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1. Introduction

Several strategies are available for enantioselective cataly-
sis, including heterogeneous catalysis, Brgnsted or Lewis
acid and base catalysis, homogeneous transition-metal
catalysis, and biocatalysis. One remarkable molecule, the
amino acid proline, has become a crucial component in
examples of all of the catalytic strategies listed above.
Proline can be a ligand in asymmetric transition-metal
catalysis, a chiral modifier in heterogeneously catalyzed
hydrogenations, and, most importantly, proline itself can
be an effective organocatalyst of several powerful asym-
metric transformations, such as the aldol, Mannich, and
Michael reactions.

Keywords: proline; catalysis; enamine.
* Fax: +1-858-784-7028; e-mail: blist@scripps.edu

In the focus of this review are proline-catalyzed asymmetric
reactions. Covered are those reactions that are either cata-
lyzed by proline alone, or by proline in combination with
cocatalysts such as metal salts. Selected non-enantioselec-
tive proline-catalyzed reactions have also been included.
However, the present review does not cover the use of
important proline-derived auxiliaries or catalysts including
the Enders-hydrazones or the Corey—Bakshi—Shibata-
catalyst, which have been reviewed elsewhere."? Further-
more, other remarkable and useful amino acid-based cata-
lysts such as MacMillan’s iminium catalysts and Miller’s
peptide catalysts are beyond the scope of this review.’

1.1. Proline—a universal asymmetric catalyst?

There are several reasons why proline has become an impor-
tant molecule in asymmetric catalysis. Not least is the
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Figure 1. Modes of action in proline-catalysis.

fact that proline is an abundant chiral molecule that is
inexpensive and available in both enantiomeric forms.
Additionally, there are various chemical reasons that contri-
bute to proline’s role in catalysis. Proline is bifunctional,
with a carboxylic acid and an amine portion. These two
functional groups can both act as acid or base and can
also facilitate chemical transformations in concert, similar
to enzymatic catalysis. While enzymes typically use several
different functional groups in their catalytic machinery,
bifunctional asymmetrlc catalysis has become a very
successful strategy in the laboratory.* In addition, proline
is a chiral bidentate ligand that can form catalytically active
metal complexes (Fig. 1).

While all of these criteria apply for all amino acids, proline
is a secondary, cyclic, pyrrolidine-based amino acid. A
unique consequence of this property is the increased pK,
value of its amine compared to primary amino acids.
Another consequence of proline’s pyrrolidine portion is
the bicyclo[3.3.0]octane ring system (‘open book structure’)
of its metal complexes. The most important difference to
other amino acids is proline’s effective aminocatalysis—a
Lewis-base-type catalysis that facilitates iminium- and
enamine-based transformations.” Proline’s unique nucleo-

Progesterone

Scheme 1. Synthesis of medicinally relevant steroids.
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philic reactivity is primarily a consequence of the pyrroli-
dine portion, which forms iminium ions and enamines with
carbonyl compounds more readily than most other amines,
including cyclic ones such as piperidine.’ The carboxylate
further contributes to proline’s aminocatalysis by acting as a
general Brgnsted cocatalyst.

2. The Hajos—Parrish—Eder—Sauer—Wiechert reaction
2.1. Background

The 1960s witnessed a strong interest in efficient and
economic steroid syntheses. This development was fueled
by the commercial success of steroidal contraceptive agents
(in 1969, 7.5 million American women were taking the pill)
and the promise of other pharmaceutically active steroids
such as the ‘wonder drug’, cortisone. The best way to
synthesize steroids at the time was the Marker process, a
sequence of reactions that led from diosgenin, a plant steroid
isolated from Mexican wild yams, to cortisone and other
important steroids such as norethindrone.” Early on, alter-
native synthetic schemes that would not require the use of a
potentially rare resource were envisioned. For example,
racemic tetrahydroindandione 1 and octahydronaphtalene-
dione 2 (the Wieland—Miescher ketone) have been resolved
and used in asymmetric steroid total syntheses (Scheme 1).8

Ketones 1 and 2 can be made from symmetric monocyclic
triketones 3 and 4 via intramolecular aldol condensation
(Scheme 2). These reactlons can be catalyzed by amines
such as pyrrolidine,” and Spencer et al. convincingly
demonstrated that they involve enamine intermediates
similar to certain enzymatic reactions.'?

Contemporaneous to these experiments were Yamada’s
studies on asymmetric synthesis with amino acids. For
example, asymmetric Robinson-annulations have been

O
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Scheme 2. Pyrrolidine-catalyzed intramolecular aldol reactions for the synthesis of diketones 1 and 2.
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Scheme 3. Yamada’s asymmetric Robinson-annulation.

developed that are based on preformed proline-derived
enamines (Scheme 3).11

Asymmetric enamine catalysis was first realized with the
discovery of the proline-catalyzed asymmetric intramolecu-
lar aldol reaction by two industrial groups in the early
1970s. Hajos and Parrish at Hoffmann La Roche reported
proline-catalyzed intramolecular aldol reactions of tri-
ketones such as 3 and 4 to give aldols 5 and 6 in good yields
and ees (Scheme 4)."* Acid-catalyzed dehydration furnished
aldol condensation products 1 and 2 in a second step (Egs.
(1) and (2)). As shown by Eder, Sauer, and Wiechert at
Schering, the aldol condensation products can also be
obtained directly from triketones 3 and 4 if the cyclization
is performed in the presence of proline (10-200 mol%) and
an acid-cocatalyst (Egs. (3) and 4)).5

2.2. Scope and applications

The asymmetric proline-catalyzed intramolecular aldol
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Figure 2. Selected products from Hajos—Parrish—Eder—Sauer—Wiechert
reactions.

cyclization, also termed the Hajos—Parrish—Eder—Sauer—
Wiechert reaction,'* has been applied to several substrates
since its invention over 30 years ago.'> A small selection of
products obtained using proline-catalyzed intramolecular
aldolizations is shown in Fig. 2.'°

The Hajos—Parrish—Eder—Sauer—Wiechert reaction has not
only been used in steroid syntheses but also in several other
natural product total syntheses.'” The reaction has been
studied using polymer-bound (S)-proline as the catalyst'®
and Agami et al. described conceptually related proline-
catalyzed enantiogroup differentiatinffg aldol-cyclodehydra-
tions of acyclic diketones (Table 1)." When compared to
the Hajos—Parrish—Eder—Sauer—Wiechert reaction, the
efficiency and enantioselectivity of Agami’s desymmetri-
zation reaction are generally lower.
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Scheme 4. Hajos—Parrish—Eder—Sauer—Wiechert reactions.
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Table 1. Agami’s enantiogroup differentiating aldol cyclodehydration

0 o
o (L)-Proline (10 mol%)
DMF
R 5d “R
<80% yield

R ee (%
Ph 47
n-CsH, 20
Me 42
i-Pr 8
t-Bu 0

2.3. Mechanism

While realizing that their “results may be considered an
example of a simplified model of a biological system in
which (S)-proline plays the role of an enzyme”, Hajos and
Parrish initially rejected the aldolase-type enamine mecha-
nism in their seminal work." According to the proposed
alternative mechanism, one of the enantiotopic ring carbo-
nyl-groups is activated as a carbinolamine, which undergoes
a C-C-bond-forming nucleophilic substitution reaction
reaction with a side-chain enol (A in Fig. 3). This model
is consistent with the low '®O-incorporation into the
product, an observation made if the reaction was conducted
in the presence of '®O-labeled water. However, the Hajos-
mechanism has been rejected by Jung because it involves
retention of configuration in an Sy2-like process.” Jung and
later Eschenmoser et al.?' first discussed a ‘one proline-
mechanism’ involving a side-chain enamine intermediate
and Agami et al. proposed model B in which a second
proline molecule is involved.”” Kinetic studies and an
observed non-linear effect in asymmetric catalysis
supported the involvement of two prohne molecules in
the enantioselectivity-determining step.”> Heterogeneous
catalysis involving a concerted bifunctional acid/base-
mechanism (C) has also been suggested as a possible
mechanism on the basis of the observation that proline is
often not completely soluble in organic solvents.?* Using
quantum mechanical calculations, Houk et al. recently
proposed a new model (D) that readily explams the
observed enantioselectivity.” This elegant model is also
consistent with the original Spencer-mechanism of the
pyrrolidine-catalyzed intramolecular aldolization.

3. The direct intermolecular aldol reaction
3.1. Background

The direct intermolecular aldol reaction between two
carbonyl compounds is central to sugar metabolism. Class
I aldolases catalyze this process by using an enamine
mechanism.*® Several early bioorganic studies appeared in
which simple small molecule amines and amino acids
served as aldolase models.”” Aldolase-like catalytically
active amines, amino acids, and amme/antlbody systems
have been studied by Reymond et al.”® In addition, catalytlc
antibodies have been generated which also use an enamine
mechanism.”” These important studies in particular have
taught us the potential of enamine catalysis for asymmetric
synthesis. Lessons learnt from the aldolase antibodies, the
Hajos—Parrish—Eder—Sauer—Wiechert reaction, and the
discovery of non-proteinogenic, metal complex-catalyzed
direct asymmetric aldol reactions,™ led to the development
of the first proline-catalyzed direct asymmetric aldol reac-
tion.*! Initially, it was shown that, although proline typically
reacts unproductively with aldehydes, the intermolecular
reaction between a ketone and an aldehyde is possible if
a large excess of the ketone donor is used. For example,
acetone (20 vol.%, ca. 27 equiv.) reacts with isobutyralde-
hyde in DMSO to give the corresponding aldol in excellent
yield and ee (Scheme 5).

(S)-Proline

)K (30 mol%)
JH/ DMSO )J\/H/
97%

96% ee

Scheme 5. Highly enantioselective proline-catalyzed intermolecular aldol
reaction.

3.2. Scope and applications

Several other aldehydes have been used in proline-catalyzed
aldol reactions with acetone (Table 2). In general, aromatic
aldehydes furnish aldols with ees of around 70% and in
varying yields (54-94%). Higher enantioselectivities and
yields were obtained when o-branched aldehydes were
used and tertiary aldehydes gave exceptionally high ees of
up to >99%. The only significant side-product in these
reactions (and also in the Hajos—Parrish—Eder—Sauer—
Wiechert reaction) is the aldol-condensation product.

O

o
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Figure 3. Proposed mechanisms of the Hajos—Parrish—Eder—Sauer—Wiechert reaction.
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Table 2. Proline-catalyzed direct asymmetric aldol reactions using acetone
as the donor

Product Yield (%) ee (%)
O OH
)‘\)\@\ 68 76
NO,
O OH
)J\/'\© 62 60
O OH
)J\/'\©\ 74 65
Br

O OH ClI
% 94 69
O OH
54 77
O OH
)J\/H/ 97 96
O OH
)\/ko 63 84
O OH
W 81 >99
O OH

85 >99

|

o-Unbranched aldehydes turned out to be a difficult
substrate class and did not provide the corresponding aldol
products under standard conditions. Only homo-aldol-
addition- and condensation of the aldehyde or elimination
of the cross-aldol product to the o,B-unsaturated ketone
were observed in DMSO. Using acetone or acetone/CHCl3
mixtures as solvents and 10-20 mol% of proline as the
catalyst allowed isolation of the cross-aldol products m
modest yields and good enantioselectivities (Table 3).*

Table 3. Proline-catalyzed direct asymmetric aldol reactions using o-
unbranched aldehydes as acceptor

Product Yield (%) ee (%)
O OH
31 67
O OH
(0] OH
34 72

O OH
O OH

1. TBSCI
w 2.ANTh,  OTf OTBS
57% M
/\SnBua
o,
PdO (cat.) 95%

90%

(S)-lpsenol

A OTBS

Scheme 6. Catalytic asymmetric total synthesis of (S)-ipsenol.

Observed side-products are the cross-aldol condensation
products and the homo-aldol addition product of acetone.

The proline-catalyzed aldol reaction of acetone with
a-unbranched aldehydes has been used in a short synthesis
of the natural pheromone (S)-ipsenol (Scheme 6).

Recently, the proline-catalyzed intermolecular aldol
reaction with acetone has been applied to the highly dia-
stereoselective synthesis of complex sugar derivatives
(Scheme 7).%

(0] (S)-Proline
oHCQ (80 mol%)
DMSO,

acetone

Oo“' o
04(‘
>99% de

Scheme 7. The proline-catalyzed intermolecular aldol reaction in the synth-
esis of complex sugars.

Table 4. The proline-catalyzed intermolecular aldol reaction using cyclic
ketones as donors

Product Yield (%) dr
O OH
85 1:1
anti (85% ee)  syn(76% ee)
41 7:1
anti (86% ee) syn (89% ee)
O OH O OH
68 >20:1
anti (97% ee) syn
(not detected)
77 2.5:1

anti (95% ee)  syn (20% ee)
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Table 5. The proline-catalyzed intermolecular aldol reaction using
hydroxyacetone as the donor

Product Yield (%) dr ee (%)
O OH

60 >20:1 >99
62 >20:1 >99
51 >20:1 >95
95 1.5:1 67

38 1.7:1 >97
40 2:1 >97

A general limitation of the method is the scope of the ketone
component. Since a large excess of the ketone is often
required, small and inexpensive ketones such as acetone,
butanone, and cyclohexanone are typically used. Selected
reaction products from proline-catalyzed aldol reactions
with ketones other than acetone are provided in Table 4.
Other ketones such as 3-pentanone and cetophenone have
not been successfully used yet.

Excellent results have also been obtained with hydroxy-
acetone as the donor. In this case, anti-diols are formed in
high regioselectivities, diastereoselectivities and enantio-
selectivities (Table 5).

Several proline-catalyzed intermolecular aldol reactions
have recently been successfully repeated, both with proline
itself and with poly(ethylene glycol)-supported proline.>**

In addition to serving as acceptors in proline-catalyzed aldol
reactions, aldehydes can also act as donors under certain
conditions. For example, acetaldehyde trimerizes in the
presence of (S)-proline to give aldehyde 7 in low yield but
relatively high enantioselectivity (Scheme 8).*°

Furthermore, it was found that several a-unbranched alde-

(S)-Proline 0 OH

o (cat.)
H)J\/\/k
7

3 )J\
H
4% vyield, ee = 84%

THF, 4°C

Scheme 8. Proline-catalyzed asymmetric acetaldehyde trimerization.

Table 6. The proline-catalyzed direct asymmetric intermolecular aldol
reaction using aldehydes as donors

(S)-Proline

0
J\ . j\ (50mol%) Q OH
H E"E T cH,ol H/u\./’\ O,Et
1eq 1eq
R Yield (%) ee (%)
Me 90 90
Et 91 85
i-Pr 88 85
CH,CH—CH, 94 88
n-CeH,s 91 84
Ph 97 0

hydes react with activated non-enolizable ketones to give
aldols in good yields and ees (Table 6).%

3.3. Mechanism

The originally proposed mechanism of the proline-catalyzed
intermolecular aldol reaction®' was based on the established
class I aldolase-mechanism that involves carbinolamine,
imine or iminium, and enamine intermediates.’® The
catalytically active functional groups in class-I aldolases
are an g-amino group of a lysine residue and, depending
on the enzyme subtype, a set of Brgnsted cocatalysts
required for the various proton-transfers of the multi-step
reaction mechanism. In the proline-catalyzed version, the
catalytic amine is proline’s pyrrolidine. The carboxylate
could function as a multi-purpose Brgnsted cocatalyst for
the proton-transfers (Scheme 9).

The enantioselectivity was explained with a transition state
(E) that can be described as a metal-free version of the
classical Zimmermann-Traxler model (F),*® which
successfully explains stereoselectivities of metal enolate
aldol reactions. Furthermore, model E is similar to Houk’s
recently calculated transition state of the Hajos—Parrish—
Eder—Sauer—Wiechert reaction (D).25 However, according
to these calculations, an N-H hydrogen bond does not
lower the energy of the transition state and model E has
consequently been advanced to model G,” which is
superimposable to the calculated transition state of the
proline-catalyzed intermolecular aldol reaction (Fig. 4).

The proposed multi-step reaction mechanism (Scheme 9)
has very recently been confirmed using density functional
theory calculations.>® Moreover, the validity of transition
state G has been demonstrated by using density functional
theory predictions followed by experimental verification of
stereoselectivities of proline-catalyzed aldol reactions.*®

4. Mannich reactions
Proline-catalysis has recently been extended to the direct
asymmetric three-component Mannich reaction of ketones,
aldehydes, and amines to give (3-amino ketones in high

yields and enantioselectivities (Scheme 10).*°

Prior examples of catalytic asymmetric Mannich reactions
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Scheme 9. Originally proposed mechanism of the proline-catalyzed direct asymmetric aldol reaction.

JeS
R™ TH
E F G
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Scheme 10. Proline-catalyzed direct asymmetric Mannich reaction.

typically were indirect and required the use of preformed
imine- and enol equivalents.*' In contrast, the proline-
catalyzed version constitutes a rare example of a catalytic
asymmetric multi-component reaction. The substrate scope
of this reaction has recently been explored.*> Various
ketones can be employed in proline-catalyzed Mannich
reactions with p-anisidine (PMPNH,) and p-nitrobenzalde-
hyde with excellent results (Table 7).

Catalyst and amine-component have also been varied and so
far proline seems to be the optimal catalyst while p-anisi-
dine turned out to be the most useful amine-component. A
remarkable aspect of the reaction is its tolerance to a broad
range of diverse aldehydes as substrates. Both aromatic
and aliphatic aldehydes can be used. Aromatic aldehydes
generally give the Mannich products in high ees yet modest
yields.*> Most importantly, and in contrast to the proline-
catalyzed aldol reactions and to all other catalytic asym-
metric Mannich reactions, a-unbranched aldehydes were

Table 7. Proline-catalyzed direct asymmetric Mannich reactions varying the ketone component

NH,
0 (S)-Proline O  NHPMP
HJ\ O (20-35 mol%) :
+ +
Y Ar
R R H™ "Ar bmso % j
OMe
(PMPNHy)
Ketone Products Yield (%) de (%) ee (%)
o O NHPMP
)j\ )j\/\ 50 - 94
Ar
o O  NHPMP
)H /U\/'\Ar 96 >95 99
= (2.5:1)
O NHPMP
\)J\/'\A, - 94
o) O  NHPMP
A 93 >95 98
OMe OMe
o} O NHPMP
)J\/'\Ar 92 >95 >99
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Table 8. Proline-catalyzed direct asymmetric Mannich reactions varying
the aldehyde component

o o (S)-Proline O  NHPMP
(35 mol%) N
FPMPNH, + JI_ 7 " :
)J\ H™ "R pMSO or )J\/\ R
acetone

R Yield (%) ee (%)
PN 74 73
}H/k 90 93
s_OBn 82 75
NN 60 80

FJJ\@ 80 93
;;f' 35 96
’\Jﬁ\( 56 70

efficient substrates in the proline-catalyzed variant. Here,
acetone or a chloroform/acetone mixture was used as the
solvent instead of the commonly used DMSO (Table 8).

Recently, ethyl glyoxylate has been added to the list of
aldehydes that may be used.** Functionalized a-amino
acid esters were obtained in high stereoselectivities in
such reactions if the preformed imine of ethyl glyoxylate
was used. Both ketones and a-unbranched aldehydes could
be utilized as donors to give the products in high enantio-
selectivities (Table 9).

Because of the exceptionally high regio-, diastereo-, and
enantioselectivities observed in the Mannich reaction with
hydroxyacetone, reactions with this ketone as the donor
component were studied with several different aromatic
aldehydes and isobutyraldehyde (Table 10).**

Good yields and diastereoselectivities and excellent regio-
selectivities were generally observed. Enantioselectivities
were typically very high (up to >99%), yet dependent on
the electronic nature of the aldehyde component. A good

Table 9. Proline-catalyzed asymmetric Mannich reactions involving an
ethyl glyoxylate derived imine

O PMP. (S)-Proline
J\ . \j‘]‘\ (5-20mot%) §  NHPMP
R R

R R’ Yield (%) dr ee (%)
Me H 86 - 99
Me Me 72 >19:1 >99
Et Me 47 >19:1 >99
Me OH 62 >19:1 99
H i-Pr 81 >10:1 93
H Me 72 1.1:1 99
H n-Bu 81 3:1 99
H n-Pent 81 >19:1 <99

Table 10. Proline-catalyzed direct asymmetric Mannich reactions invol-
ving hydroxyacetone as the donor

(S)-Proline

0 O (20mol%) ©O NHPMP
+ PMPNH; + | :
H” R DMSO T R
OH i, 3-24h OH
R Yield (%) dr ee (%)

L
92 20:1 >99
NO»
J\J-rr
88 15:1 99
CN
;.r‘
90 15:1 98
Br
,\:‘J
79 8:1 94
Ph
# © 83 9:1 93
o O\ 85 5:1 86
Ry
88 3:1 61
OMe
R W/ 57 17:1 65

Yield %  dr ee% er

NO, 0.81 92 20:1 >99 332

CN 0.70 88 15:1 99 199
Br 0.26 90 151 98 99
Ph 0.05 79 8:1 94 32
H 0 83 9:1 93 28
Me -0.14 85 51 86 13

1.2

0.8

0.6 4

0.4 |
p =1.36 (R*= 0.95)

log er(Ar)/er(Ph)

0.2 4

Figure 5. Hammett linear free energy correlation in the proline-catalyzed
direct asymmetric three-component Mannich reaction.
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Scheme 11. Proposed mechanism of the proline-catalyzed direct asym-
metric three-component Mannich reaction.

correlation of enantioselectivities with Hammett o -values
was observed, and a linear Hammett plot was obtained
with a reaction constant p for the proline-catalyzed three-
component Mannich reaction of 1.36 (R*=0.95) (Fig. 5).

The positive reaction constant is consistent with partial
negative charge formation in the transition state and with
the proposed mechanism that involves nucleophilic addition
of a proline—enamine to an imine (Scheme 11).

According to the mechanistic proposal, a proline—enamine
reacts with an imine in the C—C-bond forming and enantio-
selectivity-determining step. Both the imine and enamine
intermediates are formed in situ from an aldehyde and a
ketone in two separate pre-equilibria.

One of the intriguing aspects of the proline-catalyzed
Mannich reaction is its stereoselectivity. Diastereo- and
enantioselectivities are opposite to those observed in
proline-catalyzed intermolecular aldol reactions. This result
was initially explained with transition states that involved
(Z)-imines. However, (E)-aldimines strongly predominate
equilibria with the corresponding (Z)-imines. For example,
only the (E)-aldimine can be detected '"H NMR-spectro-
scopically in the reaction of p-nitrobenzaldehyde with
p-anisidine in DMSO—a’6.42b Therefore, although (Z)-imines
cannot be excluded, it seems more likely that (E)-imines are
involved in the reaction mechanism. The currently preferred
transition state models for the proline-catalyzed Mannich
reaction (H) and intermolecular aldol reaction (G) are
shown in Fig. 6.

The assumed transition states reflect the fact that enantio-
faciality of the electrophile (imine si vs aldehyde re), but
not that of the enamine, is reversed in aldol vs Mannich

Figure 6. Proposed transition states of proline-catalyzed aldol and Mannich
reactions.

+
\N/ a \/b

N
)J\/ ANu

T SUEwG

Scheme 12. Iminium and enamine catalysis of the Michael reaction.

reactions and in order to allow for protonation of its lone
pair, an (E)-imine has to approach the enamine with its
si-face to avoid unfavorable steric interactions between
the pyrrolidine and aromatic ring.

5. Michael reactions

The Michael addition is a particularly interesting reaction
because proline-catalysis may proceed by both amino-
catalytic pathways, iminium (a) and enamine catalysis (b)
(Scheme 12); both reaction types have been realized.

5.1. Iminium catalysis of the Michael reaction

Yamaguchi et al. found the Michael addition of malonates
to a,B-unsaturated aldehydes to be catalyzed by secondary
amines, including (S)-proline.” For example, dimethyl
malonate reacts with hex-2-enal in the presence of
pyrrolidine or proline to furnish Michael adduct 8. It was
noted that triethylamine and N-methyl proline are inactive
and that lithium prolinate is superior to proline itself
(Table 11).

Table 11. Initial study by Yamaguchi et al. on iminium catalysis of the
Michael reactions

Cat.
(10mol%) E~E
BN 4 pprCHO CHO
g e MeOH ,.pr
8
Catalyst Yield (%)
NEt; No reaction
Pyrrolidine 33
(S)-Proline 44
(S)-Proline Li salt 93
(S)-Valine Li salt 32

Table 12. Studied metal prolinates
@COZM
E N
RO
E o E ©

CHClg, r.t.

E
M Cat. mol% Yield (%) ee (%) Abs. config.
Li 100 23 28 (S)
Na 5 72 29 (R)
K 5 72 51 (R)
Rb 5 91 59 (R)
Cs 5 73 56 (R)
Mg 200 8 31 (S)
Cayp 20 41 22 )
N 20 39 12 (S)
Baj, 20 48 1 (S)

Nmey 10 33 41 (R)
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Table 13. Rubidium prolinate-catalyzed Michael additions of diisopropyl
malonate

e, 7 g EHm Ly g
75 N CHCl R R"
Enone or enal Product Yield (%) ee (%)
o EFo
/\)j\ /—\)J\ 71 76
o} ECE o)

79 53

Ph/vj\ Ph;\/u\

Q 91 59
& o}
Q o E\\

X CHO 58 41

/\/?\/CHO

The lithium prolinate-catalyzed reaction has been
performed with several different o, 3-unsaturated aldehydes
in good yields. However, only racemic products were
obtained. The authors proposed iminium intermediates
to be involved in the mechanism of this novel Michael
reaction. Later, the same group observed asymmetric induc-
tion if the reactions were performed in chloroform instead
of methanol. After screening several different metal and
ammonium prolinates as catalysts for the Michael addition
of diisopropyl malonate to cycloheptenone, it was found
that enantioselectivity and yield were optimal with the
rubidium salt (Table 12).* Interestingly, the lithium and
alkaline earth metal prolinates provided the product with
reversed absolute configuration. The optimized conditions
with rubidium prolinate as the catalyst have been applied to

Table 14. Rubidium prolinate-catalyzed Michael additions of nitroalkanes

Rb-(S)-
Prolinate O2N R*

OZN\rR4 R' o (10 mol%) Rs)é R' O
A e -
RS R? R® cHCl;  R? R®
Enone or enal Product Yield (%) ee (%)

o} 02N\!/ o

/\/\/CHO H 61 29

@ I\N.@O 55 45
)
Q\QO 84 84

74 68

O
CHO Ar
CO,Et
| BnHNJQJ\/ 2 \COEt
Rb-(S)-Prolinate

(10 mol%) HO™ "N" ~O
F 10 toluene Bn
F 1
JBH3, THF
o Ar
) 0O -
N
N Bn
H 12

(-)-Paroxetine ee = 30%

Scheme 13. Catalytic asymmetric synthesis of (—)-paroxetine.

Michael additions of diisopropyl malonate and also of
nitroalkanes to a variety of unsaturated ketones and alde-
hydes to give the products in good yields and ees (Tables 13
and 14).%

Recently, an industrial group applied the Yamaguchi—
Michael addition to an elegant yet only modestly enantio-
selective synthesis of the selective serotonine re-uptake
inhibitor (SSRI) (—)-paroxetine (Scheme 13).*®

The rubidium prolinate-catalyzed Michael addition of a
malonamide 9 to cinnamic aldehyde 10 gave trans-piperi-
dinone 11, which was reduced to give piperidine 12 in
30% ee. (—)-Paroxetine was obtained from piperidine 12
straightforwardly.

Yamaguchi et al. further demonstrated that the enantioselec-
tivities of the malonate Michael additions could be further
improved by using di(tert-butyl) malonate as the donor
and cesium fluoride as a cocatalyst.*’® Related conditions
have been used in Merck’s approach to the synthesis of
substituted proline-derivatives (Scheme 14).%

Accordingly, treating o,3-unsaturated aldehydes with
diethylacetamidomalonate furnished pyrrolidines such as
13. These can be converted to 3-substituted proline deriva-
tives in three steps. As has been noted before by Yamaguchi
et al., addition of a small amount of water to the Michael
reaction mixture was found to be essential for effective
catalysis to occur.

High enantioselectivities (up to 93% ee) in prolinate-cata-
lyzed Michael additions of nitroalkanes to enones have
recently been obtained by Hanessian and Pham by using a
combination of proline (3—7 mol%) with a stoichiometric
amount of frans-2,5-dimethylpiperazine as the catalyst
(Table 15).%°

It is likely that these reactions and those that are catalyzed
by metal prolinates are facilitated by an iminium mechan-
ism. Evidence obtained by Yamaguchi et al. includes that
tertiary amines such as N-methyl proline are inactive, and
that in contrast to (E)-4-phenyl-3-buten-2-one, its iminium
salt readily undergoes a Michael reaction with dimethyl
malonate. Proline’s function could be two-fold in providing
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Li-(S)-Prolinate

+ CsF (20 mol%) CO,Et
OHC\IL Etozc\rCOzEt + Ho0 (30 mol%) CO,Et 1COH
+ _— N =
HO
Et NHAc Ac H

Scheme 14. Merck’s synthesis of substituted prolines.

Table 15. Proline-catalyzed asymmetric Michael reactions that use an
organic base as the cocatalyst

(S)-Proline
(5 mol%) O.N R®
2,5-dimethyl-Y2
1
O:N._R* B O “piperazine RS-, R' O
jn/st)\/u\Rs RZMR:;

CHCly

Enone or enal Product

Ph/\)(])\ OZNK)(])\ n.r. 61

Ph
[~o
E>:o A 66 75

Yield (%) ee (%)

13, 88% yield
62% ee

a secondary amine for iminium catalysis as well as the
carboxylate as a cocatalyst that helps in binding the nucleo-
philic nitronate or malonate anion via the metal (or
ammonium ion). In turn, this could determine the enantio-
facial selectivity (Scheme 15).

An explanation of why different metals furnish enantio-
meric products is not provided by this mechanism.
However, it should be noted that the enantiofacial selec-
tivity could readily reverse if the geometry of the presumed
iminium ion was switched from (E) to (Z2).

5.2. Enamine catalysis of the Michael reaction

Intramolecular proline-catalyzed Michael reactions of unac-
tivated ketones to o,B-unsaturated carbonyl compounds
have been described by Kozikowski et al.>! (Egs. (5) and
(6)) and Momose et al.? (Egs. (7) and (8)) (Scheme 16).

NO;,
These reactions require a stoichiometric amount of the
@ - o 61 71 catalyst, long reaction times, and provide cyclic Michael
(0] Illo products in only modest ees. In analogy to the Hajos—
2 Parrish—Eder—Sauer—Wiechert reaction, a proline enamine
Q Qo 49 89
o N 0 (S)-proline
NO, s (100 mol%)
/J//\ DMF, -15°C ®)
@ * o 88 93 9 7d, 81%
O single diastereomer,
NO, (o) 28% ee
Hl\ 0 (S)-proline H O
S (100 mol%) S
6
DMF, 60°Cy
81% H
[oJp -21.6° (11 [0]p -19.9°
(ee's not determined)
Q (S)-proline 0
/\)\ (100 mol%) S

Scheme 15. Possible iminium catalysis mechanism of proline-catalyzed
Michael reactions.

@)
BnN BnN
X CO;Et DMF, r.t. O\/CozEt

7d,45%
single diastereomer,
34% ee
0 (S)-proline o}
(100 mol%) |
BnN/\)l\ Bnl\Oi\ (8)
COEt
KA COE e 2
40d, 60%

(ee not determined)

Scheme 16. Proline-catalyzed intramolecular Michael reactions.
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Table 16. The proline-catalyzed intermolecular Michael reaction of unac-
tivated ketones with nitro olefins

(0] R NO, [o) E(

. | (S)-Proline . - NO,

R RR (>15mol%) R R

Product Yield (%) Selectivity Method
o En 97 7% A
H 0 €¢
NO2 93 12% ee B
O Ph

)j\/::\/NOQ 30 42% ee B
Ph

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

dr=10:1, 19% ee A

2O
NO,

intermediate has been proposed to be involved in the
mechanism.

The first proline-catalyzed enantioselective intermolecular
Michael reactions that use simple unactivated ketones as
donors have recently been described.”® Reacting selected
small ketones (in excess) with nitro olefins and (S)-proline
(15 mol%) in DMSO gave the corresponding Michael
adducts in generally high yields but only low enantio-

Table 17. A novel proline-catalyzed three-component reaction

R3CHO (1eq) o R O

(O2Ne) O (S)-Proline H
RORE K CHCl, R' R%g o/k

r, 12-24h ee's < 10%
R! R? R} Yield (%)  de (%)
L
H H 78
NO,
H H 3 NF 83
H H ?J\ 79

H H \r‘éw/ 51
H H \f"v 65
S F@ 69 >95
oy ?*“@ 5 o

selectivities (=23%) (Method A, Table 16). Enders et al.
could further improve the enantioselectivity of the process
by using methanol as the solvent (Method B).>*

A novel proline-catalyzed three-component reaction
between ketones, aldehydes, and Meldrum’s acid has also
been developed.”® The reaction presumably involves a
Knoevenagel reaction followed by a non-enantioselective
Michael-type hetero-Diels—Alder reaction (Table 17).

Why proline-catalyzed enamine catalytic Michael reactions
(in contrast to Yamaguchi’s iminium catalytic Michael reac-
tions) generally showed lower enantioselectivities than the
corresponding Mannich and aldol processes remains an
open question. The basic lone pair of aldehydes and imines
may be partially responsible for w-facial enantioselectivity
by providing an additional point of interaction with the
chiral proline enamine intermediate through hydrogen
bonding to proline’s carboxylic acid. Consistent with this
concept is the fact that enantioselectivities in aldol and
Mannich reactions are reduced in protic solvents such
as methanol. Interestingly, improved enantioselectivities
were observed in proline-catalyzed Michael reactions in
methanol.

5.3. One-pot Robinson-annulations

The first proline-catalyzed asymmetric Robinson-annu-
lation (intermolecular Michael reaction followed by
intramolecular aldol reaction) has been developed by
Swaminathan et al.’’ Reacting 2-formylcyclohexanone
with methyl vinylketone (MVK) directly gave spirocyclic
product 14 in modest enantioselectivity (Eq. (1) in Scheme
17). The scope of the reactlon has been extended to other
cyclic formylketones.”® Wicha et al. found the proline-
catalyzed reaction of diketone 15 with unsaturated ketone
16 to directly give Hajos—Parrish—Eder—Sauer—Wiechert-
type product 17 (Eq. (2)).° This reaction has recently been
extended to the Wieland—Miescher-ketone (Eq. (3)).%°

While the proline-catalyzed one-pot Robinson-annulations
are experimentally simpler than the original two-step

o O

(1)

(S)-proline

CHO (100 mol%)
Hj\ DMSO, r.t.

49% 14
34% ee
(S)-proline
HH (50 mol%)
i:é DMF, 70°C O
SPh
60% SPh
57% ee
(S)-proline
(35 mol%)
(3
DMSO, 35° C
49%
76% ee

Scheme 17. Proline-catalyzed Robinson-annulations.
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SN
9 R)\ M
RJ\ \(\ X

\/;20

NS e

N, S N+ Y

N +H20 1

H RJI\/X

(0] YH

XY: C=0, C=N, C=C, N=N

Scheme 18. The enamine catalysis cycle.

processes, it has been pointed out that the two-step pro-
cedures require 51gn1ﬁcantly less catalyst and generally
provide better yields and ees.’

6. The direct electrophilic a-amination

Proline-catalysis in aldol, Mannich, and Michael reactions

can be rat1onahzed with a general enamine catalysis cycle
(Scheme 18)

Accordingly, carbonyl compounds react with proline to
generate an enamine intermediate and water. This enamine

Table 18. The first direct catalytic asymmetric electrophilic a-amination of
aldehydes

(S)-Proline

(0]
Cbz. (10mols) OH Gbz
H + ,ljl \N/CbZ
R “Cbz CHsCN, 0°C-t ¢ H
156 1 3h, then R
~€q ®d  NaBH,, EtOH
Product R Yield (%) ee (%)
1 i-Pr 99 96
2 n-Pr 93 >95
3 n-Bu 94 97
4 Me 97 >95
5 Bn 95 >95
i. Raney-Ni,
GOBN \ieOH, AcOH /{(
HO/\/N N ~CO2Bn i Phosgene, o) NH
H NEts, CH,ClI
Bn H 3, LMLl |\/
64% Bn
18

Scheme 19. Synthesis of an Evans-auxiliary.
(2 0= ()4

&fﬁ“

Figure 7. Postulated transition states of proline-catalyzed reactions.

G

(<0

NH

Ar—N

3

H

5585

reacts with an electrophile X=Y, which may be an alde-
hyde, an imine, or an activated olefin in an aldol, Mannich,
or Michael reaction. Hydrolysis of the iminium intermediate
then gives the product under regeneration of the proline
catalyst. An alternative electrophilic species could be a
dialkyl azodicarboxylate (X=Y: RCO,N=NCO,R). The
overall transformation would result 1n an electrophilic
a-amination of the carbonyl compound.®' The products of
this reaction, if produced enantioselectively, could be useful
precursors for various amino acid derivatives.

Very recently, this reaction has been realized for the first
time.%” It was found that proline catalyzes the direct electro-
philic o-amination of unbranched aldehydes highly
effectively and enantioselectively. Because the produced
a-hydrazino aldehydes are configurationally labile, they
were in situ reduced to the corresponding alcohols (Table
18).

The potential of the produced amino alcohol derivatives as
precursors for the asymmetric synthesis of o-amino acid
derivatives was demonstrated with a straightforward syn-
thesis of Evans-type oxazolidinone 18 via hydrogenation
and work-up with phosgene (Scheme 19). The hydro-
genation removes both Cbz-protecting groups and simul-
taneously cleaves the N—N bond.

The observed stereoselectivity can be explained with tran-
sition state J (Fig. 7), which again is superimposable with
Houk’s transition states of the Hajos—Parrish—Eder—Sauer—
Wiechert reaction (D) and Agami’s diketone-cyclization
(D’). A comparison of the assumed preferred transition
states of the proline-catalyzed enamme involving intra-
molecular aldol reaction (D, D’),” intermolecular aldol
reaction (G), Mannich reaction (H),42 Michael reaction
(I),53’54 and a-amination (J)62 reveals three important and
general structural elements: (1) The assumed proline—
enamine is always in a conformation in which the car-
boxylate is anti to the enamine—olefin. (2) The enamine—
olefin geometry is always (E). (3) The carboxylic acid
protonates the electrophile to compensate negative charge
formation. A generalized transition state (K) that combines
these elements may be constructed (Fig. 7).

7. Miscellaneous proline-catalyzed asymmetric reactions

In addition to aldol, Mannich-, Michael and electrophilic
a-amination reactions, proline has been used as a catalyst
in several other asymmetric transformations such as allylic
oxidations, transfer-hydrogenations, and Diels—Alder-type
reactions. In these reactions, proline is not only used as an
aminocatalyst but also as a chiral ligand in metal-mediated
asymmetric processes.

635 (4 ()2
’ ROZC oy H N H

I~ 1

]/\ ﬁ: \002R H_/tx

| J K
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Table 19. Dimerizations of unsaturated aldehydes (n.r.=not reported)

R
(S)-Proline CHO
2 R x. _CHO (200 mol%)

EtOH, rt. R
R Yield (%) ee (%)
CHj; n.r. -
:f(\/\/k n.r. n.r.
;"‘J = 52 43
FNINF 76 33

HOgC“"Q Q‘cog
Jele
AN\ R
19

Figure 8. Possible intermediates.

7.1. Diels—Alder-type dimerizations of o,-unsaturated
aldehydes

Asato and Liu et al.*’ found that upon treating o,B-unsatu-
rated aldehydes with (S)-proline in ethanol, cyclic optically
active dimers were obtained (Table 19).

Such dimerizations were known to occur under basic condi-
tions, and to give racemic products.** The proline-catalyzed
reactions furnish the products in encouraging enantioselec-
tivity and it may be worthwhile to study other chiral amines
as potential catalysts for this interesting reaction.
Mechanistically, the reaction could proceed via dienamine
19 and/or iminium ion 20. These intermediates may undergo

Table 20. Proline-catalyzed Baylis—Hillman reactions

o O (9)-Proline (30%) OH O
J H{ imidazole (30%)

DMF, 24-80 h

R Yield (%)

o J@f‘ o

| 90
_N
N, 46

a Diels—Alder-reaction followed by elimination and
hydrolysis to give the observed products (Fig. 8).

7.2. Baylis—Hillman reactions

Very recently, a mixture of proline and imidazole (each
30 mol%) has been found to catalyze Baylis—Hillman
reactions of aldehydes with MVK (Table 20).%

Essentially, no asymmetric induction was observed (ees
5-10%). According to the proposed mechanism, proline
activates MVK as the iminium ion, facilitating conjugate
addition of the imidazole. The resulting enamine reacts
with the aldehyde in an aldol reaction. The Baylis—Hillman
product is then formed via elimination and hydrolysis. That
imidazole alone (in contrast to other nucleophiles such as
DABCO) is not sufficiently reactive to induce the Baylis—
Hillman process can be interpreted as evidence for the
proposed iminium catalysis (Scheme 20). It will be interest-
ing to note whether the use of other chiral amines or dif-
ferent reaction conditions may lead to a new catalytic
asymmetric Baylis—Hillman variant.

OH O
’ /&izo OH N ° '\\:}
o-
<A
E/> NN RCHO

Scheme 20. A mechanism of the proline/imidazole-catalyzed Baylis—Hill-
man reaction.

7.3. Reductions

Several reductions involving proline as the source for asym-
metric induction have been developed. These include
hydrogenations, epoxide reductions, borane and boranate
reductions, and ruthenium-catalyzed transfer hydro-
genations.

Ethyl acetoacetate has been enantioselectively reduced with

OgC“ Q
(S)-Proline |
(100 mol%) =
Ho,Pd/C 22
2 (60% ee)

Scheme 21. Proline-catalyzed asymmetric hydrogenation.
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a Raney Cu-catalyst modified with (S)-proline.”® Other
heterogeneous catalysts in combination with proline have
also been used, but typically reduce ketones with low
enantioselectivities.””  Tungler et al. described the
Pd/C-catalyzed reduction of isophorone in the presence of
(S)-proline to give saturated ketone 22 in low yield and ca.
60% ee. The main side product results from a reductive
amination of ketone 22 with proline. The reaction may
involve iminium intermediate 21 (Scheme 21).68

An equimolar mixture of NaBH, and (S)-proline in THF
reduces ketones to secondary alcohols in ees of up to
62%.% Martens et al. used a mixture of borane with proline
for the similar reactions and obtained enantioselectivities of
up to >95%.” Presumably, proline is initially converted to
prolinol, which then forms an oxazaborolidine, derivative of
the well-known CBS-reduction catalyst.

Racemic epoxides have been reductively cleaved with a
mixture of zirconium tetrachloride, sodium borohydride,
and (S)-proline to give enantioenriched alcohols (Scheme
22).”" Apparently, these reactions are not kinetic resolutions
and the authors speculate that they may involve zirconium
enolates.

le) (S)-Proline H

(126 mol%) ~__OH
Z1Cl,, NaBH, O 60% yield
THF, rt, 3h Rk

rac

Scheme 22. Proline-catalyzed reductive epoxide-opening.

Table 21. Proline-catalyzed asymmetric transfer hydrogenation

H O
H O aq. KOH ™ o
B RuCly(p-cymene), N‘R’
OH 4
NH CH,Cl, cl
23
(0] OH 28 (1%) OH 0
0,
)j\ . )\ KOH (1%) AR )K
Ar” 'R 24n,rt. AR
solvent
Product Yield (%) ee (%)
OH
: 72 81
74 68
64 82
8 92

o)

(S)-Proline (10mol%) Q/U\/

Cu(OAc), (5 mol%) -
O PhCOgt-Bu, EtCO,H O
20°C, 16 h i
24, 39%yield,
61% ee

Scheme 23. Proline-catalyzed asymmetric allylic oxidation.

An interesting Noyori-type asymmetric transfer hydrogena-
tion has been developed by Furukawa et al.”* The catalyst is
prepared by mixing potassium prolinate with RuCl,
(p-cymene),, and reduces aromatic ketones with isopropa-
nol to give secondary alcohols in good yields and ees
(Table 21).

7.4. Oxidations

One of the first catalytic asymmetric allylic oxidations was
based on a copper catalyst combined with (S)-proline.
Disclosed in a patent by Sumitomi Chemical Co., Ldt.,”
this system was investigated by Muzart and Ferringa.”* An
example is the oxidation of cyclohexene with PhCO;#-Bu in
the presence of propionic acid and catalytic amounts of
Cu(OAc), and (S)-proline to give ester 24 in acceptable
enantioselectivity (Scheme 23). Improved catalyst systems
have recently been described.”

8. Conclusions

It is remarkable that despite the diversity of reactions
discussed in this review, ranging from carbon—carbon
bond-forming aldol-, Mannich-, and Michael reactions,
to electrophilic aminations, transfer-hydrogenations, and
allylic oxidations, the catalytically active species and source
of asymmetry is a small and simple amino acid. While
proline may not be the ‘universal asymmetric catalyst’ for
all reactions, it clearly is a privileged molecule for enantio-
selective synthesis. Not only is proline inexpensive, avail-
able in both enantiomeric forms, stable, non-toxic, and a
powerful catalyst for a number of asymmetric reactions; it
also has a multifaceted mechanistic complexity hidden
underneath its ‘simple’ structure. It would seem daring to
expect anything less than the discovery of several new
proline-catalyzed reactions in the future.

9. Note added in proof

Three important publications that highlight the vitality of
the reviewed field have appeared while proof reading this
article: MacMillan et al. describe proline-catalyzed highly
enantioselective intermolecular aldol reactions between two
aldehydes (Northrup, A. B.; MacMillan, D. W. C. J. Am.
Chem. Soc. 2002, 124, ASAP), and Jgrgensen and coworkers
describe proline-catalyzed electrophilic alpha-amination
reactions (also see chapter six) of both aldehydes (Angew.
Chem. Int. Ed. 2002, 41, 1790-1793) and ketones (J. Am.
Chem. Soc. 2002, 124, 6254—6255).



5588

B. List / Tetrahedron 58 (2002) 5573-5590

Acknowledgements

Some of the experiments described herein were done in the
laboratories of the reviewer and would not have been possi-
ble without the dedication and enthusiasm of his co-workers
William Biller, Chris Castello, David Goldsheft, Linh
Hoang, Harry Martin, Wolfgang Notz, and Peter Pojarliev.

We
and

gratefully acknowledge our collaborator K. N. Houk
his colleagues at the University of California, Los

Angeles for sharing the results of their brilliant compu-
tational studies. We further thank Richard A. Lerner for

his

support and inspiration and the National Institutes of

Health for generous funding of our studies.

o0 3 N W

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

References

. Job, A.; Janeck, C. F.; Bettray, W.; Peters, R.; Enders, D.

Tetrahedron 2002, 58, 2253-2329.

. Corey, E. J.; Helal, C. J. Angew. Chem., Int. Ed. 1998, 37,

1986-2012.

. For an excellent review on peptide and amino acid based

asymmetric organocatalysts, see: Jarvo, E. R.; Miller, S. J.
Tetrahedron 2002, 58, 2481-2495.

. See for example: (a) Steinhagen, H.; Helmchen, G. Angew.

Chem., Int. Ed. Engl. 1996, 35, 2339-2342. (b) Shibasaki, M.
Enantiomer 1999, 4, 513-527.

. List, B. Synletr 2001, 1675-1686.

. Hickmott, P. W. Tetrahedron 1982, 38, 1975-2050.

. See for example: Djerassi, C. Steroids 1992, 57, 631-641.

. See for example: (a) Danishefsky, S.; Cain, P.; Nagel, A.

J. Am. Chem. Soc. 1975, 97, 380-387. (b) Ruppert, J.; Eder,
U.; Wiechert, R. Chem. Ber. 1973, 106, 3636-3644.

. (a) Ramachandran, S.; Newman, M. S. Org. Synth. 1961, 41,

38—41. (b) Swaminathan, S.; Newman, M. S. Tetrahedron
1958, 2, 88-99.

Spencer, T. A.; Neel, H. S.; Fletcher, T. W.; Zayle, R. A.
Tetrahedron Lett. 1965, 3889-3897.

Yamada, S.; Otani, G. Tetrahedron Lett. 1969, 4237—-4240.
(a) Hajos, Z. G.; Parrish, D. R. Asymmetric Synthesis of
Optically Active Polycyclic Organic Compounds. German
Patent DE 2102623, July 29, 1971. (b) Hajos, Z. G.; Parrish,
D. R. J. Org. Chem. 1974, 39, 1615.

(a) Eder, U.; Sauer, G.; Wiechert, R. Optically active 1,5-Inda-
none and 1,6-Napthalenedione. German Patent DE 2014757,
Oct 7, 1971. (b) Eder, U.; Sauer, G.; Wiechert, R. Angew.
Chem., Int. Ed. Engl. 1971, 10, 496.

Several variants of this name have been used in the literature.
Hajos—Parrish—Eder—Sauer—Wiechert reactions have been
reviewed earlier: Cohen, N. Acc. Chem. Res. 1976, 9, 412—
417.

(a) Ref. 12. (b) Ref. 13. (c) Danishefsky, S.; Cain, P. J. Am.
Chem. Soc. 1976, 98, 4975-4982. (d) Ref. 59.
(e) Kwiatkowski, S.; Syed, A.; Brock, C. P.; Watt, D. S.
Synthesis 1989, 818—820. (f) Ref. 57.

For example Taxol: Danishefsky, S. J.; Masters, J. J.; Young,
W. B,; Link, J. T.; Snyder, L. B.; Magee, T. V.; Jung, D. K;
Isaacs, R. C. A.; Bornmann, W. G.; Alaimo, C. A.; Coburn,
C. A.; Di Grandi, M. J. J. Am. Chem. Soc. 1996, 118, 2843—
2859.

Kondo, K.; Yamano, T.; Takemoto, K. Makromol. Chem.
1985, 186, 1781-1785.

(a) Agami, C.; Platzer, N.; Sevestre, H. Bull. Soc. Chim. Fr.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

1987, 2, 358-360. (b) List, B.; Lerner, R. A.; Barbas III, C. F.
Org. Lett. 1999, 1, 59-62.

Jung, M. E. Tetrahedron 1976, 32, 3-31.

Brown, K. L.; Damm, L.; Dunitz, J. D.; Eschenmoser, A.;
Hobi, R.; Kratky, C. Helv. Chim. Acta 1978, 61, 3108-3135.
(a) Agami, C.; Meynier, F.; Puchot, C.; Guilhem, J.; Pascard,
C. Tetrahedron 1984, 40, 1031-1038. (b) Agami, C.; Puchot,
C.; Sevestre, H. Tetrahedron Lett. 1986, 27, 1501-1504.
(c) Agami, C. Bull. Soc. Chim. Fr. 1987, 3, 499-507.
Puchot, C.; Samuel, O.; Dunach, E.; Zhao, S.; Agami, C.;
Kagan, H. B. J. Am. Chem. Soc. 1986, 108, 2353-2357.
Rajagopal, D.; Moni, M. S.; Subramanian, S.; Swaminathan,
S. Tetrahedron: Asymmetry 1999, 10, 1631-1634.

(a) Bahmanyar, S.; Houk, K. N. J. Am. Chem. Soc. 2001, 123,
12911-12912. (b) Bahmanyar, S.; Houk, K. N. J. Am. Chem.
Soc. 2001, 123, 11273—-11283.

Heine, A.; DeSantis, G.; Luz, J. G.; Mitchell, M.; Wong,
C.-H.; Wilson, I. A. Science 2001, 294, 369-374 and
references therein.

(a) Fischer, F. G.; Marschall, A. Ber. 1931, 64B, 2825-2827.
(b) Budnitskaya, E. V. Biokhimia 1941, 6, 146-154.
(c) Langenbeck, W.; Borth, G. Ber. 1942, 75B, 951-953.
(d) Speck, J. C.; Forist, A. A. J. Am. Chem. Soc. 1957, 79,
4659-4660. (e) Pollack, R. M.; Ritterstein, S. J. Am. Chem.
Soc. 1972, 94, 5064-5069. (f) Hine, J.; Sachs, W. H. J. Org.
Chem. 1974, 39, 1937-1942.

Reymond, J.-L.; Chen, Y. J. Org. Chem. 1995, 60, 6970—
6979.

(a) List, B.; Shabat, D.; Barbas III, C. F.; Lerner, R. A. Chem.
Eur. J. 1998, 881-885. (b) Turner, J. M.; Bui, T.; Lerner,
R. A.; Barbas IIlI, C. F.; List, B. Chem. Eur. J. 2000, 6,
2772-2774. (c) Barbas III, C. F.; Heine, A.; Zhong, G.;
Hoffmann, T.; Gramatikova, S.; Bjornestedt, R.; List, B.;
Anderson, J.; Stura, E. A.; Wilson, I. A.; Lerner, R. A. Science
1997, 278, 2085-2092 and references therein.

(a) Yamada, Y. M. A.; Yoshikawa, N.; Sasai, H.; Shibasaki,
M. Angew. Chem., Int. Ed. Engl. 1997, 36, 1871-1873. For an
earlier partially successful direct catalytic asymmetric aldol
reaction, see: (b) Nakagawa, M.; Nakao, H.; Watanabe, K.-1.
Chem. Lett. 1985, 391-394. (c) Yamada, Y.; Watanabe, K.-1.;
Yasuda, H. Utsunomiya Daigaku Kyoikugakubu Kiyo,
Dai-2-bu 1989, 39, 25-31. New Zn-based catalysts have
recently been described: (d) Trost, B. M.; Ito, H. J. Am.
Chem. Soc. 2000, 122, 12003-12004.

List, B.; Lerner, R. A.; Barbas, C. F.; Il J. Am. Chem. Soc.
2000, 722, 2395-2396.

List, B.; Pojarliev, P.; Castello, C. Org. Lett. 2001, 3, 573—
575.

Izquierdo, I.; Plaza, M. T.; Robles, R.; Mota, A. J.; Franco, F.
Tetrahedron: Asymmetry 2001, 12, 2749-2754.

(a) Sakthivel, K.; Notz, W.; Bui, T.; Barbas III, C. F. J. Am.
Chem. Soc. 2001, 123, 5260-5267. (b) Benaglia, M.;
Celentano, G.; Cozzi, F. Adv. Synth. Catal. 2001, 343, 171-
173.

For reviews and highlights of the proline-catalyzed direct
asymmetric aldol reaction in various contexts, see:
(a) Bahmanyar, S.; Houk, K. N. Chemtracts 2000, 13, 904—
911. (b) Groger, H.; Wilken, J. Angew. Chem. Int. Ed. 2001,
40, 529-532. (c) Doye, S. Chem. Unserer Zeit 2001, 35, 62—
63. (d) Palomo, C.; Oiarbide, M.; Garcia, J. M. Chem. Eur. J.
2001, 8, 37-44. (e) Alcaide, B.; Almendros, P. Eur. J. Org.
Chem. 2002, 1595-1601.



36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.
56.

B. List / Tetrahedron 58 (2002) 5573-5590

Coérdova, A.; Notz, W.; Barbas, C. F.; Il J. Org. Chem. 2002,
67, 301-303.

Bggevig, A.; Kumaragurubaran, N.; Jgrgensen, K. A. Chem.
Commun. 2002, 620-621.

Zimmerman, H. E.; Traxler, M. D. J. Am. Chem. Soc. 1952,
79, 1920.

(a) Rankin, K. N.; Gauld, J. W.; Boyd, R. J. J. Phys. Chem. A.
2002, ASAP. (b) Bahmanyar, S.; Houk, K. N.; Martin, H., J.,
List, B. In preparation.

For the first proline-catalyzed Mannich reactions, see: List, B.
J. Am. Chem. Soc. 2000, 122, 9336-9337.

For an exception, see: Yamasaki, S.; lida, T.; Shibasaki, M.
Tetrahedron 1999, 55, 8857—-8867.

(a) List, B.; Pojarliev, P.; Biller, W. T.; Martin, H. J. J. Am.
Chem. Soc. 2002, 124, 827-833. (b) Hoang, L.; List, B.
Unpublished results. (Z)-imines can be generated photochemi-
cally but rapidly isomerize to the thermodynamically more
stable (E)-imines. See for example: (c) Maeda, K.; Fischer,
E. Isr. J. Chem. 1977, 16, 294-298.

Some of the experiments described in Ref. 40 were later
repeated: Notz, W.; Sakthivel, K.; Bui, T.; Zhong, G.; Barbas
III, C. F. Tetrahedron Lett. 2001, 3, 2423-2425.

(a) Cérdova, A.; Notz, W.; Zhong, G.; Betancort, J. M.;
Barbas III, C. F. J. Am. Chem. Soc. 2002, 124, 1842—1843.
(b) Cérdova, A.; Watanabe, S.; Tanaka, F.; Notz, W.; Barbas,
C. F.; Il J. Am. Chem. Soc. 2002, 124, 1866—1867.
Yamaguchi, M.; Yokota, N.; Minami, T. J. Chem. Soc., Chem.
Commun. 1991, 1088—-1089.

Yamaguchi, M.; Shiraishi, T.; Hirama, M. Angew. Chem., Int.
Ed. Engl. 1993, 32, 1176-1178.

(a) Yamaguchi, M.; Shiraishi, T.; Igarashi, Y.; Hirama, M.
Tetrahedron Lett. 1994, 35, 8233-8236. (b) Yamaguchi, M.;
Shiraishi, T.; Hirama, M. J. Org. Chem. 1996, 61, 3520-3530.
(c) Yamaguchi, M.; Igarashi, Y.; Reddy, R. S.; Shiraishi, T.;
Hirama, M. Tetrahedron 1997, 53, 11223-11236.

De Ferra, L.; Massardo, P. Process for the Preparation of
3-Substituted 4-Phenyl-Piperidine Derivatives. EP 1 074 550
Al, date of filing July 31, 2000.

Emerson, K. M.; Ho, G.-J. Synthesis of Substituted Prolines.
GB 2 350 113A, priority date May 21, 1999.

Hanessian, S.; Pham, V. Org. Lett. 2000, 2, 2975-2978.
Kozikowski, A. P.; Mugrage, B. B. J. Org. Chem. 1989, 54,
2275-22717.

Hirai, Y.; Takashi, T.; Yamazaki, T.; Momose, T. J. Chem.
Soc., Perkin. Trans. 1 1992, 509-516.

List, B.; Pojarliev, P.; Martin, H. J. Org. Lett. 2001, 3, 2423—
2425.

Enders, D.; Seki, A. Synlett 2002, 26-28.

List, B.; Castello, C. Synlett 2001, 1687-1689.

A related proline-catalyzed three-component reaction is the
Oikawa—Yonemitsu-coupling: Oikawa, Y.; Hirasawa, H.;
Yonemitsu, O. Tetrahedron Lett. 1978, 1759-1762.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

5589

Ramamurthi, N.; Swaminathan, S. Indian J. Chem. Sect. B
1990, 29, 401-404.

(a) Rajagopal, D.; Narayanan, R.; Swaminathan, S.
Tetrahedron Lett. 2001, 42, 4887-4890. (b) Rajagopal, D.;
Narayanan, R.; Swaminathan, S. Proc. Indian Acad. Sci.
(Chem. Sci.), 2001, 113, 197-213.

Przezdziecka, A.; Stepanenko, W.; Wicha, J. Tetrahedron:
Asymmetry 1999, 10, 1589-1598.

Bui, T.; Barbas III, C. F. Tetrahedron Lett. 2000, 42, 4887—
4890.

Reviews: (a) Genet, J.-P.; Greck, C.; Lavergne, D. In Modern
Amination Methods, Ricci, A., Ed.; Wiley-VCH: Weinheim,
2000 Chapter 3. (b) Krohn, K. Org. Synth. Highlights; VCH:
Weinheim, 1991 pp 45-53. (c) Greck, C.; Genet, J. P. Synlett
1997, 741-748. (d) Boche, G. Stereoselective Synthesis;
Helmchen, G., Hoffmann, R. W., Mulzer, J., Schaumann, E.,
Eds.; Thieme: Stuttgart, 1996; Vol. 9 pp 5133-5157.

List, B. J. Am. Chem. Soc. 2002, 124, 5656—5657.

Asato, A. E.; Watanabe, C.; Li, X.-Y.; Liu, R. S. H.
Tetrahedron Lett. 1992, 33, 3105-3108.

See for example: Thomas, A. F.; Guntz-Dubini, R. Helv.
Chim. Acta 1984, 67, 2261-2267.

Shi, M.; Jiang, J.-K.; Li, C.-Q. Tetrahedron Lett. 2001, 43,
127-130.

Klabunovskii, E. I.; Vedenyapin, A. A.; Airapetov, Y. S.;
Fridman, Y. D. React. Kinet. Catal. Lett. 1978, 9, 73-77.
Ninomiya, T. Bull. Chem. Soc. Jpn 1972, 45, 2548-2550.
(a) Tungler, A.; Kajtar, M.; Mathe, T.; Toth, G.; Fogassy, E.;
Petro, J. Catal. Today 1989, 5, 159-171. (b) Tungler, A.;
Fogassy, G. J. Mol. Cat. A Chem. 2001, 173, 231-247.
Umino, N.; Iwakuma, T.; Itoh, N. Chem. Pharm. Bull. 1979,
27, 1479-1481.

(a) Wallbaum, S.; Martens, J. Tetrahedron: Asymmetry 1992,
3, 1475-1504. (b) Mehler, T.; Behnen, W.; Wilken, J.;
Martens, J. Tetrahedron: Asymmetry 1994, 5, 185-188. Also
see: (c) Brunel, J. M.; Maffei, M.; Buono, G. Tetrahedron:
Asymmetry 1993, 4, 2255-2260.

Laxmi, Y. R. S.; Iyengar, D. S. Synth. Commun. 1997, 27,
1731-1736.

Ohta, T.; Nakahara, S.; Shigemura, Y.; Hattori, K.; Furukawa,
1. Chem. Lett. 1998, 6, 491-492. Katho, A.; Carmona, D.;
Viguri, F.; Remacha, C. D.; Kovacs, J.; Joo, F.; Oro, L. A.
J. Organomet. Chem. 2000, 593—-594, 299-306.

Araki, M.; Nagase, T. Optically Active Allylic Esters. Ger.
Offen. 1976, DE 2625030.

(a) Levina, A.; Muzart, J. Tetrahedron: Asymmetry 1995, 6,
147-156. (b) Rispens, M. T.; Zondervan, C.; Feringa, B. L.
Tetrahedron: Asymmetry 1995, 6, 661-664.

For recent reviews: (a) Andrus, M. B.; Lashley, J. C.
Tetrahedron 2002, 58, 845-866. (b) Eames, J.; Watkinson,
M. Angew. Chem., Int. Ed. 2001, 40, 3567-3571.



5590

B. List / Tetrahedron 58 (2002) 5573-5590

Biographical sketch

Benjamin List was born in Germany in 1968. He studied chemistry at the
Free University of Berlin where he obtained a Diploma (summa cum laude)
in 1993. He received his PhD (summa cum laude) in 1997 from the Johann
Wolfgang Goethe University in Frankfurt working in the field of natural
product synthesis under the supervision of Professor J. Mulzer. He spent
nearly two years as a postdoctoral research associate in the laboratories of
Professor R. A. Lerner at the Scripps Research Institute studying catalytic
antibodies. In January 1999, he became an Assistant Professor at Scripps.
His research interests include catalysis, new reaction methodologies, and
bioorganic chemistry.



