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Abstract — Organocatalytic asymmetric synthesis has been extensively studied
and several important procedures for preparing optically active organic
compounds have been developed. Research activities in this area have progressed
rapidly in the last ten years. This review addresses the most significant advances
in asymmetric synthesis using proline and related chiral organocatalysts, mainly
from the viewpoint of synthetic applications. This includes (1) Mannich reactions,
(2) Michael addition reactions, (3) «o-oxidation, (4) a-amination, (5)
a-sulfenylation / selenenylation, (6) a-halogenation, (7) cycloaddition reactions,
and (8) miscellaneous reactions such as C-C bond formation, epoxidation /

oxidation, and reduction.

1. MANNICH REACTIONS

The Mannich reaction is one of the most important multi-component condensation reactions using
aldehyde, ketone and amine for the preparation of 3-amino carbonyl compounds. This type of reaction is
considered to be analogous to aldol condensation, and hence several approaches using organocatalytic
systems have been reported to date.’

In 2000, List and coworkers reported the first example of the asymmetric Mannich reaction using
L-proline as an organocatalyst.”> For example, the reaction of acetone (excess), p-nitrobenzaldehyde, and
p-anisidine in the presence of L-proline (35 mol%) gave the desired adduct in 50% yield with 94% ee
(Scheme 1). The proposed mechanism involves the hydrogen-bonding activation mode between the
enamine intermediate obtained from acetone and L-proline and the imine substrate in situ generated from
p-nitrobenzaldehyde and p-anisidine. It is plausible that the stereochemistry of the product might be

governed by steric repulsion between the anisidine and pyrrolidine moieties in the transition state.’
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Scheme 1. L-Proline-catalyzed asymmetric Mannich reactions and the proposed transition state

Imines derived from a-imino ethyl glyoxylate can act as sufficiently reactive substrates and the method

provides an efficient entry to a variety of substituted a-amino acid derivatives (Scheme 2).*”
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Scheme 2. L-Proline-catalyzed asymmetric Mannich reactions using a glyoxylate substrate

Barbas II1,*¢ Cordova,® and Hayashi’ have established independently that proline-catalyzed reactions are
valuable for performing cross-Mannich reactions using two different kinds of aldehydes with amines

(Scheme 3). Application of this chemistry to the concise synthesis of nitrogen-heterocycles has also been

reported.®
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Scheme 3. L-Proline-catalyzed asymmetric cross-Mannich reactions
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The synthetic utility of proline-catalyzed Mannich reactions has been widely established by the

construction of a variety of compounds, including aminosugar derivatives, in conjunction with other

methods of forming C—C bonds such as cyanation, allylation, and Wittig olefination (Scheme 4).”"!
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Scheme 4. Tandem use of Mannich reactions with cyanation*® and allylation4d

The proline-catalyzed Mannich reaction 1is generally successful for aldehydes bearing an

electron-withdrawing functionality as acceptors. For less-reactive substrates, the use of pressure,

12-14
1.

microwave, and ultrasonic techniques has been found to be usefu From an environment-friendly

viewpoint, the use of water or an ionic liquid as novel reaction media and in some cases the incorporation
of a proline catalyst core to a polymer support might be also effective.*®'>!¢
The chirality of the proline core plays a critical role in the design of new organocatalysts, and some

17-25
l.

representative examples of such catalysts are shown in Chart In addition, typical examples of its

application to asymmetric Mannich reactions are illustrated in Schemes 5-7.

SJ; Q LA~ O‘(O
7 N

QN CO,H N N7 COH N " N

H

1 2 3 4 5

FsC CF, COH
O CFs NH

OMe

{ D~conr M
N~ YCO,H N
H

6 7

W, e
N H NHTf
H

OTMS  f,

Chart 1. Representative examples of proline-related organocatalysts
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Scheme 7. Asymmetric Mannich reactions catalyzed by 1

As analogous systems, the use of acyclic amine catalysts such as L-alanine and its tetrazole homolog for

Mannich reactions of this type showed high levels of reactivity (up to 90% yield), diastereoselectivity (dr

up to > 19 : 1), and enantioselectivity (up to 99% ee) (Scheme 8).%
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Scheme 8. Asymmetric Mannich reactions catalyzed by acyclic amines
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The stereochemical outcome of the proline-catalyzed asymmetric Mannich reaction is usually
syn-selective, since the si-face attack on the imine substrate is a highly favorable process, as shown in
Scheme 1. On the other hand, considerable attention has recently been focused on the development of

anti-selective transformations (Scheme 9).
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Scheme 9. anti-Selective asymmetric Mannich reactions and the proposed transition state

For example, Maruoka and coworkers reported that the axially chiral amino sulfonamide catalyst 11
showed efficient catalytic activity with high anti-selectivity (anti / syn = up to 98 : 2).?’ Barbas III (cat
12) and Coérdova (cat 13) derived similar conclusions based on their own molecular design of the

catalysts.”**

The observed high anti-selectivity can be explained by assuming the formation of the
enamine intermediate, in which the less steric repulsion between the methyl group on the proline core and
the vinyl proton on the enamine double bond in the s-trans conformation is favorable compared with the

corresponding S-Cis conformation.
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Very recently, Mauksch and coworkers reported a novel asymmetric autocatalytic system by virtue of

. . . . . . . 30
specific product-substrate interactions in asymmetric Mannich reactions.

2. MICHAEL ADDITION REACTIONS
The Michael addition reaction is one of the most important C—C bond-forming reactions in organic
synthesis, and enormous numbers of papers on organocatalytic asymmetric transformations are published

la,1c,31
each year. >

In general, amine-catalyzed Michael addition reactions can be classified into three modes
of activation (Scheme 10): activation of the Michael acceptor via the formation of an iminium ion species
(Type I), activation of the Michael donor via the formation of an enolate ion intermediate which reacts
with the acceptor (Type II), and, finally, activation of the carbonyl donor via the formation of an enamine

intermediate (Type III).

R.+.R e + R\‘N’R
N ¢ H,oNR, ¢
)IAR" N )?
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R ™—"Nu RN RN EWG
Type | Type ll Type Il

Scheme 10. Activation modes for amine-catalyzed Michael addition reactions

In 1993, Yamaguchi and coworkers reported a Type I mode of asymmetric Michael addition reactions
using an L-proline rubidium salt.*> Recently, Hanessian and coworkers found that the asymmetric
Michael addition reaction of various nitroalkanes to cyclic enones proceeded with good to high
enantioselectivities  (62-93% ee) in the presence of L-proline as a catalyst and
trans-2,5-dimethylpiperazine as an additive (Scheme 11).** The result indicates that the nitroalkane
nucleophile attacked the double bond of the in situ formed immonium carboxylate ion intermediate from

the less-hindered re-face.
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Scheme 11. L-Proline-catalyzed asymmetric Michael addition reactions
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Other than these examples, there have been only few studies on the direct use of the proline catalyst itself.

Instead, the use of proline-based peptides as catalysts (Scheme 12)***° or the use of active methylene

compounds as Michael donors seems to be more feasible (Scheme 13).36-38
BocHN,
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Scheme 12. Asymmetric Michael addition reactions catalyzed by proline-based peptides
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Scheme 13. Asymmetric Michael addition reactions of malonates to enones>®®

The development of new organocatalysts for use in asymmetric Michael addition reactions has now been
extensively studied by several research groups. Among them, Ley’s tetrazole catalyst 4,%” Jorgensen’s
imidazolidine catalysts 14-16,"*" and MacMillan’s imidazolidinone catalyst 17*'** are most

representative (Chart 2).

Me H Me Q Me
N Ph/,' N N N
f()”“co H J: ) C0aH r(/\"w(/N‘N
N 2 pn” N N " N
Ph H H Ph  H HN-N Ph H
14 15 16 17

Chart 2. Representative examples of imidazolidine-based organocatalysts

The synthetic utility of these catalysts can be exemplified in the one-step synthesis of warfarin, an

39c¢

anticoagulant, in an enantiomerically enriched form (Scheme 14),”" and y-butenolide derivatives via the
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Mukaiyama-Michael type addition using silyloxy furans as Michael donors with high enantioselectivities

(up to 99% ee) (Scheme 15).*"
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Scheme 14. Asymmetric synthesis of warfarin via organocatalytic Michael addition reaction
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Scheme 15. Asymmetric synthesis of y-butenolides via organocatalytic Mukaiyama-Michael reaction

Although there are only a few examples, the 13-related organocatalysts are known to be able to activate

the vinylogous-type Michael addition reaction using a,B-unsaturated aldehydes as acceptors (Scheme

1 6).43’44
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Scheme 16. Asymmetric vinylogous Michael addition reactions of cyclopentadiene**

Jorgensen and coworkers reported that a highly concise strategy for enantio- and diastereoselective
domino Michael-aldol reactions of [B-ketoesters with o,fB-unsaturated ketones can be performed by

catalysis with 14 (Scheme 17).%
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Scheme 17. Diastereoselective domino Michael-aldol reactions catalyzed by 14

The Type I mode of activation is also generally applicable to the conjugate addition of hetero-atom
nucleophiles such as thiols, azide, alcohols, N-siloxycarbamates, and aromatic oximes, with excellent
enantioselectivities (Scheme 18).* As an extension of this strategy, asymmetric domino Michael-aldol

47,48
d."”

reactions have been develope This constitutes a convenient way to prepare benzopyran derivatives

in enantiomerically pure form (Scheme 19).
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Scheme 18. Organocatalytic asymmetric conjugate addition reactions of heteroatom nucleophiles**¢-46f
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Scheme 19. Asymmetric synthesis of benzopyran derivatives via organocatalytic domino
Michael-aldol reaction

Compared to the Type I mode of activation, the Type III mode opens the door to a remarkably fruitful
chemistry.

In 2001, List and coworkers reported for the first time the asymmetric Michael addition reactions of
ketones with nitroolefins using L-proline as an organocatalyst, albeit the ee values were only modest

(Scheme 20).* Thereafter, Enders and Seki found that when the same reaction was conducted in MeOH,
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diastereoselectivities and enantioselectivities could be improved considerably (80-97% de and 7-76%
ee).”’ On the other hand, the use of (S)-homoproline was also found to be successful, as reported by
Oriyama and coworkers.”' Although the feasibility of the proline-catalyzed asymmetric Michael addition
reaction in an ionic liquid as a recyclable reaction medium has been examined, the synthetic value of this
process is unclear at present.’? In addition, proline-based small peptides and related catalysts were also

introduced by List and Cérdova.”
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" (15 molos) HJ\/VNO ield up to 97%
R 2 Y p 0
. + V/\NOZ i

‘ ee up to 23%
R R DMSO, 2-24 h, rt R R dr>20:1

(20 vol%) (1.0 eq)

Scheme 20. L-Proline-catalyzed asymmetric Michael addition reactions

In this field, major efforts have been directed to the development of new chiral organocatalysts with a

pyrrolidine moiety as a reactive center. Due to the space limitations for this review, we only show

representative catalysts 18-28, as listed in Chart 3.>*%
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Chart 3. Representative examples of pyrrolidine and its related organocatalysts
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In addition to these catalysts, 7 and 8 were also found to be effective for the similar type of
transformations.

Although there is some controversy regarding organocataysis in aqueous media,’’ Takabe’s recent work
is very interesting.®> They found that the new diamine catalyst 29 having a lipophilic alkyl side chain
showed a surprisingly powerful catalytic activity in brine as a novel reaction medium (Scheme 21). Thus,
the Michael addition reaction of ketones with nitroolefins was efficiently promoted in the presence of 10
mol% of 29 and an equimolar amount of trifluoroacetic acid in brine, even in seawater, to afford the
desired adducts in high yields and high to excellent levels of diastereoselectivity and enantioselectivity

(yield up to 99%, dr up to 98 : 2, ee up to 97%).

O\/MW

N~
O H o Ar
29 (10 mol% .
R)H A ( 6 R)K;/V NO,
R 2 CF5CO,H (10 mol%) R
brine, 25 °C
(2.0 eq) yield up to 99%

dr>98:2
ee up to 97%

Scheme 21. Diamine 29+TFA-catalyzed asymmetric Michael addition reactions in brine

As in the case of Mannich reactions, the use of new pyrrolidine-heterocycle conjugate catalysts represents
a powerful expansion of this field, wherein pyrrolidine-tetrazole catalyst 4> and pyrrolidine-triazole
catalyst 28°* have been shown to be useful.

In our research laboratory, we have also been very much interested in devising new catalysts with a
pyridine ring as a rigid planar base adjacent to a pyrrolidine chiral ring moiety.® Along this line, three
types of catalysts, PYMP (30), DPYMP (31), and PPYMP (32), were prepared from L-prolinol, and we
found that 31 and 32 possessed excellent catalytic activity in terms of productivity, diastereoselectivity,
and enantioselectivity (yield up to 100%, dr up to > 99 : 1, ee up to 99%) (Scheme 22). The results can be
explained by considering an acyclic synclinal transition state model, in which the pyridinium ring must
effectively shield the si-face of an enamine double bond.

As additional bifunctional catalysts, chiral amides 33-35,66 sulfonamides 9 and 36,67 thioureas 37 and
39, and ionic liquid conjugates 40 and 41%° are known to be quite effective (Chart 4). In particular, the
driving force using the thiourea-type catalyst 37 can be ascribed to the strong hydrogen bond-forming
character of thiourea with nitroolefin acceptors, as depicted in transition state 38. On the other hand, the

utility of ionic liquid conjugate catalysts 40 and 41 can be ascribed to their recyclability.
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Scheme 22. Asymmetric Michael addition reactions of ketones with nitroolefins catalyzed
by pyrrolidine-pyridine conjugate base catalysts 30-32 and the plausible transition state
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Chart 4. Other types of chiral organocatalysts for asymmetric Michael addition reaction and the

proposed transition state
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Finally, we should emphasize that the synergistic effect of both Type I and Type III activation modes

provides in some cases a very powerful way to construct relatively complex molecules in a one-pot

70,71

operation. In particular, such systems are highly successful in intramolecular transformations, as

exemplified in Scheme 23.7%7*

- R
H2 Cl 0 _ .
(10 mol%) )|, yield up to 99%
H™ ee up to 97%
THF, 15-24 h, rt X dr>49:1

X =CH,or NTs

Scheme 23. Organocatalytic asymmetric intramolecular Michael addition reactions’?2

3. a-OXIDATION

The insertion of an oxygen atom at the o-position of carbonyl compounds can be considered to be
oxidation in organic synthesis. To induce asymmetry in this process via organocatalysis, nitroso
compounds are conveniently used as electrophiles based on a mechanistic resemblance to the aldol
reaction, so-called “nitroso aldol reaction”.”

In fact, Zhong,76 MacMillan,”’ Hayashi,78 and Cordova” reported independently and almost at the same
time that proline could act as an excellent catalyst for aminoxylation reactions with almost perfect

enantioselectivities (97-99% ee) (Scheme 24). This method might be of great value as a metal-free

oxidation system.

o I
e} L-proline 0
N
(”3 (10-30 mol%) Ph. IO Ph. .O
R + N NIIIIIIIH\ - N R
R P @%\ ToR®
(H) 97-99% ee

Scheme 24. L-Proline-catalyzed asymmetric a-aminoxylation of aldehydes and ketones

Mechanistically, nitroso compounds possess two electrophilic centers, i.e., nitrogen and oxygen atoms,

but the exclusive formation of O-alkylation products indicates that the hydrogen-bonding transition state

79b,80,81

seems to be satisfactorily stabilized with the more basic nitrogen atom. Interestingly, when

a-substituted aldehydes were used as the substrate, considerable N-alkylation products were produced
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due to steric repulsion between the alkyl substituent on the enamine double bond and the phenyl group of
nitrosobenzene.®?

After these reports, extensive efforts have been directed to develop more powerful chiral organocatalysts
as well as to increase the efficiency by conducting the reactions in ionic liquids.®*®

Cordova and coworkers actively sought out other possible oxidizing agents, and found that

iodosobenzene, N-sulfonyloxaziridines, and even molecular oxygen could affect efficiently an oxygen

atom transfer (Scheme 25).%9%°
o) L-proline OH O
. (20 mol%) S NaBH, Hoﬁ/\OH 91-95% vyield
H Oz . H ee up to 48%
- UV light, TPP I R
DMF, 0.5-3 h

Scheme 25. Direct L-proline-catalyzed asymmetric oxidation of aldehydes with molecular oxygen

The o-aminoxylation procedure is also useful for achieving asymmetric desymmetrization of
meso-compounds.”® Furthermore, the synthetic utility of this method can be increased greatly by
combining it with other functional group transformations, e.g., reduction, reductive amination, allylation,
and Wittig olefination (Scheme 26).”®"%% An example in which it is applied to natural product

synthesis has also been reported in the literature.”%’
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Cs,CO;
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Br PPh,
=+ [Ref 94]

R, N,Ph 0
o}
H z
R, “NHPh

Scheme 26. Synthetic versatility of L-proline-catalyzed asymmetric a-aminoxylation



HETEROCYCLES, Vol. 75, No. 4, 2008 77

Finally, Yamamoto and coworkers could succeed in extending the scope of this chemistry to conjugate

enone systems, providing nitroso Diels-Alder adducts with excellent enantioselectivities (98-99% ee)

(Scheme 27).%®

)
P R
O N -0 0] J\r];
. N cat 4 (20 mol%) N 14-64% yield
- 0,
)n | N MeCN / P ! 98-99% ee
R' 40°C, 15 h D
R R —

Scheme 27. Organocatalytic asymmetric tandem O-nitroso aldol / Michael addition reactions

4. a-AMINATION

Asymmetric amination at the a-position of a carbonyl compound is an important tool in organic synthesis
due to its facile ability to provide biologically interesting a-amino acids and a-amino alcohols. This can
be considered to be an analog of a-oxidation using appropriate nitrogen-based electrophiles.”¢7>%%

The first efficient approach in this field was accomplished by Jorgensen and List independently almost at

the same time using azodicarboxylate derivatives in the presence of L-proline as a catalyst (yield up to

99%, ee up to 97%) (Scheme 28).'**'""

1. L-proline (5-10 mol%)

- _CO,R’ 0
0 N/COZR CH2C|2 or MeCN HO H,Tl 2 1. NaOH )J\
HJ\ * N N 0~ "NH
R RO, 2. NaBH,, EtOH “TSCOR 2.Zn,AcOH T\
R 2
'R'= R
a:R'=Et
b: R = Bn (15€9)  yield up to 99%
c:R'=t-Bu ee up to 97%
_ . -
MC
R'O,C
2 \NIIIIIH
\ill\ll
R SCO,R'

Scheme 28. L-Proline-catalyzed asymmetric a-amination of aldehydes and the proposed transition state

Interestingly, when catalyst 8 was used, the corresponding S-enantiomer was obtained in good yields and
with excellent enantioselectivities (yield up to 88%, ee up to 97%) (Scheme 29).2" The observed

stereochemistry can be explained by considering the steric repulsion between the catalyst side chain and
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the azodicarboxylate ester electrophile. This type of catalyst is also known to be effective for the
y-amination of o,pB-unsaturated aldehydes in the presence of a catalytic amount of benzoic acid as an

additive.**

CO,R'

O . ' @]
N-COR cat 8 (10 mol%) ROL\\H o NaBH, HN J\
H)H + Il [{] | \N o
RO,C CH,Cl, R'O,C" MeOH, 0 °C \_/
R 2 rt, 15 min R N
(1.5 eq) aR'=Et R
b: R = I-Pr - 3 yield up to 88%
Ay OTMS ee up to 97%
‘R'=al
Y Ar
R'O,C N
Y W
[l
P
“CO,R'

Scheme 29. Organocatalytic asymmetric a-amination of aldehydes and the proposed transition state

There have been some reports on the use of other types of catalysts or ionic liquids as novel reaction

media.’®*% The asymmetric amination of a-branched aldehydes provides a particularly efficient way to

prepare a,a-disubstituted amino aldehydes with excellent enantioselectivities (ee up to 99%),104107.108

Barbas Il and coworkers developed another ingenious strategy using aldehydes, ketones, and

azodicarboxylates to prepare pB-amino alcohol derivatives with two stereogenic carbon centers in a

one-pot operation (Scheme 30).'%

L-proline
Cbz (20 mol%) Chz

O 0] . .
N O HO HN anti : syn =56 : 44
+ +
A H)H - N mecN, t, 72h XN ee up to > 99%
z

Y Cbz
80% =

Scheme 30. L-Proline-catalyzed asymmetric synthesis of functionalized —amino alcohols

The combination of the asymmetric amination and the Wittig olefination provides an efficient entry to
chiral dihydropyridazine derivatives with good yields via a one-pot operation.™ In addition to
azodicarboxylate, in some cases nitroso compounds can act as amine sources.®***! Finally, there have

been some reports on the mechanistic investigation of asymmetric amination. 28112

5. a-SULFENYLATION /SELENENYLATION

Among several methods for the introduction of a hetero-atom at the a-position of aldehydes or ketones by
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organocatalysis, synthetic studies of a-sulfenylation and -selenenylation are relatively rare.”*”>¢ In 2004,
Wang and coworkers reported the first example of the nonasymmetric o-sulfenylation of aldehydes and
ketones using N-(phenylthio)phthalimide as a sulfenylating agent in the presence of 20-30 mol% of 9.'"
Similarly, they also established an a-selenenylation method using N-(phenylseleno)phthalimide as a
selenium source.''*

Soon after that, Jorgensen and coworkers discovered a highly enantioselective process for the

a-sulfenylation of aldehydes using catalyst 8 (ee up to 98%) (Scheme 3 1).21b’115

N
0] ﬁ_) O

N\ cat 8 (10 mol%) S. _Ph NaBH, OH

~
HJ\ * ! H S._Ph
S toluene i MeOH. 0 °C ~~
R (h rt, 3 h R

P

NaBH(OAC)s 60-85% yield
Bn,NH 95-98% ee
CH,Cl,, rt

Bn. _Bn
N
91% vyield
j’\svph 90% ee

Scheme 31. Organocatalytic asymmetric o-sulfenylation of aldehydes

6. a-HALOGENATION

Finally, in the context of a-heteroatom functionalization we discuss the asymmetric halogenation of
carbonyl compounds. Due to the ease of manipulation and also the biological importance of
enantiomerically pure a-halogenated carbonyl species, great attention has recently been focused on this
challenging subject, in particular, to confirm the feasibility of organocatalytic transformations.” %6

In 2005, the asymmetric a-fluorination of aldehydes was announced in succession from four different
research groups: Enders,'"” Jorgensen,?'™''® Barbas III,'"" and MacMillan.'® In the latter three groups
N-fluorobenzenesulfonimide (NFSI) was used as the fluorinating agent and excellent enantioselectivities
were obtained (86-99% ee) (Scheme 32).

The asymmetric o-chlorination of aldehydes was also developed independently by two groups:
MacMillan'*' and Jergensen.'” Among several chlorinating agents, they found that perchlorinated
quinone 44 and N-chlorosuccinimide (45) were the best, albeit the catalytic conditions were slightly
different (Scheme 33). The synthetic utility of this method was established by further manipulation to

various important chiral building blocks such as amino acids, epoxides, chlorohydrins, and amino

alcohols.
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Q PhO,S, organocat Q NaBH, OH
H)H + N—F - > H)K(F _— K(F
PhO,S * *
R R R
(NFSI)
Ref. 118: configuration = S Ref. 119: configuration = S Ref. 120: configuration = R
cat 8 (1 mol%) in t-BuOMe, rt cat 42 (100 mol%) in DMF, 4 °C (3t 43 (20 mol%) in THF / i-PrOH, —10 °C
55-95% yield 40-97% yield £.4-994 vield
91-97% ee 86-96% ee oy
91°%%% ee
0] Me Me O
N N
NMe Me: [ » CHCI,CO,H
N "Me mMe” N
Ph H H pn
42 43

Scheme 32. Organocatalytic asymmetric o-fluorination of aldehydes

O O
organocat cl
H + "chlorinating agent" —_— H
R R
0
CIC' cl
44 (1.2 eq) N-ClI 45(1.3eq)
Cl Cl
Cl 0
Ref. 120: reagent 44 Ref. 122a: reagent 45
cat 42 CF3;CO,H (5 mol%) in acetone, -30 °C cat 25 (10 mol%) in CH,Cl,, rt
71-94% yield 30-99% vyield
80-95 % ee 81-97% ee

Scheme 33. Organocatalytic asymmetric o-chlorination of aldehydes

Compared to the preceding examples, the a-chlorination of ketones was rather difficult. This problem
was cleanly solved by Jergensen and coworkers simply by switching the C,-symmetry character of the
organocatalyst from 25 to 46, which provided various a-chloroketones with moderate to high yields and
excellent enantioselectivities (Scheme 34).'* This was also proven to be an excellent strategy in the

asymmetric a-bromination of aldehydes and ketones.'**

Ph N
o) \[ > 46 (10-20 mol%) 0
PR N WCl
+ 45 (2.0 eq) 86-98% ee
W 0-NO,CgH,CO,H (50 mol%) W
o MeCN, rt -

Scheme 34. Organocatalytic asymmetric a-chlorination of ketones
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7. CYCLOADDITION REACTIONS

The Diels-Alder reaction is one of the most powerful tools in organic synthesis, and over the past 30
years considerable attention has been focused on the development of efficient asymmetric transformations.
While the discovery of new asymmetric catalysts is an important event in this field, we can also take
advantage of organocatalytic systems.'*’

In 2000, MacMillan and coworkers were the first to demonstrate a new elegant non-metallic method for
the asymmetric Diels-Alder reaction of cyclopentadiene with a,B-unsaturated aldehydes in the presence

2% The reaction proceeded well to afford the

of the imidazolidinone-type catalyst 42 (Scheme 35).
enantiomerically enriched cycloadducts in high yields (75-99%) and with excellent enantioselectivities
(endo-isomer, up to 93% ee; exo-isomer, up to 93% ee). Soon after that, they confirmed that this

organocatalytic strategy could be extended to o, B-unsaturated ketones as dienophiles.'*’

42+HCI (5 mol%)
@ b R NLCHO Y L.
| |
R

MeOH / H,0O
23 °C CHO
14-24 h (2S)-endo (2S)-exo
up to 93% ee up to 93% ee
_ - —
&

o Me -4.‘9 - 0

N/
+)4Me
N v pr—
Ph rlL Me /%\
| H

. %o

.
o
X

re-face open

a-9 si-face blocked

Scheme 35. Organocatalytic asymmetric Diels-Alder reaction of cyclopentadiene with
a,B-unsaturated aldehydes

Compared to the existing techniques using traditional chiral Lewis acid catalytic systems, the
organocatalytic approach is completely different with respect to the activation mode. Thus, reversible
formation of the LUMO-lowering iminium ion complex 47 from o,f-unsaturated aldehydes and chiral
catalyst 42 can determine the efficiency of this asymmetric process.'>* There are two important factors in
this proposed intermediate: selective formation of the (E£)-iminium conformer and effective shielding of
the si-face of the iminium ion dienophile through the benzyl side chain on the imidazolidinone catalyst

framework, as depicted in Scheme 35.
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The major limitations in this chemistry are the relatively long reaction time and the high catalyst loading.
In order to solve these problems, there have been some reports on the activation of these reactions under
microwave irradiation®® and recycling of the catalysts by attaching a fluorous tag.'”’

The feasibility of the present organocatalytic activation mode was further demonstrated by applying it to
natural product synthesis."**"*! MacMillan and coworkers have recently succeeded in extending the scope

of this methodology to enantioselective intramolecular Diels-Alder reactions.'**'

The utility of this
method was typically exemplified by the short and efficient synthesis of the marine metabolite

solanapyrone D in an enantiomerically pure form (Scheme 36).

17-TfOH Ye
C/\@m (20 mol%) EHO L
S T . T
71% vyield solanapyrone D

>20:1dr,90% ee

Scheme 36. Organocatalytic asymmetric intramolecular Diels-Alder reaction: application
to the asymmetric synthesis of solanapyrone D'3?

In analogy to the organocatalytic LUMO-lowering mode for dienophile activation, the HOMO-elevating
strategy for the diene partner via the in situ formation of enaminodiene species from o,f-unsaturated

ketones can act as an alternative pathway to promote asymmetric Diels-Alder reactions (Scheme 37).

Arz
R. _R
R. .R R. R % N O
O N “N°
H NO,
| Z —_—
A | Ar; Ary Arz Ary
! Al NO, NO,

Scheme 37. Organocatalytic Diels-Alder reactions of a,B-unsaturated ketones with nitroolefins

Consistent with this expectation, Barbas III and coworkers reported an efficient entry to the concise
synthesis of highly substituted cyclohexanone derivatives in a one-pot operation, albeit with moderate
enantioselectivities (up to 38% ee).”* Although we can not preclude the possibility that the reaction
pathway might be a double Michael addition reaction, this method is noteworthy in terms of its simplicity

and novelty. In connection with this chemistry, new findings regarding an organocatalytic asymmetric
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hetero-domino Knoevenagel-Diels-Alder-Epimerization strategy have also been reported.'*

The organocatalytic asymmetric transformations were also applied to the inverse-electron-demand
hetero-Diels-Alder reaction. Thus, after screening a series of pyrrolidine catalysts, Jorgensen and
coworkers found that catalyst 24 was particularly useful for this purpose: after PCC oxidation, lactone
products were formed as a single diastereomer in excellent enantioselectivity (80-94% ee) (Scheme
38)."% The proposed transition state indicates effective shielding of the si-face of the enamine double

bond by the diarylmethyl substituent on the pyrrolidine ring of the catalyst.

1. cat 24 (10 mol%)

"RO,C. _O (? silica, CH,Cl,, 15 °C — rt "RO,C
+
X H 2. PCC, CH,Cl,
R
LY
_ _ 62-93% yield
Ar i 80-94% ee
Ar
RO,C__0->2N\
|
I
R
R

Scheme 38. Organocatalytic asymmetric inverse-electron-demand Diels-Alder reactions and
the proposed transition state'*%?

MacMillan’s catalytic system was also effective for enantioselective 1,3-dipolar cycloaddition using

nitrone substrates, in providing the isoxazolidine derivatives in good yields and in high diastereo- and

enantioselectivities (Scheme 39).'371%®

I%n
Ars =N Bn, Bn_

0" 0 N-O N-O :

cat 42 HCIO4 (20 mol%) yield up to 98%
+ + endo:exoupto99:1
Ar R Ar R p
MeNO, / H,0 H) //\|) ee (endo) up to 99%

OHC/\/R -20°C CHO CHO

endo exo

Scheme 39. Organocatalytic asymmetric 1,3-dipolar cycloaddition reactions

The versatile nature of asymmetric organocatalysis is also recognized by its application to inter- or

intramolecular [4+3]- and [3+3]-cycloaddition reactions (Scheme 40)."**'*
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0]
. cat 17 CF3CO,H CH,CHO
OSiR3 R—_O~_R' (20 mol%) -
)\/\ \ . . endo selective
A NcHo R R up to 90% ee
R R CH,Cl,
"R R"

Scheme 40. Organocatalytic asymmetric [4 + 3]-cycloaddition reaction of furans'>®

8. MISCELLANEOUS REACTIONS

8-1. C-C BOND FORMATION

The initial stage in organocatalysis is mostly driven by the condensation of carbonyl compounds with
chiral (secondary) amines to reversibly form iminium ion intermediates. This process is particularly
advantageous in lowering the LUMO energy of o,B-unsaturated carbonyl systems, as described in the
preceding section.'”'*! This evidence suggests that the activation mode of this type may also be
applicable to enantioselective electrophilic aromatic substitution, namely, Friedel-Crafts-type alkylation
with electron-rich aromatic systems.

In accordance with this expectation, in 2001, MacMillan and coworkers reported the first example of the
asymmetric Friedel-Crafts alkylation of N-methylpyrrole using imidazolidinone catalyst 42 as its
trifluoroacetate salt (Scheme 41)."*** This method is effective for a variety of o.B-unsaturated aldehydes
as acceptors and alkylation products were obtained in good yields and with moderate to excellent
enantioselectivities (87-97% ee). Furthermore, the utility of this method is established in the alkylation of
other electron-rich aromatic compounds (Scheme 42).'"**!*® The observed stereochemistry of the
products can be explained again by invoking the iminium ion transition state 47 similarly as shown in

Scheme 35, leaving the re face open to aromatic nucleophiles.'*

cat 42 CFchZH

0,
) X CHO (20 mol%) /o \ 68-87% yield
N R THE / HZO N CHO 87-97% ee
R 30 °C R &

R =Me, Bn, allyl R'=Phor CO,Me

Scheme 41. Organocatalytic asymmetric Friedel-Crafts alkylation of pyrroles

z cat 17 HCI Z R
(10 mol%) ~_CHO
+ X CHO
RN CH,Cl,
RoN R,N
NR, = NMe, R' = Me, Et, Ph, CO,Me, etc. yield up to 90%
1-pyrrolidino ee up to 92%

Scheme 42. Organocatalytic asymmetric Friedel-Crafts alkylation of electron-rich benzenes
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To extend the scope of above strategy, several studies on the development of new catalytic systems have

144-146

been reported in the literature. Unfortunately, however, further extension of this approach to

aldehydes or imines as electrophiles was found to be quite difficult without the use of metal catalysts."*’
One of the interesting features in this chemistry is the discovery by MacMillan and coworkers.'** They
found that the cascade addition-cyclization reaction of tryptamine derivatives with the activated iminium
ion intermediates, arising from catalyst 17 or 48 as its trifluoroacetate salt and a,3-unsaturated aldehydes,

constituted an efficient method to prepare the pyrroloindoline ring systems in high enantiocontrol (up to

99% ee) (Scheme 43).

cat 17 or 48 CF3;CO,H

7z | (20 mol%)
X | + X -CHO
NN NHPH, R CH,Cl,, -85 °C
R 0]
NMe yield up to 97%
N drupto50:1
H up to 99% ee
|
N 48
H

Scheme 43. Organocatalytic asymmetric synthesis of pyrroloindoline ring systems

Asymmetric organocatalysis also works well with the Morita-Baylis-Hillman reaction. This reaction has
been well investigated to provide a multi-component condensation process, and several important
contributions have been achieved. However, the use of only L-proline as an organocatalyst is not enough
to derive sufficient enantioselectivities, and in many cases the use of a co-catalyst such as imidazole as

. . . 1 149-151
weak Lewis-base is essential.

For example, Miller and coworkers reported that the addition of
N-methylhistidine-anchored peptides could increase the enantioselectivity of the Morita-Baylis-Hillman
process up to 81% ee (Scheme 44)."°" Examination of the proposed transition state reveals that the chain
length of the peptide co-catalyst significantly affects the asymmetric outcome: the optimal result was
obtained with an octamer peptide.

On the other hand, Hayashi and coworkers found that tertiary diamine 49 could efficiently catalyze the
desired asymmetric Morita-Baylis-Hillman reaction (ee up to 75%) (Scheme 45)."*?

Interestingly, in the case of intramolecular L-proline catalysis, an opposite enantioselection was observed
depending on the reaction conditions using an imidazole co-catalyst or not (Scheme 46).">° In the
presence of imidazole, enamine-aldol cyclization presumably takes place through imidazole-iminium ion
adduct B to afford the (R)-enantiomer in 80% ee, whereas the corresponding (S)-isomer might be formed

under the catalysis of L-proline itself via Zimmerman-Traxler transition state A.
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L-proline, co-catalyst
O OH O
j\ (10 mol% each) yield up to > 95%
+
Ar” H | Me THF / CHCl, 1t Al Me  eeupto8l%
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Scheme 44. Organocatalytic asymmetric Morita-Baylis-Hillman reactions and the proposed

transition state
o
N
Me
o Q 9 (30 mol? T
) . y cat 49 (30 mol%) A " yield up to 96%
e e
N ’ | EOH. 0 °C ee up to 75%

Scheme 45. Diamine-catalyzed asymmetric Morita-Baylis-Hillman reactions

OH O L-proline O (0] L-proline (10 mol%) OH O
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H , H H
DMF, 25°C,5h MeCN, 0 °C, 14 h
73% vyield, 45% ee 73% vyield, 80% ee
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H =/ H
H +
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() \OnlnnnH\\\
H o
L _ L (@] _
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Scheme 46. L-Proline-catalyzed asymmetric intramolecular Morita-Baylis-Hillman reactions and
the proposed transition states

Organocatalytic alkylation of active methylene compounds with alkyl halides seems to be quite difficult,
since N-alkylation of the amine catalyst itself must be always competitive and faster than the required
C-alkylation process. In contrast to this expectation, List and coworkers provided an elegant method for

13 Apparently, the success of this

realizing this type of alkylation in high enantioselectivity (Scheme 47).
strategy relies on the careful alignment of the synthetic procedure as follows: 1. the choice of

intramolecular alkylation, 2. the use of a stoichiometric amount of triethylamine as a scavenger of HX,
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and 3. the use of sterically hindered o-methylproline as a catalyst. Despite the importance of metal-free

alkylation, however, at present there are no other related works in this field."*

[
N

N "CO,H
OHC | o OHC,,
(10 mol%) ' R = H: 80%, 68% ee
EtO,C', NEt; (1 eq), CHCly EtO,C', R = Me: 92%, 95% ee
EtO,C -30°C, 24 h EtO,C

Scheme 47. Organocatalytic asymmetric intramolecular alkylation of aldehydes

While some examples of proline-catalyzed multi-component condensations have been reported, their
enantioselectivities were unknown."’®'*® A few organocatalytic asymmetric cyclopropanations of

o, B-unsaturated carbonyl compounds have been reported (Scheme 48).'*'%

ve o N“YCOMH R .COR

H yield up to 85%
R/\/CHO + /S\)J\ \/ drupto72:1
Me™ + R (20 mol%) ee up to 96%

CHCl,, =10 °C CHO

Scheme 48. Organocatalytic asymmetric cyclopropanation of o.,B-unsaturated aldehydes'>’

Finally, the asymmetric allylation of aldehydes using allyltrichlorosilane catalyzed by a chiral proline
N-oxide (Scheme 49),'°" and the amino acid-catalyzed asymmetric cyanosilylation of ketones (Scheme
50)'% have also been reported. Additionally, the catalytic acylcyanation of imines and [2,3]-Wittig

rearrangement of alkenyl ethers has been reported, but no asymmetric induction was confirmed.'®*'**

N
+ o
N h)
S YW-0 Ph
.
sicl (10 mol%) OH
RCHO + ool : 71-92% ee
Z CICH,CH,Cl, 22 °C, 24 h ROV

Scheme 49. Organocatalytic asymmetric allylation of aldehydes
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NH,
©/\co{ Na"
o) (30 mol%) NC. OSiMes
I + Me3SiCN . - 8 55-97% ee
R™ R i-PrOH / THF, —45 °C R™ R

Scheme 50. Organocatalytic asymmetric cyanosilylation of ketones

8-2. EPOXIDATION AND OXIDATION

As represented by a well-known procedure for Sharpless asymmetric epoxidation, considerable efforts
have been made to discover new efficient systems for the asymmetric epoxidation. Compared to the
metal-catalyzed systems, the use of organocatalysis seems not to be a favorable strategy, since in many
cases oxidation on the catalyst nitrogen atom is unavoidable.

In 2003, soon after their initial finding,'°®® Aggarwal and coworkers reported that the asymmetric
epoxidation of olefins proceeded in good yields (up to 93%) and with moderate enantioselectivities (up to
66% ee) using oxone as an oxidant and a chiral pyrrolidine salt as a catalyst (Scheme 51).265%16%
According to their proposal, the protonated ammonium salt species can act not only as a phase transfer
catalyst to carry the real oxidant species to the organic phase, but also as a promoter to activate the chiral

oxidant via hydrogen bonding stabilization, as depicted in Scheme 51.

Cl

@YAr
/N\

H H Ar + Ar
(10 mol%) NG

Ph Oxone (2 eq) »_Ph H H A
O 0 O~
O/ NaHCO; (10 eq), pyridine (0.5 eq) Q? O\ /O (0]
MeCN / H,0 (95 : 5), =10 °C s |\4

yield up to 93% o O
ee up to 66% in situ formed oxidant

Scheme 51. Asymmetric epxidation of olefins ctalyzed by chiral amines and
the proposed in situ formed oxidant%°°

There have since been several reports of the asymmetric epoxidation of a,B-unsaturated carbonyl
compounds using in many cases chiral diaryl prolinol catalysts, and these are listed in Scheme 52.661¢

Recently, MacMillan and coworkers reported a new asymmetric epoxidation system composed of
hypervalent iodine reagent as an oxidant in the presence of chiral imidazolidinone catalysts designed by
themselves.”® Although these efforts are truly very valuable in demonstrating the versatility of
asymmetric organocatalysis, this area seems to be still at the introductory stage, and further improvements

are necessary.'’
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Scheme 52. Organocatalytic asymmetric epoxidation of a.,3-unsaturated carbonyl compounds

Finally, with regard to asymmetric allylic oxidation using proline as a catalyst, only references are shown

for convenience.'’

8-3. REDUCTION

In connection with the general interest in imitating biological reduction systems using a coenzyme such as
NADH and FADHj; in organic synthesis, organocatalyst-based hydride reduction has gained considerable
attention from synthetic chemists.

List'”® and MacMillan'™ reported independently that the conjugate reduction of a,B-unsaturated
aldehydes or ketones could efficiently proceed by the reaction with a stoichiometric amount of Hantzch
ester 52 under the catalysis of imidazolidinone 53 in excellent enantioselectivities (90-97% ee) (Scheme
53).17% Interestingly, even if the reaction was started from an isomerically pure E- or Z-olefin substrate,
the product with a same (S)-configuration was obtained at a high level of enantioselectivity. The result
indicates that in either case the initially formed iminium salt should isomerize quickly into the
thermodynamically more stable isomer via dienamine intermediate 54, followed by asymmetric transfer
hydrogenation.

The utility of this hydrogenation procedure was further expanded by combination with Knoevenagel
condensation, which provides a powerful new protocol for the multi-component alkylation strategy in a
one-pot operation.'” There are some reports on the use of organocatalysts like 55-57 as a Lewis base and

trichlorosilane as a reducing agent for the enantioselective reduction of imines (Scheme 54)."%% |n
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catalyst design, there are important factors: favorable arrangement of the dual coordination site within the

catalyst framework toward the Lewis acidic silicon atom and close interaction between the catalyst and

the substrate.

Me O

\

N

b CClgCOzH

LAy

(or CF3CO5H)

EtO,C CO,Et 53 (20 Mol
R (20 mol%) R
W cHo o+ | " cHo
R' Me H Me CHC|3, -30 °C ﬁ'
E / Z mixture 52 74-95% yield
(>20:1-3:1) 90-97% ee
Ph T Me o 7]
= \
Y cwo N — > 91%yield, 93% ee
Me Ph
N > cHo
= H™S
WACHO e —>  90% vield, 87% ee
Ph Z
- 54 Ph -

Scheme 53. Organocatalytic asymmetric reduction of a,-unsaturated aldehydes
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Ref. 176b: cat 55 (10 mol%)
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H
56

Ref. 177a: cat 56 (10 mol%)
in CHCI; or toluene, rt

yield up to 95%

ee up to 92%

Ph
HN”

X

ey

RI

P

O
5

Ref. 178: cat 57 (10 mol%)
in CH,Cl,, —20 °C

yield up to 99%

ee up to 97%

Scheme 54. Organocatalytic asymmetric reduction of imines with trichlorosilane

The application of this strategy to carbonyl reduction has also been reported in the literature (Scheme

55).179,180

For other related works on the use of proline or related compounds, only references are shown for

convenience. 31182
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Et
Hko Et OH
P Cl,SiH (3.0 eq) :

Ar R (10 mol%) Ar/\R
CHCla, 1t

up t0 99.7% ee

Scheme 55. Organocatalytic asymmetric reduction of ketones with trichlorosilane

CONCLUSIONS

As described above, a great deal of success has been achieved in a wide variety of asymmetric
transformations using a series of proline and related organocatalyts. This fascinating field has grown
rapidly since the beginning of this century.

Proline-based organocatalytic asymmetric synthesis offers several advantages over metal-catalyzed
systems; for example, the ready availability of both enantiomers, ease of handling without the need for
special equipment or inert atmosphere, and in some cases environment-friendly processes. Unfortunately,
however, significant limitations still remain to be solved in this field; for example, high catalyst loading,
long reaction period, and harmful organic solvent media. A proline-based chiral organocatalyst system
proceeds under general acid catalysis that relies on relatively weak hydrogen-bonding between the
catalysts and the substrates in the transition state. Even though such bonds are weak singly, it might be
possible to make strong bonding by assembling them or by carefully tuning the action site as in enzyme
systems.

We hope that from this exceedingly progressive field in modern organic chemistry a new, much more
powerful catalyst as well as highly efficient organocatalyst-based asymmetric transformations can be

developed in the near future.

NOTE ADDED IN PROOF

Recently, an important publication that describes the mechanistic investigation of proline-catalyzed
asymmetric Michael and aldol reactions has appeared. (D. Seebach, A. K. Beck, D. M. Badine, M.
Limbach, A. Eschenmoser, A. M. Treasurywala, R. Hobi, W. Prikoszovich, and B. Linder, Helv. Chim.
Acta, 2007, 90, 425).
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