degrees of stereoselectivityl(:1 dr,
reasonable yield of the Michael product could be isolated yp to 97% ee). Superior results were observed for cyclic six-
(=25 °C, 5%, 72% ee). A variety of both aromatic and membered ketones, whereas cyclopentanone appears to be
aliphatic alkylidene malonates were evaluated as Michael more challenging (Scheme 234). In addition, structural
acceptors, with an excess of acetone, cyclopentanone, an@ariation of thea,-unsaturated aromatic ketones was well
cyclohexanone as Michael donors (Scheme 231). Generally tolerated without affecting the stereoselection. Among other
the products341 were obtained in moderate yields (16  catalysts, proline, diphenylprolinol silyl ethers, and imida-
84%) and enantioselectivities (up to 70% ee). In contrast, zolidinones were not effective. No Michael addition occurred
the aliphatic alkylidene malonates furnished the Michael with acyclic ketones including acetone, 3-pentanone, and
adducts in low enantioselectivities (up to 24% ee) and, due gcetophenone. Similar to the case of proline-catalyzed
to their instability under the reaction conditions (retro- reactions, the NH proton is believed to stabilize the transition
Knoevenagel), also in low yields (up to 27%). The observed state through hydrogen bonding interactions with the chal-

stereochemistry was rationalized with a transition st&& ( cone carbonyl group in which an additional solvent molecule
Scheme 231), where the alkylidene malonate approaches thenight be involved (Scheme 234).

Scheme 231. Catalytic Enantioselective Direct Michael Additions of Ketones to Alkylidene Malonates

¢
[ »

N

NR,
Rzozcj,lco2 2

|
R 718

[LNO

237 2 2
o] R20,C._CO,R? R 820 COR
(20 mol %)
+ . : R3
R! R R THF, rt R R
20 vol% 341
Et0,C-__-CO,Et Et0,C~__-CO,Et BnO,C.__CO,B
&/\(COZE‘ Ph 2-CF4Ph n-Pentyl
"~ CO,Et
341a 341b 341c 341d
61%, 47%, 46%, 16%,
9:1dr, 53% ee 59% ee 70% ee 24% ee

(-25°C: 5%, 72% ee) (-25°C:14%, 91% ee)
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Scheme 232. Catalyst Screening for Enantioselective Direct Michael Additions of Acetone to Alkylidene Malonate 340

Catalyst Et0,C -CO,Et
* Ph
Ph THF, t,4 d
35 340 341b
20 vol%
’ O t-BuO, 0 C1oH21
N~ ~COOH N N
H H
1 237 342 301
no reaction 47%,59% ee 40%, 76% ee 70%, 64% ee
() () (D A
O Do Do D
N N N N
H
343 344 345 292
61%, 59% ee 80%,61% ee 59%,61% ee 51%, 66% ee
Scheme 233. Proline-Catalyzed Michael Reactions smoothly reacted with different aliphatic aldehydes, giving

0,N (S)-Proline Ar similar selectivities. For the more sterically hindered-
/?K . sze (35 mol%) L\(COZMe butyl vinyl ketone, the reaction proceeded more slowly and
ZcoMe  pmso the enantiomeric excess was lowered. The catag&tis
expected to shield thee-face of the enamine intermediate,
so that the major reaction path is the addition toghface
(Scheme 235). Later, a similar catalyst was used by Gellman

COzMe
35 346 341e

90%, 14% ee

(S)-Proline and co-workers for the Michael addition of aldehydes to alkyl
/ﬂ\ (35 mol%) i (:\L vinyl ketones (up to 83% eé&j?
DMSO In order to understand the catalytic effect of the chiral
348 catalyst 352 a series of experimental and theoretical
15%,20% ee investigations were conducté¥.A negative nonlinear effect

had been observed for the reaction of butanal=HREt) with
Aldehydes were introduced as feasible Michael donors by methyl vinyl ketone (R= Me), which indicates that probably

Melchiorre and Jgrgensen, who developed organocatalyticmore than one molecule of the catalyst is involved in the
direct enantioselective Michael addition of simple aldehydes enantiodifferentiating step. To account for this and based on
to vinyl ketones3513°! Using (9-2-[bis(3,5-dimethylphe-  other experiments, the authors proposed that the catalyst
nyl)methyl]pyrrolidine 852 as the catalyst in THF, optically  activates the aldehyde via enamir3s4) formation, which
active substituted 5-keto aldehyd&s3were formed in good can add both to the vinyl ketorgblitself and to the iminium
yields and moderate to good enantioselectivities (up to 82% intermediate355derived from the Michael acceptor (Scheme
ee) (Scheme 235). Methyl vinyl ketone and ethyl vinyl ketone 236, paths a and b). In contrast, the reactiortesf-butyl

Scheme 234. Michael Addition of Ketones to Chalcones

P cr
3
9
Ar1H\O/I Pr
Q’\NHSOQC&
0 Ho o3 o A0
O <
0
. A1/\)]\A2 (10 mol %) : AP
r d i-PrOH, rt
350
10 equiv.
4- CI06H4 4- CIC5H4 H:
350a 350b Me 350c 350d
5d,79%, 4d,80%, 4d,89%, 2d,87%,

>50:1 dr, 92% ee 50:1 dr, 90% ee 40:1 dr, 97% ee 3:1dr,73% ee
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Scheme 235. Direct Enantioselective Michael Addition of Aldehydes to Vinyl Ketones

()
8

N
H

Ar Re-face
N / shielded
Ar
H
R? V\
Si-face available for
Michael acceptor

352 o
\/ﬁ (20 mol %)
H YN g2 : H R?
R HFIP (1 equiv.) R

351
3 equiv.

H Me
CH,Ph i-Pr
353a 353b
30 h,78%, 80 h,91%,

65% ee 82% ee

vinyl ketone shows no nonlinear effect. Presumably, the (R? =

THF, rt, 30 - 96 h

Aot Aoda AL

i-Pr
353c

96 h, 93%,
75% ee

353d

96 h, 30%,
50% ee

Me) and ethyl vinyl ketone (R= Et) in very good

formation of iminium ion intermediates can be excluded for enantioselectivities (up to 92% ee) (Scheme 237). Gellman

sterically hindered substrates (Scheme 236, path b).

Scheme 236. Proposed Reaction Course

path a

355

— J

Et

353

et al. provided clear evidence for an imidazolidinone-derived
enamine. A preformed enamine was shown to react smoothly
with methyl vinyl ketone in the presence of catechol to
provide dihydropyran@&57 (Scheme 237), which is hydro-
lyzed to the desired keto-aldehyde. Consequently, the reac-
tion of imidazolidinone-derived enamines was proposed to
take place with hydrogen-bond-activated enones. The ob-
served dihydropyrane can be formed either by conjugate
Michael addition and subsequent hemi-aminal formation or
directly by an inverse-electron-demand hetero-Didiider
reaction.

Hayashi and co-workers could show that not only nitroalk-
enes but alse,f-unsaturated ketones can be employed as
Michael acceptors using diphenylprolinol silyl ett285 as
catalyst®®¢ The addition of 3-phenylpropanal to methyl vinyl

Along those lines, Gellman and co-workers could show ketone under neat conditions led to the Michael adduct in
that the intermolecular addition of aldehydes to vinyl ketones moderate yield with excellent enantioselectivity (Scheme

can be catalyzed with an imidazolidinone cata3/56.3% A
combination of 356 and 4-EtQC-catechol afforded the

238).
After having developed,a-diarylprolinol silyl ethers for

addition of a variety of aldehydes to methyl vinyl ketone stereoselective €F and C-S bond formation, Jargensen

Scheme 237. Imidazolidinone Catalyzed Michael Addition

Observed intermediate:
6} Bn
HH 81
MeN Z
0 5”
MeN
AN fn g
N H 357 R’
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(0] (0] 0]
(20 mol %)
A S
1 4-EtO,C-catechol
R (20 mol%), R
351 rt,20h 353
3 equiv.
] 0] (0] (o} 0] (0] 0] 0]
R AT S N S e W
Bn Bn i-Pr Me

353e
54%, 92% ee

353a
62%, 89% ee

353b
55%, 82% ee

353f
84%,90% ee
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Scheme 238. Highly Enantioselective Michael Addition to reaction appears to proceed via an enamine intermediate,
Methyl Vinyl Ketone especially the higher reactivity was an unforeseen result. The
Ph pp catalyst etherification was necessary, as a diphenylprolinol-
Moms derived catalyst was inactive. Instead, a catalyst deactivation
H 265 through formation of stable cyclic aminals was proposed to
N 0 (30 mol %) Q Q take place. Various aldehydes were used as donors in the

HJ\ * \)\ —_— Hw diphenylprolinol methyl ethe359-catalyzed Michael reaction

BN 10 equiv e REe Bn with methyl vinyl and ethyl vinyl ketones (Scheme 240). In

' 353a the presence of only 5 mol @b9and a small excess of the

52%, 97% e vinyl ketone 351 (1.5 equiv) under neat conditions, the

Michael adducts 353 were obtained in good yields and
and co-workers could show the ubiquitous applicatioB58 excellent enantioselectivities 05% ee, up to 99% ee). Less
for a-functionalization of aldehyde®?463Characteristic is  reactive substrates required the use of an acidic additive in
the high stereoselectivity of all these functionalizations, since order to activate the enone as well. Although the reaction is
the catalyst controls the enamine geometry and efficiently faster in the presence of 20 mol % pyrrolidine cataB&s9,
shields one enamine face. Michael addition of aldehydes tomodest enantioselectivity was observed, whereas the best
methyl vinyl ketone in the presence of 10 mol 368 results could be obtained in the presences6fmol %. This
proceeded in a highly enantioselective manner, and all trend suggests that the catalyst not only catalyzes the Michael
products 853 were obtained in good yields80%, up to addition but also the product epimerization via enamine
95% ee). Compared to cataly@§2used in their initial study ~ formation with the product aldehydzs3
(Scheme 2353 catalyst358 improved the enantiomeric A preliminary study of aldehyde addition fbsubstituted

excess significantly (Scheme 239). alkylidene malonates revealed good stereoselectivities but
. ) . ) only poor results for the addition to cyclopentenone or acyclic
Sch_e_me 239. Organocatalytic Enantioselective Michael B-substituted enones (results not specified).
Addition Asato and Liu reported the proline-mediated self-conden-
FsC CFs sation reaction ofx,8-unsaturated aldehyd&80 (2 equiv
O CF3 of (9-proline, up to 65% ee¥® Very recently, this reaction
O was investigated in detail by Watanabe and co-work&rs.
N (9-Proline (1.5 equiv) effected the asymmetric formation
OTMS  r, of trisubstituted cyclohexadien&61 under mild reaction
o o 358 o o ?ongitions in ;ﬂgh yields with up to 62% enantioselectivity
(10 mol %) Scheme 241).
HJ\R1 SN EtOH, 40 °C, 64 h HJ\RT\)\ A time course analysis by NMR and MS provided
2 equiv. 353 evidence that a two-proline adduct-based mechanism occurs,

which involves substrate activation through both enanhine
o o o o o o and iminium-i'o_nlll formation (S'che'me 242). T_he moderate
enantioselectivities obtained with different proline analogues
H)WJ\ Hw Hw support a Michael-like imine addition (Scheme 242) rather
Et Me n-pr than a Diels-Alder reaction, since the involvement of two
353g 353f 353h reaction centers (the DietsAlder mechanism would involve
83%, 93% ee 80%, 92% ee 82%, 95% ee the enamine- and the-position of the dien¢) should show
a more pronounced auxiliary effect. However, a stepwise
Chi and Gellman reported a very efficient diphenylprolinol mechanism involving only a remote carbon center of diene
ether for the asymmetric Michael reactitfi.A study of | (y-position, Scheme 242) could explain the moderate
different potential pyrrolidine catalysts revealed that qua- enantioselectivities.
ternary substitution adjacent to the nitrogen was beneficial A related Michael-type reaction is the enamine-catalytic
for both reactivity and enantioselectivity, since catalysts asymmetric inverse-electron-demand hetero-Diélgler
lacking this substitution gave inferior resut?$:3°2Since the (HDA) reaction developed by Juhl and Jgrgen¥&m

Scheme 240. A Highly Enantioselective Catalyst for Michael Addition of Aldehydes to Enones

O
N OMe

H Ph
o 359
(e} (e} (e}
(5 mol %)
HJJ\‘ + \)J\Rz —_— H)JY\)J\RZ
1 neat,
R 4°C,1d-2d R'
351 353
1.5 equiv.
(e} (e} (e} o o [0} (o} (o}
RS T P S S S S
Bn Bn i-Pr Me
353a 353e 353b 353f
24h 24 h 36 h, 36 h,

82%, >95% ee 87%, >95% ee 65%, 98% ee 82%, 97% ee
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Scheme 241. Self-condensation of f-Unsaturated Aldehydes

(S)-proline R
1.5 equiv. N
J\/\ ( auv) /é/\o
R o EtOH, t, 16 -24 h R
360 361
R: s
PGPS\ o\ N \
of Cr
361a 361b 361c 361d
89%, 52% ee 87%, 62% ee 66%, 40% ee 47%, 40% ee
Scheme 242. Proposed Route to 1,2,4-Trisubstituted Cyclohexadienals
N
J\A @ ©
(S)-proline ‘\N
360 Ridshered . @ — J —
An, J\“ﬁ < Y
=
X R7B N @3

R
ﬁﬁA"
R

N
361

Scheme 244. First Organocatalytic Asymmetric
Inverse-Electron-Demand HDA Reaction

Scheme 243. Plausible Catalytic Cycle for the
Enamine-Catalytic HDA Reaction

4 Ar
CO,R

R? 2 co.r?  (10mol%) s
N U P ° silica, CH,Cl Oy O~ COR
A R Y H)H + _— |
silica s E ; -15°Ctort, 17h  R17
R R' Rr2 s,
then PCC, CH,Cl, R
HO._O._CO,R*  H,0 362 363
|
R115J/F Oy, -0-_-COMe Oy O_CO,Me
Et7 Y i-Pr?
plausible catalytic cycle is depicted in Scheme 243. The 263 s53b
a

enamineC, which is generated from the amine catalpst

: . ; 69%, 84%
and the aldehyd®, acts as an electron-rich dienophile for o

69%, 92% ee

the reaction with electron-deficient “dien®’'to produce the CO,Me Oy O-_CO,Et
aminalE. Hydrolysis ofE gives hemiacetdf and regenerates j/\j U

the catalyst. The presence of silica was found to facilitate FPry

the hydrolysis step in the catalytic cycle. 4-Cl-CoH, V

After screening various cyclic secondary amines, the 363c 363d
authors found the pyrrolidine derivati52to be the most 62%, 80% ee 75%, 94% ee
efficient catalyst for this reaction (Scheme 24%)4,y- (Scheme 244). The diarylmethyl substituent of the catalyst
Unsaturatedr-ketoesters362 were used as the “diene” for 352 shields thesi-face of the enamine, which makes the
this reaction. The products were isolated as lacR8&after approach of the enone possible only from tedace in an
subsequent PCC oxidation of the crude HDA adducts. In endeselective fashion. The regioselectivity of the reaction
the presence of 10 mol @62 lactones363 were obtained is dictated by the electronic properties of the enamine.
in good yield and high enantioselectivity. In almost all cases, Although a concerted mechanism is assumed for this reaction,
only one diastereomer of the products was obtained. A a stepwise Michael-type mechanism cannot be ruled®ut.
transition state moderS was proposed by the authors to  Similarly, several enamine catalytic Michael reactions may
rationalize the observed stereochemistry of the reactionactually be [4+2]-cycloadditions.
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Scheme 245. Inverse-Electron-Demand HDA Reaction of Nitroso Alkene

R« p\rR3
(@) ’\r‘roH base N’/O R c R2 J\/\E
a e
R1)\/X -HX R! X then R?
A B hydrolysis
O\/NO
o 237
,\V‘OH " _ (100mol %)
b) +
Ar)\/m CHZCIZ rt2h Ar CHzCIz o Ar
364 226 365
Ar = 4-OMe-CgH, 75% 58%,42% ee

Scheme 246. First Organocatalytic Asymmetric Michael Addition to Vinyl Sulfones

ent-294

SO2Ph 25 mol % 2
T enott) - L~ somn
H SO,Ph CHCl H &
2 3 R' R2
R? -60°C-mt,2h-7h SO,Ph
10 equiv. 366 367
0
S0O,Ph S0,Ph SO,Ph
Me SO,Ph i-Pr SO,Ph t-Bu SO,Ph Et Me 50,Ph
367a 367b 367¢ 367d
72%, 0% ee 71%,75% ee 78%, 80% ee 59%, 12% ee

The Jgrgensen group also showed that the scope of thisent-294, good yields and enantioselectivities could be
reaction in terms of the “diene” unit can be extended beyond obtained using sterically hinderedmonosubstituted alde-
enones? Nitroso alkene$, which can be in situ-generated hydes (up to 80% ee), whereas smaller substrates such as
from a-halooximesA, can react with enamin@ to generate propionaldehyde 60 °C, racemic) andx,o-disubstituted
5,6-dihydro-H-oxazinesD (Scheme 245a). Using a sto- aldehydes (rt, up to 12% ee) showed similar reactivity but
ichiometric amount of chiral amir237, the reaction between  no pronounced enantioselection (Scheme 246). To further
isovaleraldehyde226) and the aromatie-halooxime364 illustrate the utility of the current process, the authors could
was found to generate, after oxidation, the oxazin868& remove the sulfone groups 867in 45% yield without loss
in moderate (42%) ee (Scheme 245b). This is the first of enantioselectivity.
example of an asymmetric inverse-electron-demand HDA  As shown previously for nitroolefins, an acyclic synclinal
reaction of a nitrosoalkene. transition state model was postulated, in which ttens
enamine intermediate is favored (Scheme 247). The less

4.3.3. Vinyl Sulfones as Acceplors ) . hinderedsi—si transition state is assumed to be favored,
The reaction of preformed enamines with vinyl sulfones leading to R)-adducts.

has been known for some tiM&. Although advancement
has been made using chiral auxiliaries to develop asymmetricScheme 247. Proposed Transition State

conjugate additions to vinyl sulfoné%; 4% the direct asym-

metric catalytic conjugate addition of carbonyl compounds ijs opn — (%‘)S 0.Ph
to vinyl sulfones would be desirabté Since sulfones are PhO> S/‘ z //\'10 3‘ 2
widely useful intermediates of unique synthetic versatility K H

in organic synthesiéfthe desired 1,4-Michael adducts could R

further react as nucleophilic reagents or be involved in Re,Re Si,Si
reductive alkylations and Julia-type reactions, among others.
The first direct catalytic asymmetric Michael addition of

aldehydes to vinyl sulfones was reported in 2005 by Mosse .
and Alexakis®®%47 In contrast to the case of phenylvinyl

sulfone, the first promising results could be obtained using
the more reactive Michael acceptor 1,1-bis(benzenesulfonyl)-

Recently, the authors have useBBM (299 to catalyze
the addition of isovaleraldehyd2Z6) to vinyl sulfone 866
in 79% yield and 55% e®3

5. Asymmetric a.-Functionalization of Carbony!

ethylene 866). Among the catalysts screendssiPr-2,2- Compounds

bipyrrolidine (-PBP)ent294turned out to be most suitable .

(Scheme 246). Interestingly, neith&)-proline nor §-(+)- 5.1. Introduction

(1-pyrrolidinylmethyl)pyrrolidine 237) furnished the desired o-Functionalizing carbonyl compounds is particularly

adduct in a sufficient amount. In the presence of catalyst important, owing to its value in the synthesis of a wide range
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Scheme 248a-Functionalization of Unmodified Carbonyl Scheme 250. Proline-Catalyzed Direct Asymmetric
Compounds a-Amination of Aldehydes by List
o (S)-Proline
RjK(H X Rj\(x Cbz~ (10 mol %) Cbz
H + 0 —————> _~_N. Cbz
R? R? “Cbz CH4CN WO Y N
R 0°C-rt,3h RN
X=C,N,O,F,CLBr,1,S,S :
' € (1.5eq) 368a (1.0 eq) then NaBH,4, EtOH 371
of a-heteroatom-substituted carbonyl compoutt&é?°Since
optically activea-functionalized carbonyl compounds find bz Gbz Cbz
application in nearly all fields of organic chemist4,the Ho SN CEZ oSN LDZ L NN Chz
synthesis of such targets from unmodified carbonyl com- b 5, H U
pounds via the transformation of a-® bond adjacent to 371a 371b 371e

the carbonyl functionality into a stereogenie-& (X = C, oo , \ o oo
N, O, P, F, Cl, Br, I, S, Se) bond (Scheme 248) became a 99%, 96% ee 95%. >95% ee 94%, 97% ee

major area of research in recent years. , Scheme 251. Proposed Transition State for the
. The emergence of organocataly3|s_and, partlculquy, €nam-proline-Catalyzed Asymmetric a-Amination of Aldehydes
ine catalysis has prompted chemists to consider these

transformations as a group of mechanistically related reac- g
tions. Such amine-catalyzed transformations proceed via an Rozc\NN‘H/
enamine intermediate, whose reaction with electrophiles /ZNH
generatesu-functionalized carbonyl compounds after hy- R COR
drolysis of the corresponding iminium ion. The choice of TS

appropriate electrophiles is crucial for such transformations,

and depending on the nature of the electrophile, two types369in moderate to high yields and excellent enantioselec-

of reactions are possible, namely the addition and substitutiontivities (Schemes 249 and 250). Due to the configurational

reactions (see Scheme 2). lability of the produced aldehyde369, Jargensen and co-
The following sections illustrate the use of enamine workers preferred to isolate the correspondiNgamino

catalysis for the directo-functionalization of carbonyl  oxazolidinones370 formed via reduction and cyclization

compounds with a wide range of electrophiles. A review on (Scheme 249%%"

this topic has recently been published by Jargensen*®tal.  unlike Jergensen et al., List chose to isolate ¢hami-
o nation products as their corresponding configurationally

5.2. a-Amination stable crystalline 2-hydrazino alcoh@1 (Scheme 250
Catalytic asymmetric EN bond forming reactions are In both cases, the authors demonstrated the utility of the

highly attractive in organic synthesis due to their potential method by converting the products into synthetically useful
in giving access to a broad diversity of structural elements, 4-substituted 2-oxazolidinones (Evans’ auxiliary) afteriM
which are also present in many biologically active com- bond cleavagé'®“*’Furthermore, Jargensen and co-workers
pounds. In this context, the direct stereoselective introduction Showed that thisx-amination method can be an easy and
of a nitrogen functionality in thex-position of carbonyl  attractive way for obtaining optically active non-proteino-
compounds leads to valuable optically active synthetic targetsgenica-amino acids’®’ List explained the observed product
such asa-amino aldehydesy-amino acids, ang-amino stereochemistry by invoking a transition stdi® (Scheme
alcohols. Employing an appropriate nitrogen electrophile, 251), which is similar to Houk’s transition state of the
chiral amine catalysts were found to afford asymmetric Hajos—Parrish-Eder-Sauer-Wiechert reactiori:
a-amination of aldehydes and ketones via enamine inter- Blackmond and co-workers recently disclosed an autoin-
mediateg30 duction mechanism to account for the observed higher

The first direct catalytiox-amination of aldehydes was turnover frequencies of this reaction as compared to those
reported simultaneously and independently by Jargensen ebf other proline-catalyzed processes such as aldol or Mannich
al#%” and List'®in 2002. Using azodicarboxylate368 as reactions'' An interaction of the reaction product with
the nitrogen electrophile with a slight excess of aldehyde, proline through complex hydrogen bonding was proposed
10 mol % @-proline afforded thex-hydrazino aldehydes  which led to better solubilization of prolinfé! The catalytic

Scheme 249. Proline-Catalyzed Direct Asymmetriee-Amination of Aldehydes by Jgrgensen et al.
(S)-Proline .CO4R? [0}

R20,C- 9
Hf\ LN _(omol®) jVHE 1 NeBH. OJ\N—NHCOZRZ
) Nogo,re CHCl,  H 7Y COR® 205NNaoH
R rt R! R!
(1.5eq) 368 (1.0eq) 369 370

i X X X
O)J\N«NHCOZEt 07 ON-NHCO2Et 57 “\-NHCO2Et o7 “N-NHCO2Bn
-/ -/ -/ /

Et “iPr Bn “iPr
370a 370b 370c 370d
77%, 95% ee 83%, 93% ee 68%, 89% ee 70%, 91% ee
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Scheme 252. Proline-Catalyzed Direct Asymmetric
o-Amination of a,a-Disubstituted Aldehydes

Scheme 254. Enantioselective Total Synthesis of LFA-1
Antagonist BIRT-377 through Direct Asymmetric
a-Amination of a Branched Aldehyde

(S)-Proline _CO,Et
o} EtO,C~ (50 mol %) HN N
HJ\(R1 YN Wy coset NN co
, “CO,Et  CHyCly, 1t ol 2 2 H HN-N HN” 2Bn
R 25-9d 102 N.,
368b 372 BnO.C-~ (15 mol %) H™ 77 COsBn
H + 'I\f _— 7
CO,Et CO,Et CO,Et Br M cozn CHLCN.t.3 1
0 HNTTT? 0 HNTTT? q HNTT? 368a
N No N
HJ>(N CO,Et HJ)/ CO,Et HJ>/ CO,Et cl B  372d
Me Et Me Ph Me 2-Naph /@\ o 95%, 80% ee
372a 372b 372¢ - > o NJ(

R ——

52%,28% ee 62%, 80% ee 54%, 86% ee

/ - Br
71
)

Scheme 253. Application of Proline-Catalyzed Direct BIRT-377 (375

Asymmetric o-Amination to the Synthesis of APICA and

AIDA Scheme 255. Proline-Catalyzed Assembly Reactions of
0 H o Acetone, Dibenzyl Azodicarboxylate, and Aldehydes
BnO,C« (S)-Proline Cbz
D = PORE =y
r S N<
’ (R)-Prol oo : N-cpz CHiCN Cbz
- roline R (0.33 M) R
X =B COMe 1 50 mol %) 35 368a .96 h 376
CH4CN
rt, 4 h _Cbz
o .Cbz OH HN oH HN-CP?
0 H HN
ot H—4(o ¢0Bn N N-epy L
- »NH, -, N\NH Cbz Cbz
L M
O™ == 5 e Y
X X 376a 376b 376c
(S)-APICA: X = PO3H, (373) X = Br: 75%, >99% ee 85% 80% 75%

dr 54:46 (anti:syn) dr 45:55 (anti:syn) dr 85:15 (anti:syn)

(S)-AIDA: X = COzH (374) >99%/34% ee (anti:syn) 99%/13% ee (anti:syn) n.d.;85% ee (antisyn)

X =CO,Me: 96%, >99% ee

cycle invoked by the authors is essentially identical to the 372d in 95% yield afte 3 h with 80% ee (Scheme 254)

generally accepted enamine mechanism except for the fact, s minated aldehyde372d was elaborated to BIRT-377
that it circumvents free proline and the reaction proceeds (375 by standard transformations

via product displacement from the hydrogen-bonded adduct The proline-catalyzed-amination of aldehydes can be

by the aldehydé:! ) ) ) combined with an acetone aldol reaction to produce optically
The substrate scope of the proline-catalyzed diveatmi- active B-hydrazino alcohol$76469 Both acetone35) and
nation reaction was extended to include raceric.- the aldehydes act as nucleophiles. In the presence of 20 mol
disubstituted aldehydes. In 2003, "Beaand co-workers o (g)-proline, a number of aldehydes were found to undergo
reported the direct asymmetricamination ofa,a-disub- fagile reaction to producg-aminated alcohol876in high

stituted aldehydes with DEAD368b) using 50 mol % -
proline in dichloromethane at room temperatt#eReaction

yields (Scheme 255). In most cases the products were
obtained as an~1:1 mixture of two diastereomers with

times are relatively long, and the products were obtained in gycellent ee’s for thanti-diastereomers.

moderate yield with up to 86% ee (Scheme 252). This

method is particularly suitable fer-alkyl-a-aryl-substituted

Likewise for aldol, Mannich, and Michael reactions,
catalysts other than proline have also been used for the

aldehydes and useful for accessinglkyl-o-aryl-substituted  .amination reaction. After screening a series of monosul-
o-amino acids. As in the above cases, the authors showedgny|-2-aminomethylpyrrolidines, Adolfsson and co-workers
facile oxazolidinone formation from the products. found sulfonamid&77as the optimum catalyst for the direct
The utility of the proline-catalyzed direct asymmetric asymmetriax-amination of aldehydes with DEAD (Scheme
a-amination ofa,a-disubstituted aldehydes was illustrated 256)413 Only 1 mol % 377 is enough to bring about the
in an application to the synthesis of the metabotropic transformation, and the products were isolatedNasmino
glutamate receptor ligandS§)(APICA (373 and ©)-AIDA oxazolidinone870in moderate to good yields and enantio-
(374 by Barbas et al. using List's conditioft8 (Scheme  selectivities. Although the enantioselectivities are lower as
253)18 compared to proline itself, the attractive feature of the
Another application of this simple yet useful transforma- Adolfsson method is the low catalyst loading.
tion for the construction of a quaternary stereocenter was The Jgrgensen group developed a proline derivatire (
developed for the total synthesis of the LFA-1 antagonist 2-[bis(3,5-bistrifluoromethylphenyl)trimethylsilanyloxymethyl]-
BIRT-377 375.41? This time, proline was not an appropriate pyrrolidine 358 (Scheme 257) based on the steric shielding
catalyst: after 5 days, the amination produit2d was mechanism (vide infra) as a general catalyst for a number
obtained in 90% yield, but only with moderate enantiose- of a-functionalizations of aldehydég* A similar silyloxy-
lectivity (44% ee). However,§)-proline-derived tetrazole lated catalyst containing phenyl instead of bistrifluorometh-
102 turned out to be a good choice, affording the product ylphenyl groups265 has independently been developed by
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Scheme 256. Pyrrolidine Sulfonamide-Catalyzed
Enantioselectivea-Amination of Aldehydes

[
7N
377 Me
(1 mol %) 0
O Et0,C. CH,Cl,
H)H N » 0o “N-NHCOE
Nco.Et n,2-47h /
R 2 -
then NaBH,4, MeOH R
(15eq) 368b (1.0 eq) NaOH, rt 370
0 0
O)szNHCOZEt O)kN/NHCOZEt O)LNfNHCOZEt
Me “iPr h-CsH1q
370e 370b 370f

58%, 87% ee 18%,61% ee 88%,80% ee

Scheme 257. Diarylprolinol Silyl Ether as Catalyst for the
Enantioselectiveo-Amination of Aldehydes

F3C CF;
O Fs
anY,
H

OTMS CF,
(S)-358
0 . (10 mol %) )CL
RO2C~ CH,Cl, ,
H)H + N T . o7 N NHCOR
R N\COZR' rt, 15 min
then NaBH, R
(1.5eq) 368 (1.0 eq) MeOH, 0 °C ent-370
OiNzNHCOZEt OiN/NHCOZI-Pr OiNzNHCOZEt
i-Pr i-Pr t-Bu
ent-370b ent-370g ent-370h

88%, 97% ee 73%, 92% ee 83%, 97% ee

Hayashi and co-workers for the Michael reaction (vide
supra)3®® This diarylprolinol silyl ether358 was found to
be an active catalyst for the direatamination of alde-
hydes®** A number of aldehydes underwentamination

within 15 min in the presence of 10 mol % catalg&8to
afford the products (isolated &amino oxazolidinonesnt

370 in good yields and high enantioselectivities (Scheme

257).

Mukherjee et al.

Scheme 258. Transition State Model for thex-Amination
Catalyzed by Proline and Diarylprolinol Silyl Ether ( S)-358

OJO OTMS
‘0 RO O“H’

RO,CY H N N kkAr
%N;H “‘f/
CO4R' '
R 2! R CO,R
From above From below
re-face attack si-face attack
R'O,C< R'O,C-
R'0,C™ Ry H RO,C7 " S H

R R

employed to obtairm-hydrazino ketones3(8 and 379 in
good yields and excellent enantioselectivities (Scheme 259).
The reaction occurs in a highly regioselective fashion (major/
minor up to 10:1): Amination takes place at the higher
substitutedo-position. In most cases, these products, after
silica gel column chromatographic purification, were ob-
tained with slightly decreased optical purities. Using different
reducing agents, the authors presented the diastereoselective
reduction of the keto functionality to acquire batyn and
anti-5-amino alcohols, which can easily be converted to the
corresponding oxazolidinones.

Further developments in the-amination include the
performance of the reaction in unconventional reaction media
such as ionic liquids instead of conventional organic solvents.
lonic liquids have previously been used in other organo-
catalytic reactions such as aldol and Michael addition
reactions with variable result&>!86414Toma and co-workers
thoroughly investigated the scope of various ionic liquids,
catalysts, substrates, and other reaction paranfétg(S)-
Proline was chosen as the catalyst at room temperature in
the ionic liquid [bmim][BR] to demonstrate the aldehyde
substrate scope for the reaction with DEABB8H). Unlike
the case in conventional organic solvents, only a slight excess
of aldehyde (1.1 equiv) is sufficient to obtain the aminated
products (isolated as-amino oxazolidinone870) in good
yields in the presence of 5 mol ¥®)proline within a
relatively short period of time (Scheme 260). Although the
enantioselectivities are lower in most cases as compared to
the reaction in organic solvents, one example showed that
the use of higher catalyst loading (10 mol %) and 1.5 equiv
of aldehyde can lead to even higher enantioselectivity.
Ketones proved to be incompatible substrates in this reaction

Besides the high activity and high selectivity obtained with media: inseparable mixtures of mono- and bis-aminated

this catalyst, an intriguing feature 868is that the aminated

products were obtained in almost all cases. Catalyst recycling

products were obtained with the opposite configuration iS possible, however with somewhat lower yields and
compared to those obtained with proline. The authors Selectivities, presumably due to partial loss of catalyst during
explained this observation based on the nature of thethe extraction.

transition states (Scheme 258). While in the case of proline-
catalyzed reactions, thee-face attack to the electrophile
azodicarboxylate is driven by hydrogen bonding from the
carboxylic acid group of proline, one of the 3,5-bistrifluo-
romethyl phenyl groups in cataly858 efficiently covers
the re-face of the enamin&* Therefore, the electrophilic
attack to the enamine must occur from 8idace, resulting

in the formation of the §-product.

Shortly after their first report of the proline-catalyzed direct
asymmetric aldehydei-amination?®” the Jagrgensen group
extended the scope of this reaction to ketone substt&tes.

All the a-amination reactions discussed so far rely on
diazodicarboxylate as the nitrogen source. Easier to handle
nitroso compounds are mostly neglected for this purpose,
mainly due to their tendency to react at oxygen to generate
aminoxylation products in the enamine-catalytic mode (see
section 5.3) rather than forming hydroxyamination products.

Gong, Jiang, and co-workers showed for the first time that
nitrosobenzene380) can be used for asymmetric hydroxy-
amination of carbonyl compounds via enamine catalif8is.
In the presence of 10 mol % prolinamide derivatis@1,
somea-branched aldehydes underwenhydroxyamination

Similar reaction conditions to those for the aldehyde were (nitroso aldol reaction) with nitrosobenzeB880 (Scheme
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Scheme 259. Proline-Catalyzed Direct Asymmetria-Amination of Ketones
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Scheme 260. Proline-Catalyzed-Amination of Aldehydes in
Room-Temperature lonic Liquid [bmim][BF 4]
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Scheme 262. Difference in Nitrosobenzene Reactivity under
General and Specific Acid Catalysis
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Scheme 261. First Asymmetric Enamine Catalytic

Hydroxyamination (Nitroso Aldol Reaction) of Aldehydes
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261). After reduction with NaBlj the corresponding alco- ~ Proline, and the amide and hydroxyl groups of cataBa&t

hols 382were obtained in moderate yield and enantioselec- ~ Quite recently, Maruoka and co-workers reported a highly
tivity. No oxyamination products were observed. Despite the €nantioselectivea-hydroxyamination of aldehydes with
moderate enantioselectivities obtained in this reaction, it hitrosobenzene catalyzed by a designed chiral secondary
represents the first enamine catalytic hydroxyamination of amine!*” The authors introduced a new,-symmetric
carbonyl compounds with nitrosobenzene. The authors pro-binaphthyl-based secondary amine cataBg&8 containing
vided a transition state mod@&S to explain the reactivity ~ hydroxyl groups for thex-hydroxyamination of a number
pattern with catalys881 compared to that with proline,  of unbranched aldehydes using nitrosobenz&8€)(as the
where aminoxylation occurs exclusively (see section 5.3). reagent (Scheme 263). The pronounced effect of the hydroxyl
In contrast to the proline-catalyzed reaction, where protona- group on both the reactivity and the enantioselectivity was
tion at the more basic nitrogen of nitrosobenzene activatesdemonstrated. After in situ reduction of the aldehyde group,
its oxygen toward nucleophilic attack (vide infra), double products384 were obtained in good yield and excellent
hydrogen bonding from cataly881to the oxygen of nitro-  enantioselectivity (up to 99% ee).

sobenzene activates its nitrogen (Scheme 262is is due The authors also showed that the synthetic utility of this
to the difference in acidity between the carboxyl group of reaction could be enhanced if an easily cleavable group was
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Scheme 264. Proposed Transition State Model for the
Asymmetric o-Hydroxyamination of Aldehydes

used in the reagent instead of phenyl; 4-methoxynitrosoben-

Mukherjee et al.

cally pure form poses a natural attraction to the synthetic
organic chemists. With the breathtaking applications of
asymmetric enamine catalysis in hand for théunctional-
ization of carbonyl compounds with a variety of electrophiles,
a natural extension was to use this concept in combination
with a suitable oxygen electrophile.

Following the discovery of Yamamoto and co-workers of
the use of nitrosobenzene as the electrophilic source of
oxygen in the asymmetric metal-catalyaexygenation of
tin enolates in 2003'° three different groups almost con-
temporaneously reported the direataminoxylation of
aldehydes usinggj-proline as catalyst®-422

Zhong described that, in the presence of 20 molSse (

zene served as the reagent, and the product was manipulategroline in DMSO at room temperature, a series of unbranched

to afford5-amino alcohol or 1,2-diamine in good yield with
a similar level of enantioselectivit§}? A transition state
model TS was proposed to account for the observed
stereoselectivity (Scheme 264). One bulky hydroxydiphe-
nylmethyl group of the catalyst shields the-face of the

aldehydes rapidly react with nitrosobenze®®(j to generate
the a-aminoxylated aldehydes with excellent enantioselec-
tivity (Schemes 266 and 2673 After in situ reduction with

Scheme 266. Proline-Catalyzed-Aminoxylation of
Aldehydes by Zhong

enamine while the other directs and activates the nitrosoben-

zene toward nucleophilic attack via hydrogen bonding to its
oxygen atonf?!?

Kim and Park showed that when proline-derived tetrazole
catalystl02was used for the reaction of nitrosobenze3gl(
with o-branched aldehydes, selective formation of the
o-hydroxyamination producBg82) over theo-aminoxylation
product 885 was observed in some cases (Scheme 265).
However, the selectivity varies dramatically depending on
the nature of the substrates. Remarkably higthvs O-
addition selectivity was observed for-methyl-o-aryl-

substituted aldehydes, although the enantioselectivities are
only moderate. Other substrates afforded both the products

in almost equal amounts, but the hydroxyaminated products
were obtained with up to 90% ee. The preferential formation

of the hydroxyaminated products was explained on the basis

of steric congestion in the transition staté.

5.3. a-Oxygenation

o-Oxygenated carbonyl compounds are important not only
due to their presence in many natural and non-natural
biologically active compounds but also because of their utility
for the synthesis of other useful building blocks such as diols.
Obtaininga-hydroxy carbonyl compounds in enantiomeri-

Scheme 265. Proline Tetrazole-Catalyzed Asymmetria-Hydroxyal

(S)-Proline _NHPh
o) (20 mol %) o)
K&H * N I _oH
R Ph DMSO, rt R
10 - 20 min
380 386

then NaBH,4, EtOH

Scheme 267. A Selection of Products Obtained from the
Proline-Catalyzed o-Aminoxylation of Aldehydes

_NHPh o NHPh o NHPh O,NHPh
on A on A oH Becrn A _on
4
386a 386b 386¢ 386d
82%, 99% ee  60%, 97% ee  87%, 99% ee 61%, 94% ee
~NHPh
o-NHPh o O/NHPh
OH _NHPh
0
OH Ph OH
Ph C/ MeN_ OH \/'\/
386e 386f 386g 386h

60%, 99% ee

NaBH,, the products386 were generally isolated in high

yield. A transition state model similar to the one initially
proposed for the proline-catalyzed intermolecular aldol
reactiort® was invoked to rationalize the observed selectivity.

80%, 99% ee 83%,98% ee 86%, 99% ee

mination of a-Branched Aldehydes

H HN-N
102 OH
Hj\(m . /ﬁ @omol%) HO X Ph + HO KO NP
R2 Ph DMI;,_02212h5 °C R! R2 rR' R?
380 yren NaBH, 382 385
R R Yield (%) 382/385 ece 382 (%) ee 385 (%)
Me  4-(OMe)-Bn 75 1.7:1 90 35
Me Ph 83 20:1 64 nd.
Me 4-(OMe)}Ph 65 10:1 45 nd.
Me  CH,0Bn 89 0.8:1 79 5
Me Et 76 1.7:1 70 8
Et Bn 67 1.3:1 25 11
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Scheme 268. Proline-Catalyzed Asymmetric Scheme 270. Proline-Catalyzed Asymmetric
o-Aminoxylation of Cyclic Ketones a-Aminoxylation of Acyclic Ketones (The Ratios Indicate the
(S)-Proline 0 Ratio of 387 to 389)
[0} (10 mol %) i
1t , KON 0 (S)-Proline 0 H
R j\ * N - TR )k‘ NHPh 0 (20 mol %) 0 z
Ph DMF.9.C R R * N T RTYYUNHPh + R *Ph
20eq 380 ) 387 R Ph DMISO. R R
9 (10eq) (10eq) 380 387 389
(1eq)
“NHPh
0 o) Q 0
O NHPh O NHph ﬁjj “NHPh @ 0 0 O~ 0
7 NHPh 7 NHPh 7 NHPh "~ "NHPh
387a 387b Me s87c 387d N
77%, >99% ee  53%,96% ee  44%,99% ee  93%, >99% ee 3879 387h 387 387j
93%, 81:19 66%, 98:2 64%, 90:10 87%, 78:22
>99% ee 99% ee >99% ee >99% ee

Scheme 269. An Example of Proline-Catalyzed Asymmetric

Desymmetrization of 4-Subst|tuted Cyclohexanone Scheme 271. Calculated Transition State Models for the

o }-Proline Proline-Catalyzed o-Aminoxylation of Aldehydes
il 10 mol %) NHPh “NHPh w
+ N
A [j Cﬁ (3£ (g

By HNO'H (61) H- (z& H-0
388 380 387f 3879 & Sen
(20eq)  (1.0eq) 31%, >99% ee 31%, 94% ee R R R
(S)-O-syn (R)-0O-anti (R)-N-anti

MacMillan and co-workers showed that the same level of
enantioselectivity could be achieved using much lower and hydroxyaminated product387 and 389, respectively)
catalyst loading (typically 25 mol %, but 0.5 mol % is  were formed with fairly good selectivity in favor of ami-
also possible) when the reaction was conducted in chloroformnoxylated products, and the reaction occurred exclusively
at 4°C.*21 Hayashi et al., on the other hand, preferred to use on the methylene carbon of ketones (Scheme 270). Almost
30 mol % ©-proline in acetonitrile at lower temperature perfect enantioselectivity was observed for the aminoxylated
(—20°C), leading to a similar level of enantioselectivitis. products387 whereas the hydroxyaminated produ8&9
A selection of products obtained by these methods are showrwere obtained with only low ee. The authors showed that
in Scheme 267. Cleavage of the—® bond was also  when cyclohexanone was used as the substrate, the corre-
illustrated under catalytic hydrogenation to obtain the diol spondingC,-symmetrico,a’-diaminoxylated ketone could
without loss of optical purity?0:421 also be obtained withr99% ee!?®

The Hayashi group successfully extended the scope of this Both the Codova grouf?® and Houk et af’* conducted
reaction to ketone substrat&$:42* A major problem for guantum mechanical computational studies to understand the
ketone substrates is their low reactivity as compared to mechanism of proline-catalyzed-aminoxylation reactions
aldehydes, which leads to homodimerization of nitrosoben- as well as to explain the observed selectivity of aminoxy-
zene as well as,a'-diaminoxylation. The authors showed lation products over hydroxyamination products. The transi-
that both of these side reactions could be circumvented bytion state for attack at nitrogeMN{anti) is higher in energy
carrying out slow addition of nitrosobenzene at low tem- (2.6 kcal/mol) than the one for attack at oxyged-gnti)
perature. Under these conditions, a number of six-membered(Scheme 27137* The higher basicity of nitrogen accounts
cyclic ketones weret-aminoxylated in good yield and with ~ for its preferential protonation, rendering the oxygen atom
nearly perfect enantioselectivity (Scheme 268). Typically the to become electrophilic. Among the two transition state
reactions were conducted in DMF in the presence of 10 mol structures for the attack at oxyge®;synis 3.3 kcal/mol
% (9-proline with an excess of ketone afQ. In the case  higher in energy thai®-anti and gives the minor enantio-
of 2-butanone, a-1:1 mixture of 2-aminoxylated 3-butanone meric product.
and 2-hydroxyaminated 3-butanone was obtaffigd/hereas Blackmond and co-workers studied the kinetic behavior
the aminoxylated product was obtained witl99% ee, the  of this reaction experimentally and reported some interesting
ee of the hydroxyaminated product was found to be only observationg’2In the absence of a long preequilibration of
4%. Partial racemization was observed when cleaving the proline with an excess of aldehyde, the authors found
O—N bond with CuSQ. pronounced rate acceleration and, in contrast to the report

Hayashi et al. also demonstrated an application of asym-of Cordova et al#? a positive nonlinear effect. Based on
metrica-aminoxylation of 4-substituted cyclohexano388 these findings, an alternative and more complex mechanism
(Scheme 269%2 Here an asymmetric desymmetrization takes was proposed where equilibration between proline and the
place during the enamine formation followed by a diaste- product generates an improved catalyst, which accounts for
reoslectivea-aminoxylation of the enamine. Although the the dramatic rate acceleratiéfd Further experimental as well
selectivity of the initial step is not high, that of the second as computational studies by the Blackmond group led to a
step is excellent. mechanistic proposal involving only soluble proline com-

At the same time as Hayashi et al.; r@ova and co- plexes or adducts formed by a series of hydrogen bonding
workers developed a proline-catalyzeeaminoxylation of ~ between proline and the reaction produtts.
ketones'?>4?6Besides cyclohexanone, which provided excel-  Other catalysts besides proline have also been used for
lent levels of selectivity (see Scheme 268), the authors mainly asymmetriax-aminoxylation reactions. In 2004, Hayashi and
focused on acyclic ketones as substrates. Both aminoxylatecco-workers reported the applicationtedins-4-tert-butyldim-
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Scheme 272. 4-Silyloxy Proline-Catalyzed Asymmetric Scheme 274. Proline-DerivedN-Methylsulfonylcarboxamide
o-Aminoxylation of Aldehydes and Ketones in Asymmetric a-Aminoxylation of Aldehyde and Ketones
TBSO, o o
&H U)L O\\S//O Ph N o)
7 "N Me N H N
CO,H 4 A S
H z H HH ‘9,%\'?' 0" Me
o (S)-177 0 104d R TS
o) (10 mol %) o
R‘)S S e —— R')H-“ “NHPh o 104d o
R Ph” DMF grD%H3CN R )j\ 9 (10 mol %) )H o
R + ——————> R” " NHPh
380 025-2h 387,390 £ PN DMsO. &
2-5h
o 380 then NaBH, 387
o o (for R = H)
“>NHPh ~O~NHPh
% o)
0 RIS O
387k 3871 o. NHPh ™ """NHPh OH
74%, >99% ee  45%, >99% ee NHPh 7% H.\\O\NHPh
/ Me 387m Me
o o 387a 387d 54% 386b
HH,\\O\NHPh HJ\l“‘O\NHPh 80%, >99% ee  74%,98% ee 1:1dr, >99% ee 66%, >99% ee
Ph
387h 390a proposed to rationalize the observed stereoselectivity of the
50%, >99% ee 50%, 99% ee reaction.
Cordova and co-workers showed that the catalytic ef-
Scheme 273. Pyrrolidine Sulfonamide-Catalyzed ficiency of proline could be greatly improved by converting
Asymmetric o-Aminoxylation of Aldehydes and Ketones it to N-methylsulfonylcarboxamidé&04d (Scheme 274%%8

A number of cyclic ketones and propionaldehyde were

o, 0 NE n aminoxylated with 10 mol %104d in DMSO at room
O{\N/S\CFS Phn N5 CFs temperature. The reaction was found to undergo completion
N HH Z.0) © within 2—5 h to afford the product887in good yield and
93 R'" R? 18 excellent enantioselectivity (Scheme 274). Similar to the
proline-catalyzed reaction, in the case of ketones, the
o o @ :f;, %) 1% formation ofa,a’-diaminoxylated products was suppressed
R )J\ I )J\-“O\Nth by slow addition of nitrosobenzene. A transition state model
R PN umse%;fm R TS similar to the one for the proline-catalyzed reaction (see
then NaBH, 387 Scheme 271) was invoked to account for the stereochemical
(for R'=H) outcome of the reaction (Scheme 27%).
Although proline-derived tetrazol02as catalyst afforded
o o} OH OH selectively the hydroxyaminated products witkbranched
é“‘O‘NHPh HW»\O\NHP,] H.\\O\NHPh H-\‘O\Nth aldehydes (see Scheme 265), Ley and co-workers showed
Me Bn that this catalyst could be applied successfully for aminoxy-
387a 387h 386b 386h lation of unbranched aldehydé&®. Instead of aldehyde

0, 0, 0 0, 0 0, 0/ 0/ . . .
84%, >09% ee  71%,97% ee  66%,>99% ee 79%, >99% ee reduction as the commonly used product isolation method,

) ) ) ) Ley et al. introduced a sequential intramolecular Wittig
ethylsilyloxy-(S)-proline (177) for this reaction (Scheme  gjefination protocol to produce synthetically useful dihydro-
272)?%2 Introduction of the bulky silyloxy group at the 1 2_oxazines391 (Scheme 275). A number of unbranched
4-position of proline greatly enhances its solubility in a wide - gjgehydes were employed as substrates to obtain the corre-
range of organic solvents, which enables faster reaction with sponding dihydro-1,2-oxazines with excellent ee in moderate
lower catalyst loading. The remarkable catalytic efficiency tq good yield. Reductive cleavage of the-® bond with
of this proline derivative was evident from the fact that zn/Hc) affordedcis-allylic alcohols in excellent yield&®
a-aminoxylation of cyclohexanone was complete wittiin The extension of this methodology for ketone substrates
minin the presence of 30 mol %77 and the product was s also been demonstrated by Ley é8%This time, a lower
obtained in 68% yield and-99% e€*> A number of  catalyst loading (5 mol %) was sufficient to induce excellent
aldehydes and ketones were aminoxylated using 10 mol %enantioselecivity. A number of six-membered cyclic ketones
177 within a short period of time to obtain products in  anq putanone were used as substrates, and the corresponding
moderate to good yields and with excellent enantioselec- gihydro-1,2-oxazine892 were obtained in moderate yields
tivities (Scheme 272). (Scheme 276).

Wang et al. applied the pyrrolidine sulfonamide catalyst  Jiang, Wang, and co-workers performed the proline-
93 for the aminoxylation of a number of aldehydes and catalyzed asymmetriex-aminoxylation reaction at room
ketones (Scheme 273 In the presence of 20 mol % temperature in the ionic liquid [omim][Bf*3* A number
catalyst, the reaction was found to undergo completion within of aldehydes and ketones were aminoxylated using 20 mol
30 min to afford the products in good yield and excellent % proline at room temperature with high yields and excellent
enantioselectivity. The authors showed that the catalyst enantioselectivities (Scheme 277). The authors showed that
loading could be decreased to 1 mol % without any loss in the catalyst loading could be reduced to 1 mol % without
enantioselectivity. A transition state modélS) was also any loss of enantioselectivity. Products were isolated by
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Scheme 275. Asymmetric Aldehyde Aminoxylation/
Intramolecular Wittig Olefination Sequence to
Dihydro-1,2-oxazines

N.
~ N
i
H  HN-N
102
0 1.102 (20 mol %) R
e} DMSO, rt, 15 - 30 min | l}lPh
R PR” 2.NaH (2 eq),0°C o
20 min R
380 ® 3
PPhs Br
R (1.5¢€q)
| NPh | NPh | NPh | NPh
o) O O O
391a 391b 391¢c 391d

1%, 99% ee  40%, 99% ee 82%, 99% ee 53%, 99% ee

Scheme 276. Asymmetric Ketone Aminoxylation/
Intramolecular Wittig Olefination Sequence to
Dihydro-1,2-oxazines
N.
C N
H HN-N
102 R3

0 1. 102 (5 mol %) R4
)H Q DMSO, rt, 2 h | \Ph
R * N R17NO

R2 Ph 2.KH (3 eq),0°C
20 min R2
380 ® 392
R3NPPhs Br
R4 (1.5eq)

392a 392b 392¢ 392d
60%, 99% ee 46%, 9% ee  39%, 99% ee  65%, 99% ee

Scheme 277. Proline-Catalyzed Asymmetric
o-Aminoxylation in Room-Temperature lonic Liquid

o (S)-Proline 0o
0 (20 mol %) o
R' + “ 4> R “~>NHPh
R PR [bmim]BF,] R
rt,3-4h
380 then redn. 387
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H H (0] o
“O- NN . " NHPh
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Et i-Pr Me
386¢ 386a 387g 387a

98%, 99% ee 91%, 98% ee 67%, >99% ee 74%, >99% ee
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Scheme 278. Further in Situ Transformation ofa-Aminoxy
Aldehydes to Chiral Building Blocks

BnyNH, MeOH PhHN<

o]
Na(OAc);BH
R/k/Nan

rt 393
R = Me: 71%, 96% ee

/\/Br
(1.5eq)
) In (1.5 eq) PhHN.
0. Nal (1.5 eq)
H)H‘ NHPh - - R Z
R ft, 5 min OH 394
390

65 - 82%, up to 4:1 dr
97 ->99% ee

[S(ON
Eto’ﬁAﬂ/
o O

PhHN<

(1.5 eq) 0
Cs,CO3 (1.5€eq) >
rt, 30 min 395 O

52 -81%,95-99% ee

Scheme 279. Proline-Catalyzedi-Aminoxylation/HWE
Olefination in the Total Synthesis of Littoralisone

1. PhN=0
(R)-Proline (40 mol %)  HQ

= DMSO Z>Co,Me
OMes 5 (Et0),P(0)CH,CO,Me OMes

Me LiCl, DBU Me
3. NH,CI, MeOH

[ OMes = 0C0-24 6(Me)sCeH, |

TBDPSQ

(-)-Littoralisone

but also allows for the construction of important chiral
building blocks, particularly after cleavage of the-®@ bond
(Scheme 278). The aminoxylation/intramolecular Wittig
olefination sequend® has already been depicted above (see
Scheme 275). MacMillan et al. described the in situ
transformation to 1,2-amino alcoh8B3 in good yield by
treatment with dibenzylamine under reductive condititss.
Zhong reported a tandem allylation reaction to obtain
monosubstitutedyn1,2-diols394in good yield with moder-
ate dr#’4 Later on, Zhong and Yu showed that sequential
o-aminoxylation/Horner Wadsworth-Emmons (HWE) ole-
fination can be carried out to obtai@-amino-substituted
allylic alcohols395in good yields!”® It is worth mentioning
that all these subsequent reactions can be performed without
any loss in optical puritiy of the initial produ&90.

A successful application of the sequential proline-catalyzed

simple extraction, which leaves the catalyst in the ionic liquid a-aminoxylation/HWE olefination methodoloffy can be
phase; this enables catalyst recycling at least four timesseen in the elegant total synthesis of the structurally related

without sacrificing the yield or enantioselectivits:

compounds brasoside (not drawn) and littoralis@86) by

When aldehydes were used as substrates for the asymMacMillan and Mangion (Scheme 279}.

metric aminoxylation reaction, the corresponding products
a-aminoxy aldehydes390 (Scheme 278) are relatively

Similarly, the importance of the tandem aminoxylation
allylation reactioA’ was recently demonstrated by Kim et

unstable. The most commonly used method for isolation of al. during a short and efficient total synthesis df){exc
such compounds comprised reduction to the alcohol asand (-)endebrevicomin B97a and 397h, respectively)
described above. However, several research groups havéScheme 280332

illustrated in situ functionalizations &90, which not only

Although nitrosobenzene has emerged as the source of

enables the isolation of the products as stable compoundselectrophilic oxygen and has been successfully implemented
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Scheme 280. Application of the Tandem
Aminoxylation —Allylation Reaction to the Total Synthesis of
Brevicomin

1. (S)-Proline
(20 mol %) PhHN .
?l DMSO, rt, 15 min
H *+ N =
Ph” 2. Allyl bromide
3g0  In,Nal, 10 min OH
71% synlanti 3:2
98%/99% ee
—_— [e) Aexms
— +
0 (0]
397, 30% 397b, 45%
(+)-exo- (-)-endo-
Brevicomin Brevicomin

Scheme 281a-Methyl Proline-Catalyzed Asymmetric
o-Oxygenation of Aldehydes Using Molecular Oxygen

CH3
N CO,H
H
82
(20 mol %)
(o] TPP (5 mol %)
UV light HO
HLH + 0, 9 OH
R DMF, 0 °C R
0.5-1h 398
then NaBH,

HO HO HO HO
j/\OH j/\OH Y\OH jAOH
Bn i-Pr n-Pent n-Bu

398a 398b 398¢ 398d

77%, 66% ee 75%, 57% ee 77%, 54% ee 73%,57% ee

for the highly enantioselective-aminoxylation of carbonyl

compounds, the application of an atom-economic oxygen

source is highly desirable. In this context, molecular oxygen
as the electrophilic oxygen source for tfaeoxygenation of
carbonyl compounds would be particularly useful. In 2004,
Cordova and co-workers reported the first organocatalytic
asymmetric incorporation of molecular oxygen into organic
compoundg$33476Singlet oxygen0,) was generated from
oxygen or air with a catalytic amount of tetraphenylporphine
(TPP) in the presence of UV light. Using 20 mol %
a-methylproline 82) as the catalyst, several unbranched
aldehydes weren-oxygenated to obtain the diols (after
reduction) in good yields and moderate ee’s (Scheme281).
This reaction has also been applied to ketone substiates.
This time, the primaryo-amino acids $-alanine and §-
valine proved to be the most efficient catalysts. Both cyclic
and acyclic ketones wereoxygenated under similar reaction
conditions to directly obtaim-hydroxy ketones399 as

products after silica gel chromatography (Scheme 282).

Alanine turned out to be the catalyst of choice for cyclic

ketones, whereas valine was used for the acyclic ketone.
Although high yields were obtained in most cases, enantio-

selectivities were once again only moderate.

Despite the moderate level of enantioselectivities initially
obtained in these reactions, these rep#ét<é represent a

remarkable advancement in the field of organocatalysis, since

the incorporation of molecular oxygen into organic com-

Mukherjee et al.

Scheme 282. Primarya-Amino Acid-Catalyzed Asymmetric
o-Oxygenation of Ketones Using Molecular Oxygen

(S)-Alanine or (S)-Valine

(20 mol %) o
TPP (1 mol %) HO,,, ,
R' + 02 ® R
R UV light R
DMSO, rt 399
0.5-3h
o [0} 0]
HO.,,, HO.,,
HO/,,ij HO/«,’J\
. n-Pent
Me i-Pr
399a 399b 399¢ 399d

93%,56% ee  67%,72% ee 58%,52% ee 50%, 28% ee
Scheme 283. Diphenylprolinol Silyl Ether-Catalyzed
Asymmetric a-Oxygenation of Aldehydes Using Molecular

Oxygen
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Br N02

ent-398f
64%, 98% ee

ent-398a
70%, 87% ee

ent-398d
76%, 74% ee

ent-398e
68%, 98% ee

lowed by proton transfer from the catalyst carboxyl group
produces the-hydroperoxy carbonyl compounds. Reductive
cleavage of the ©0 bond during silica gel chromatography

then yields the reaction produdfs:*

Quite recently, the Qmlova group improved the enantio-
selectivity of the aldehyde-oxygenation reaction by using
diphenylprolinol silyl ether265 as the catalyst (Scheme
283)434 Excellent enantioselectivities (up to 98% ee) were
obtained, in most cases maintaining good yields.

5.4. a-Halogenation

The formation of C-halogen bonds with the simultaneous
generation of a stereogenic center at the carbon atom leads
to optically active halogen compounds, which are unique
targets that can be further manipulated to other important
functionalized compounds. This led to increased research
toward the development of new methods for catalytic
asymmetric G-halogen bond forming reactions.

Enamine-catalyzed asymmettiehalogenation of carbonyl
compounds can be regarded as an important breakthrough
in this area. Employing appropriate halogen electrophiles,
these elegant reactions give direct access to stereogenic
C—halogen centers.

5.4.1. o.-Fluorination

pounds was considered to only be possible by enzymes and Besides being attractive in organic synthesis due to the
transition metal complexes. A mechanistic explanation was electronegativity of the fluorine atom and the strength of the

also provided by the authors where the attack of the initially

generated enamine intermediate to the singlet oxygen fol-

C—F bond, fluorinated organic compounds are extremely
important in medicinal chemistry due to their exceptional
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Scheme 284. The First Enantioselective-Fluorination of
Ketone by Enders et al.

TBSO,
H
Q i 177 2
/Nt (30 mol %) F
—_—
+ [NJ
FI+ 2 BFy CH3CN, rt
43 400 2.5h 401

43%, 34% ee

Scheme 285. Diarylprolinol Silyl Ether-Catalyzed
Asymmetric o-Fluorination of Aldehydes by Jgrgensen et al.

F3C CF3
O CF3
VT
H

OTMS e,
(5)-358
PhO,S+ S0P (177 ) F”'(\OH
H + ]l: _—
R MTBE, rt R
402 2-28h 403
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Scheme 286. Chiral Imidazolidinone-Promoted Asymmetric
a-Fluorination of Aldehydes by Barbas et al.

O, Me
e
N Me
ph H 0
PhO,S SO,Ph 404
29~ 202 (100 mol %) F.,
H + ! —_— H
R F DMF, 4 °C R
402 2-3h 405
(0] (0]
’, ’, ’, Fs,
F 4HJ\H F., H Fs., H 'HkH
i-Pr n-Oct N n-Pent  Bn
405a 405b 405¢ 405d

74%, 96% ee 90%, 88% ee  59%, 93% ee 97%, 88% ee

and excellent enantioselectivities (Scheme 285). Catalyst
loading can be further lowered to only 0.25 mol % without
any effect on conversion and enantioselecti¢iwith the

help of computational studies, the authors also explained the
observed product stereochemistry of théuorinated prod-
ucts based on the steric shielding from one of the catalyst
aryl groups.

The scope of the reaction has also been extended to
branched aldehydes: With a sterically less hindered desily-
loxy catalyst, 2-phenylpropanal was successfaiifluori-
nated, albeit with only moderate enantioselectivity (48%
ee)’”

Both Barbas’ and MacMillan’s groups applied the same

metabolic stability. Therefore, the stereoselective synthesisiMidazolidinone to theira-fluorination reactions. After
of fluorinated compounds poses a considerable chalienge forScreening a number of different chiral amines, Barbas and
synthetic organic chemists. In this respect, enantioselectiveCO-WOrkers used a stoichiometric amount of the chiral

C—F bond formation is particularly noteworthy due to the
difficulty of selective monofluorination. This problem,
particularly thea-fluorination of carbonyl compounds, was

imidazolidinone404 as chiral promoter in DMF at 4C, to
observe moderate to excellent yield and good to excellent
enantioselectivity for a series of unbranched aldehydes within

successfully addressed by several organocatalytic ap-& short period of time (Scheme 288).Barbas et al. also

proacheg?9:43%

showed that when a substoichiometric amount (30 mol %)

At the beginning of 2005, Enders et al. reported the first Of prolinol triisopropylsilyl ether was used as catalyst,

organocatalytic enantioselectigefluorination of aldehydes
and ketone4%¢ Selectflour 400) (Scheme 284) was applied

branched aldehydes can &dluorinated with excellent yield
but only with moderate ee (up to 66% €#).

In contrast to the report of Barbas et al., MacMillan and

as the electrophilic fluorine source in the presence of chiral \rbas € VI
secondary aminesS)-Proline was employed as the catalyst co-workers showed that the chiral imidazolidinone can be
for aldehydea-fluorination: moderate to good yields were employed in a catalytic amount when used in combination

obtained for various aldehydes; the enantioselectivities of with an equimolar amount of acfd® Thus, 20 mol %

the products were not reported. Cyclohexanet®&was
chosen as the substrate for asymmetsicluorination

dichloroacetic acid (DCA) sal06 catalyzed the reaction
of a series of linear aldehydes with NFSI in a 109%rOH/

(Scheme 284). A number of chiral amines were tested, but THF mixture to afford the fluorinated products in good to

the enantioselectivity remained rather low-®6% ee).

high yields and excellent enantioselectivities (Scheme 287).

Soon after the report of Enders et al., three research groupsthe reaction can be performed in a variety of different

independently reported highly enantioselectivBuorination
of aldehyded?7438.477n all these cased\-fluorodibenzene-
sulfonimide (NFSI402 (Scheme 285) was employed as the

organic solvents without significant influence on enantiose-
lectivity; even acetone can be used as the solvent without
any observable solvent fluorination or aldol reaction. The

fluorinating agent; however, the optimized reaction condi- catalyst loading can be decreased to as low as 2.5 mol %

tions in each case were quite different.

when the reaction was carried out at an appropriate temper-

Jorgensen and co-workers applied the diarylprolinol silyl ature without any loss in enantiocontf@. The resulting

ether358as catalyst’” The resultingx-fluorinated aldehydes

o-fluoro aldehydes were found to be configurationally stable

are rather prone to racemization on silica gel and more under the mild reaction conditions.
volatile than the starting aldehydes. Therefore, the products Quite recently, the Jgrgensen group applied their newly

were isolated as the corresponding alcold@8after in situ
reduction with NaBH. A series of unbranched aldehydes
were subjected ta-fluorination. 358 turned out to be an
efficient catalyst for this reaction, as only 1 mol % catalyst
is sufficient for obtaining the products in good to high yields

developed non-biaryl atropisomeric ami@7 (Scheme 288)

to the asymmetric-fluorination ofa-branched aldehydé’

In the presence of 10 mol % catalyst (with 96% ee), a number
of aliphatic and aromatio-branched aldehydes weseflu-
orinated in moderate yields (£¥®0%) and moderate to high
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Scheme 287. Chiral Imidazolidinone Salt-Catalyzed
Asymmetric o-Fluorination of Aldehydes by MacMillan et

al.
O, Me
e
[ N7 Me
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406
PhO,S~, -SO,Ph
N (20 mol %) F
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Scheme 288. Asymmetria-Fluorination of a-Branched
Aldehydes Catalyzed by a Non-biaryl Atropisomeric Amine
Boc,,
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N
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402 2°C,16h 408
then
NaBH4, MeOH
Br
HO HO ]< :
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408a 408b 408c

36%, 90% ee 60%, 90% ee 10%, 31% ee

enantioselectivities (790% ee) using NFSI402 as the

Mukherjee et al.

Scheme 289. Chiral Imidazolidinone-Catalyzed Direct
Asymmetric a-Chlorination of Aldehydes by MacMillan et
al.
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Scheme 290. Direct Asymmetriax-Chlorination of

Aldehydes Catalyzed byC,-Symmetric Diphenylpyrrolidine
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99%, 95% ee 30%, 94% ee 82%, 95% ee 95%, 81% ee
aldehydes underwent facitechlorination in acetone at30

°C to afford the products in high yields and enantioselec-
tivities. No chlorination of acetone was observed under the

applied reaction conditions. The reaction can be performed

fluorine source. This represents the first example of an in various organic solvents without significant alteration of
organocatalyst where the chirality originates from non-biaryl yield and enantioselectivity. The authors also demonstrated

atropisomerism.

5.4.2. a-Chlorination
Chiral a-chloro carbonyl compounds are particularly

versatile synthetic intermediates due to their potential for

further synthetic transformations. For instance, chirahlo-

the synthetic advantage of this method by chlorinating an
enantiopures-chiral aldehyde: depending on the catalyst
enantiomer,syn or anti-adducts were obtained in high
diastereoselectivity.

Jorgensen and co-workers utilized NC&L2) as the
chlorinating agent for aldehydes in a reaction catalyzed by

ro aldehydes are excellent substrates for the synthesis ofeither prolinamide or (®5R)-diphenylpyrrolidine 413
optically active epoxides, amino acid derivatives, and amino (Scheme 290)** The catalyst (10 mol %) was used in

alcohols. The direct organocatalytic asymmetrichlorina-
tion represents the first approach towaxehalogenation
reactions and opened up the route for other relatédnc-
tionalizations (e.g.¢t-selenylation).

The direct organocatalytic enantioselectivehlorination
of aldehydes was independently reported by the MacMilfan
and Jagrgenséft groups in 2004. MacMillan et al. applied
the TFA salt of chiral imidazolidinond09 as the catalyst
for the directa-chlorination of aldehydes with the electro-
philic chlorinating agent perchlorinated quinof) (Scheme
289)#4° Proline proved to be an extremely active catalyst
for the chlorination withN-chlorosuccinimide (NC$412),
but the product was obtained with very low ee. In the
presence of only 5 mol % catalyd09, a variety of linear

combination with 1.3 equiv of NCS4(2) to afford the
products in high yields and excellent enantioselectivities.
Although prolinamide is a more active catalyst th@g
symmetric diphenylpyrrolidind13 the latter was found to
induce higher enantioselectivity in most cases. The authors
established the synthetic utility af-chloro aldehydes by
transforming them into a variety of chiral building blocks
such as a terminal epoxide, 2-amino alcohols, and non-
proteinogenico-amino acid derivatives under perpetuation
of the optical purityt4!

During the mechanistic studies of 2,5-diphenylpyrrolidine
(413-catalyzed enantioselectiwechlorination of aldehydes
by Jargensen and co-workers, DFT studies showed the
absence of any face shielding in the enamine intermediate
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Scheme 291. Mechanistic Proposals for the Scheme 292. The First Organocatalytic Asymmetric Direct
Diphenylpyrrolidine-Catalyzed o-Chlorination of Aldehydes a-Chlorination of Ketones
by Jgrgensen et al. H
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Scheme 293. The First Asymmetric Organocatalytic

414 (Scheme 291)* This interesting observation led the o-Bromination of Aldehydes

authors to thoroughly investigate the origin of stereoinduction ,O

by means of combined experimental and computational Fh N Fh

studies. As opposed to the commonly accepted enamine o 413

mechanism (path B, Scheme 291), an alternative pathway 0 tBu tBu (20 mol %)

(path A) was proposed where the reaction proceeds via the )H PhCOoH (20 mol %) Br
formation of a kinetically controlledN-chlorinated species H R ¥ 141 CH.Cl entane' Ho/j:
415 Wh_|ch upon rapid [1,_3]_-S|gr_natr0p|c _shlft leads to the Br' Br H,0 éoé'rﬁol%)
energetically favorable iminium intermediadé6. The rate 49 rtor -24 °C 420

determining hydrolysis of this iminium intermediadd6 then NaBH,

liberates the product and regenerates the catalyst. The DFT

calculation for this pathway not only accounts for the HO Br

formation of the observed product enantiomer, but the HO’Br Hod’\Br HUB’
experimental optical purity was also predicted with high N
accuracy. Although sufficient theoretical and experimental

evidence supports this mechanism, the direetGT bond 420a 4206 420c 420d
formation from the enamine intermediat&4 has not been 82%. 85% e 87%. 96%ee  92%, 73%ee  T4%. 76% ee
completely excluded 5.4.3. o-Bromination
The identification of appropriate conditions for thechlo-

rination of ketones was rather challenging due to their
inherent lower reactivity as compared to aldehydes as well
as the possibility of polychlorination. Nevertheless, the
Jorgensen group reported the first organocatalytic direct
o-chlorination of ketones shortly after their report of

aldehydeo-chlorination** Interestingly, their best catalyst ¢ nstrate44 The same diphenylpyrrolidine catalyst1Q)
for the aldehydex-chlorination proved to be unproductive 4t \as used for the aldehydechiorination (see Scheme
for ketone substrates. After carefully screening different 290) was applied in combination with an equimolar amount

catalyst systems, a combination of 4,5-diphenylimidazolidine of henzoic acid for thei-bromination of aldehydes. Different
417 and 2-nitrobenzoic acid turned out to be an efficient jinear, branched, cyclic, and unsaturated aldehydes were
system for thex-chlorination of various cyclic and acyclic  4-prominated using 20 mol % catalydti3 to afford the
ketones, with NCS412) as the chlorinating agent (Scheme  products (isolated as the corresponding alcod@8 after
292). Using 16-20 mol % catalyst417, the chlorinated  n situ NaBH, reduction) in high yields and moderate to high
products were obtained in excellent enantioselectivities in enantioselectivities (Scheme 293). The product yield was
most cases. Low yields are due to formation of a considerablefound to be strongly solvent dependent, and a mixture of
amount of polychlorinated ketones and partial chlorination CH,CI, and pentane (1:1) proved to be the optimum solvent
of the catalyst. This also explains the requirement of an for this reactiornf44

excess of NCS in the reaction. Intrigued by the formation  While the C,-symmetric pyrrolidined13was the catalyst

of polychlorinated products, the authors also investigated the of choice for thea-bromination of aldehyde substrates;
kinetic resolution of racemic 2-chlorocyclohexanone, with symmetric imidazolidine catalydtl 7 (see Scheme 292) once
fruitful results. The synthetic usefulness of the products was again proved to be suitable for ketones, this time in
also demonstrated by their conversion into other function- combination with benzoic acitt* Only cyclic ketones were
alized compoundé®® used as substrates, and the brominated products were

The first direct asymmetric organocatalytibromination
of aldehydes and ketones was reported by Jgrgensen and co-
workers?#1-444 Among different brominating agents tested,
the easily accessible and air stable 4,4-dibromo-2 f@dhi-
butylcyclohexa-2,5-dienonetl9 (Scheme 293) proved to
be the reagent of choice for both aldehyde and ketone
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Scheme 294. The First Asymmetric Organocatalytic Scheme 296. Asymmetria-lodination of 3-Methylbutanal
o-Bromination of Ketones ,O
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2vi2
B Br 24°C, 90 min 425a 425b 425¢ 425d
419 then NaBH 420 60%, 95% ee 81%, 98% ee 64%, 96% ee 83%, 95% ee
4 . . . .
MeOH, 0 °C Zn containing enzymes. Despite the synthetic potential of
B a-sulfenylated compounds, their asymmetric syntheses rely
Br gr HO either on auxiliary-based approaches or multistep synthesis.
HO/)’\ HO Therefore, directo-sulfenylation of unmodified carbonyl
compounds remained a long-neglected synthetic challenge.
In 2004, Wang and co-workers reported a pyrrolidine
420b 420e 420f

trifluoromethanesulfonamide-catalyzew-sulfenylation of
aldehydes and ketones using commercially availditle
(phenylthio)phthalimide as the electrophilic sulfur soutte.
Although good yields were obtained in many cases, enan-
tioselectivities were not reported.

Soon after the report of Wang et al., Jgrgensen and co-
workers reported the first asymmetric-sulfenylation of
aldehydes®” After optimization of several reagents and
. ; ; catalysts, 1-benzylsulfanyl-1,2,4-triazok2@) was chosen
temperature is necessary to suppress undesired side reactiong he electrophilic sulfur source and diarylprolinol silyl ether
such as catalyst bromination. 358as the catalyst (Scheme 297). A number of unbranched
5.4.4. o-lodination aldehydes underwent facite-sulfenylation in the presence

To date, only one example of the enantioselectivio- of 10 mol % catalysB58to generate the produci®5 (after

duction) in good yields and excellent enantioselectivi-
dination has been reported. In an extension of their previous': 367,304
o-bromination protocol, the Jgrgensen group found that, ties: The authors showed that the formation of a

when usingN-iodosuccinimide (NIS¥22 as the iodinating quaternary stereogeniq center is possible uging a branchgd
agent, 3-methylbutana26 underwent facileo-iodination aldehyde as substrate in the presence of 2-nitrobenzoic acid

A C ; : lyst: 2-phenylpropanal gave the correspondisglfe-
within 20 min in the presence of th&-symmetric pyrroli- cocataly . ; .
dine catalys¥413to aﬁ)‘ford 2—iodo-3-me¥hylbutana%3 in nylated product in good yield (84%), but only with moderate
78% yield and 89% ee (Scheme 296)When butanal was ee (61%) after 16 B’ The reductlvg cleavage of the benzyl
employed as the substrate, the iodination product wasglrour? Iv¥as ?ISO |Qemonstrattedt Vé'gthaj%\l%D Wrt'ﬁnl tlhcla
obtained in significantly lower yield and enantioselectivity alcohol functionality was protecte -butyldimetnyisily
(30%, 60% ee). (TBDMS) ether.

5.5. a-Sulfenylation 5.6. o-Selenylation

Chiral thiol compounds are an interesting class of com-  Catalytic a-selenylation of carbonyl compounds can be
pounds due to their potential inhibition properties toward viewed as an extension of tleesulfenylation reaction. In

74%, 94% ee  71%, 95% ee 74%, 95% ee

obtained in moderate to good yields and enantioselectivities
(Scheme 294).

In the same year, the Jgrgensen group applied diarylpro-
linol silyl ether358for the o-bromination of aldehydes, with
significantly improved results: products were obtained in
uniformly good vyields and excellent enantioselectivities
within a short period of time (Scheme 298}.The low
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Scheme 298. Catalytic Asymmetriax-Selenylation of Scheme 299. Catalytic Asymmetric Intramolecular
Isovaleraldehyde a-Alkylation of Aldehydes by List et al.
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2004, Wang and co-workers reported the first catalytic Efo : “co,et TSN Et0,C CO,Et
a-selenylation of aldehydes using chiral secondary amines 229 Et°24029b i20 1294
as catalyst andN-(phenylseleno)phthalimide46) as the 3 ©

o b 92%, 95% ee  92%, 96% ee  52%, 91%ee  70%, 86% ee
electrophilic selenium source (Scheme 298)A number
of different secondary amines were screened, afd (  scheme 300. Comparison between the Transition States of
prolinamide proved to be the most effective catalyst. Various Base-free and Base-Assisted-Alkylation of Aldehydes
unbranched and someebranched aldehydes were selenylated

rapidly (10 min for unbranched dnl h for branched o o
aldehydes) to obtain the products in very high yields. M) S HNK o
However, the enantioselectivities were not reported in most M M H % H oy
of the cases. When pyrrolidine tosylsulfonami@ié7 was R2T N7 R, e NEL
R'H R'H 3

used as the catalyst, isovaleraldehy2i2gf was selenylated
with moderate yield and enantioselectivity (Scheme 298).  gcheme 301. Enantioselective-Allylic Alkylation of
Nevertheless, this reaction represents the first and to datez-phenylpropanal
the only direct catalytic asymmetric-selenylation of alde-

hydes. wgh
The authors extended this method to ketone substtétes. N OTMS
Once again, rather high yields were reported for a number (202::'0/)
of ketone substrates, but no enantioselectivity was reported, 0 Pd(PPh3;4
with one exception. An 18% ee was obtained when cyclo- J)\ Bmol%) N Noy
hexanone was used as the substt&te. + ANOAc — f
Ph DMSO,rt, 3 h Ph
6. Other Asymmetric C —C Bond Forming 40 4 henNaBHy s 7a% o

Reactions was studied in great detail. It turned out that the base-free

6.1. Intramolecular - o-Alkylation of Aldehydes a-alkylation reaction is in principle possible, but the base
has a substantial influence on the-C bond forming process.

o-Alkylations of carbonyl compounds are importantC By forming triethylammonium carboxylate, it provides an

o-bond forming reactions in organic synthesis. Asymmetric enhanced electrostatic stabilization of the developing negative

variants mostly rely on the use of chiral auxiliaries. Although charge at the leaving halide (Scheme 388)This in turn

two catalytic asymmetriet-alkylation strategies based on |owers the overall activation barrier and determines the

chiral phase transfer catalysts and chiral oligoamines arestereoselectivity by stabilizing thanti- and syntransition

reported, these methods are most commonly applied in thestates to a different extent.

synthesis ofx-amino acids via alkylation of glycine deriva-

tives and are by no means general. 6.2. Asymmetric a-Allylation of Aldehydes and
In 2004 List et al. reported an organocatalytic approach Ketones
for catalytic asymmetric intramoleculam-alkylation of Recently, Codova et al. reported an intermolecutasal-

aldehydeg?#® This reaction not only shows the potential of lylic alkylation of aldehydes and keton&8.This procedure
general applicability but represents the first example in the applied combined enamine/Pd catalysis. Using chiral diphe-
realm of enamine catalysis where a nucleophilic substitution nylprolinol silyl ether265 asymmetric allylation of aldehyde
reaction takes place. Among the catalysts screened, prolinevas possible with moderate enantioselectivity (Scheme
showed rather high activity and only moderate enantiose- 301)#%° Asymmetrico-allylic alkylation of cyclohexanone
lectivity under standard reaction conditions (Scheme 299), was also investigated by applying both chiral amine and
but (9-o-methylproline 82) turned out to be an efficient  chiral diphosphine ligands for palladium: although good
and highly enantioselective catalyst, furnishing several chiral enantioselectivity was obtained in some cases (88% ee), the
substituted cyclopentand29ab, cyclopropane429d and yield was rather low (20%%°
pyrrolidine @4299.448 Yields are generally high and enantio- . s
selectivities are excellent for five-membered rings. The use /- ASymmeltric y-Functionalization of Carbony!
of a stoichiometric amount of triethylamine is crucial for Compounds
the reaction. ,

Recently, Thiel, List, and co-workers investigated the /-1. Introduction
mechanism of thisx-alkylation reaction on the basis of Asymmetric y-functionalization ofo,s-unsaturated car-
computational studie¥?® The influence of the amine base bonyl compounds can be regarded as the logical extension
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Scheme 302f- and y-Functionalization via Iminium lon and
Dienamine Catalysis

Mukherjee et al.

Scheme 303. First Asymmetricy-Amination of
o, f-Unsaturated Aldehydes
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Y-functionalization

of a- andpg-functionalization which have been achieved by
enamine and iminium ion catalysis of simple angs-
unsaturated carbonyl compounds, respectively. Formation of
enamines from amines and simple carbonyl compounds, and o o

their subsequenti-functionalization reactions have been CO.Et CO.Et
i i i H HN"T725 H HN"T 2
described above. On the other hand, amines can react with | | i
o,f-unsaturated carbonyl compounds to generate iminium "‘N‘COZEt “\N\CozEt
ions, which, due to their electron-deficient nature, can be Bn ~s
attacked by nucleophilic reagents, leadingstfunctional- 434c 434d

ization (Scheme 302). Another, much ignored, possibility is 52%, 93% ee 43%, 88% ee
the formation of dienamine by deprotonation of the iminium
ion. The resulting dienamine, being an electron-rich species
can react with electrophiles at itg-position, leading to
y-functionalization (Scheme 302).

Despite being well-known organic compounds, the po- TMSO%\\.-Z >
Ar
Ar

Scheme 304. Reaction of 2-Pentenal with
"N-Methylmaleimide in the Presence of the Amine Catalyst
(9)-358

tential of dienamines in asymmetric catalysis has not been 0 0 N9

realized so far. Quite recently, Jgrgensen and co-workers H - (S)-358

introduced this new concept of organocatalysis for the |+ L NMe N~Me

y-amination ofa,5-unsaturated aldehydés. 0 Me O
433" 435 436

7.2. y-Amination of o, #-Unsaturated Aldehydes _ _
chromatography. This reaction not only supports the pro-

y-Amination of o, f-unsaturated aldehydes reported by posed mechanism for theamination but also indicates the

Jergensen and co-workers represents the first and so far onlyyotential of asymmetric dienamine catalysis for otpdunc-
example of the newly introduced concept of dienamine tignalization reactions.

catalysis®>* Among many different chiral pyrrolidine deriva-

tives screened, 2-[bis(3,5-bistrifluoromethylphenyltri- g Summary and Outlook: Current Status and
methylsilyloxymethyl]pyrrolidine [@—35& once again turned Future Challenges of Asymmetric Enamine
out to be the best catalyst fpramination of a series af,(- Catalysis

unsaturated aldehyde433 with DEAD (368h) as the
electrophilic nitrogen reagent (Scheme 303). The products Within only a few years since its conceptualization in
y-hydrazinoe.,f-unsaturated aldehydek34 were obtained 2000, enamine catalysis has developed into a flourishing field
in moderate yields and with good enantioselectivities. of research and established itself as a powerful methodology
Interestingly, the sense of stereoinduction obtained in this for asymmetric synthesis. Essentially all types of ketones
reaction was found to be opposite to that of other enamine- and aldehydes have been used as nucleophiles (Scheme 305)
or iminium-catalytic reactions promoted by the same catalyst. in reactions with a broad range of electrophile classes
This led the authors to explore the reaction course thoroughly (Scheme 306) and an ever increasing number of aminocata-
based on theoretical calculations. A mechanism involving a lysts (Scheme 307). With roots in the biocatalytic aldol
concerted [4-2]-cycloaddition reaction between the in situ- reaction, Stork’s enamine chemistry, and the Haj@arrish-
generated chiral dienamine and DEAD was proposed which EderSauer-Wiechert reaction, asymmetric enamine ca-
also accounts for the observed stereochemistry of thetalysisis a new concept that has delivered profoundly useful
products’®? and rather unexpected reactions. It is interesting to speculate
As a further experimental proof for the proposed mech- about the future development of this area. Despite the great
anism, the Jgrgensen group carried out a reaction ofachievements already accomplished, a number of challenges
2-pentenal 4339 and N-methylmaleimide 435 in the remain, and selected ones will be mentioned here:
presence of catalysg)-358 (Scheme 304! The [4+2]- In the aldol area, major breakthroughs have been achieved
cycloaddition produc#36was isolated with dr 2:1 after flash  and essentially all possible combinations of intermolecular
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Scheme 305. Typical Nucleophiles Used in Asymmetric Enamine Catalysis
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aldolizations (ketone/aldehyde, aldehyde/ketone, aldehyde/catalyst of thesyndiastereoselective aldol reaction still
aldehyde, ketone/ketone), as well as both intramolecularremains to be announced as yet another milestone in
enolexo- and enolendo-aldolizations, have been realized withorganocatalysis. Also, it seems that formaldehyde has not
high anti-diastereoselectivity and enantioselectivity. The been fully explored as an electrophile in enamine catalytic
discovery of a highly efficient, general, and enantioselective asymmetric aldol reactions of aldehydes. Such a transforma-
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Scheme 307. Typical Catalysts Used in Asymmetric Enamine Catalysis
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tion would lead to highly valuable aldols for natural product important goal if complex multistep syntheses requiring
synthesis. Similarly, enantioselective transannular aldoliza- catalysts are used but obviously a less dramatic issue with
tions via enamine catalysis might both be envisioned and of easily recyclable and inexpensive catalysts such as proline.
use in the construction of complex oligocyclic natural Clearly, production costs rather than catalyst loadings alone
products. are critical for industrial applications of any catalysis

A difficult challenge would be the development of a direct methodology. Already now, several large-scale applications
catalytic asymmetritntermoleculara-alkylation of ketones ~ of enamine catalysis are being pursued in industry. It is
and aldehydes. Such processes would clearly be extremelycertainly not unreasonable to assume significant growth in
useful. this area, both in industry and in academic research.

More atom-economio-functionalizations also seem to be
desirable. For example, is it possible to use elemental g Acknowledgments
chlorine in highly enantioselective-chlorinations?
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