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Abstract. The review is devoted to the application of
organocatalysis for the asymmetric aldol reaction, which is
one of the most important methods for carbon-—carbon
bond formation in organic compounds. The mechanism of
enamine catalysis and the main types of organocatalysts for
the aldol reaction are considered, data on this type of
reactions involving carbonyl compounds with various elec-
tronic and spatial structures are classified. The effects of
organocatalyst structure on the regio-, stereo- and enantio-
selectivity of intramolecular and intermolecular aldol reac-
tions are reviewed. The bibliography includes 355
references.

1. Introduction

The goal of this review is to get the reader acquainted with a
new rapidly developing area of the modern synthetic
organic chemistry that provides solutions to many problems
of asymmetric catalysis.

The importance of preparing enantiomerically pure
compounds is beyond doubt as well as the fact that the
best way for achieving this task is asymmetric catalysis,
which provides target products with high enantiomeric
purity using catalytic amounts of a chiral compound.
Quite recently, the notion ‘asymmetric catalysis’ has been
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associated with catalysis by metal complexes where the
metal not only activated the reactants, but also transmitted
the chiral information through formation of the transition
state (TS). The mutual arrangement of the catalyst and the
reactants in such a TS ensured the formation of a chiral
reaction product. The works on asymmetric hydrogenation
and oxidation catalyzed by metal complexes were awarded
with the Nobel Prize in chemistry 2001 (B Sharpless,
R Noyori and W Knowles).

Small organic molecules have long been used as catalysts
in chemical, but not in enzymatic reactions. However, it was
not until recently that, despite the known few examples, the
idea arose to use the molecules containing chiral centres as
catalysts instead of enzymes. Note that these molecules are
even more suitable as artificial enzymes than chiral tran-
sition metal complexes, as the mechanism of their action
(the so-called enamine and iminium catalysis) is similar to
that of enzymes aldolase and decarbonylase. It is this type
of catalysis that has been called ‘organocatalysis’.

In the first review of our series of papers devoted to the
use of organocatalysts in organic synthesis, we consider in
detail the aldol reaction. This reaction is widely used in
nature for the formation of carbon—carbon bonds in living
systems (metabolism). Presumably, aldol reactions of form-
aldehyde and glycolaldehyde catalyzed by enantiomerically
enriched amino acids contained in meteorites gave rise to
carbohydrates in the Earth.! Extensive experimental mate-
rial has now been accumulated concerning organocatalysis
as a whole2~* and its application in the asymmetric aldol
reactions in particular; >~ 7 this was summarized in a number
of excellent reviews and books. In view of the considerable
amount of information and the dynamics of development of
this field, we considered it reasonable to divide all the
material into two parts. The first review offered to the
readers considers the emerging and development of organo-
catalysis, the catalysts and reagents used in the asymmetric
aldol reaction, their effects on the regio-, stereo-, and
enantioselectivity of the processes and reactions induced
by immobilized organocatalysts. The second review planned
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to be published later in this journal would deal with the
effect of the reaction medium on the organocatalytic aldol
reactions and their use for preparing chiral natural and
synthetic biologically active substances. The present review
covers the most important publications, primary attention
being given to the works published in 2007 —-2009 and not
included in the earlier papers or monographs.

I1. Emerging and development of organocatalysis

The term ‘organocatalysis’ was introduced by Ostwald®
back in 1900 in relation to catalytically active small organic
compounds, thus distinguishing them as a special group
from enzymes and inorganic catalysts. A number of papers
published in the subsequent 60— 70 years described the use
of chiral organic compounds, in particular, alkaloids,®~ 14
amino acids and short peptides,'> !¢ as catalysts of enantio-
selective organic reactions.

An important milestone in the history of organocatalysis
was the discovery of the Robinson asymmetric annulation
catalyzed by (S)-proline (1) made in the early 1970s by two
independent groups of researchers. The reaction was called
the Hajos—Parrish— Eder—Sauer — Wiechert reaction after
the authors.!”~1° This was a facile and convenient route to
analogues of the Wieland — Mischer ketone, which is a key
intermediate in the synthesis of steroids.?®~22 This reaction
was also useful for the synthesis of a broad range of other
chiral natural compounds and biologically active com-
pounds containing carbocyclic units.?3 24

M
¢ Me 0 N COH Me /O
=
o~ H (1) (30 mol.%)
_—
V4 b7
o DMF o
OH
(ee 93%)

A powerful impetus to the development of studies in the
asymmetric organic catalysis as a whole and, in particular,
the aldol reaction came from the paper by List, Lerner and
Barbas III (Ref. 25) published in 2000 in which the ability
of (S)-proline to catalyze intermolecular aldol reactions was
demonstrated. One of the carbonyl compounds used in the
reaction, most often a ketone, functions as the nucleophile
(electron donor), and the other one, usually an aldehyde,
acts as the electrophile (electron acceptor) in the formation
of a new C—C bond.

O O OH
[ O 130 mol.%) \
Rl/\ + | —— > R! 2FSRS
R2 H R3 DMSO R2

This paper triggered the sharp growth of the number of
publications devoted to the use of organocatalysis in asym-
metric synthesis, and this growth is still in progress.
According to the CAPlus data (Chemical Abstracts Service,
STN International search system), less than 10 papers
having ‘organocatalysis’, ‘organocatalyst’ and ‘organocata-
lytic’ as the keywords appeared in 2000, while the number of
such publications in 2008 was about 650 (Fig. 1).

Organic, first of all, enamine catalysis attracts research-
ers by the fact that this allows preparing diverse organic
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Figure 1. Number (N ) of papers published in 2000—2008 with ‘orga-
nocatalysis’, ‘organocatalyst’ and ‘organocatalytic’ as keywords.

compounds with high enantiomeric purity using rather
simple and readily accessible organocatalysts, which are
often of natural origin (in particular, derivatives of
a-amino acids and chiral amines), and facile experimental
procedures. This does not require preliminary introduction
of any activating and/or protecting groups into reactant
molecules, the syntheses can be carried out in air, without
special dehydration of organic solvents and even in water.
Owing to high selectivity of organocatalytic reactions and
inclusion of all atoms of the reactants into the products (the
‘atom efficiency’ principle), organocatalysis can be assigned
to ‘green chemistry’ methods.?®

The concept of enamine asymmetric catalysis and its
relationship with the results of biochemical studies of
natural enzymes (aldolases) were considered in a recent
publication.?”

I11. The mechanism of enamine catalysis
of the aldol reaction

The organocatalysts used in the direct asymmetric aldol
reaction are most often chiral compounds containing pri-
mary or secondary amino group. The catalytic cycle, which
resembles the cycle of carbohydrate synthesis from glycer-
aldehyde phosphates catalyzed by natural enzymes, viz.,
type I aldolases,?® is shown in Scheme 1.25-2° The cycle
includes the reaction of the donor ketone R!'C(O)CH,R?
(A) with the catalyst R*R3NH resulting in the formation of
iminium intermediate B, which is then converted into
enamine C. The addition of the acceptor carbonyl com-
pound R3CHO (D) to the enamine and hydrolytic cleavage
of adduct E afford aldol F and the regenerated catalyst (see
Scheme 1). Enamine C is the key intermediate in the C—C
bond formation in the aldol reaction; therefore, this type of
catalysis was termed ‘enamine catalysis’.#* The mechanism of
organocatalysis of the asymmetric aldol reaction was
studied both experimentally and by computation methods,
mainly in relation to proline-catalyzed transformations. In
particular, intermediates C and E were identified by electro-
spray ionization mass spectrometry (ESI-MS).?° It was
shown that if the aldol reaction catalyzed by compound 1
is carried out in the presence of HA3O, considerable amount
of the isotope 80 (~90%) is incorporated into aldol F
upon hydrolysis of the iminium cation E.3°



Organocatalysis of asymmetric aldol reaction. Catalysts and reagents

739

Scheme 1
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These data, together with the results of quantum chemical
calculations confirm the enamine mechanism presented in
Scheme 1.31733 Moreover, the results of the above-men-
tioned and some other studies 3*~37 provided the conclusion
about structural similarity of the transition states of intra-
molecular (G) 3% and intermolecular (H) 2539 aldol reactions
containing the donor and acceptor fragments activated by
the catalyst.

In both cases, the spatial architecture of activated
complexes G and H favouring the formation of chiral
aldol is controlled to a certain extent by hydrogen bonding
between the proton of the proline carboxyl group located in
the anti-arrangement with respect to the enamine double
bond and the carbonyl oxygen atom of the acceptor.*°
Thus, proline is able to act simultaneously as a Lewis base
and a Bronsted acid and can be considered as a ‘bifunc-
tional’ catalyst of asymmetric aldol reaction. Apparently,
activated complexes of similar structure are also formed in
the aldol reactions induced by other chiral organocatalysts,
many of which are also bifunctional.#' The adequacy of the
proposed transition state models is indicated by the fact
that the computer programme developed recently on the
basis of these models allows one, in some cases, to predict
the stereochemical outcome of organocatalytic aldol reac-
tions with satisfactory accuracy.*?

Additional information about the mechanisms of vari-
ous aldol reactions can be found in numerous publica-
tions. #3534

IV. Organic catalysts of the aldol reaction

Most of the currently known organocatalysts of asymmetric
aldol reactions are derivatives of natural o-amino acids,
first of all, proline. In addition, a broad range of catalysts
that do not refer to the a-amino acid class and either

contain or not contain a pyrrolidine ring have been pre-
pared. We tried to cover most of the known types of
organocatalysts in this review. However, since the size of
the review is limited, preference was given to the represen-
tatives of the considered catalyst types that most often
exhibit higher activities and selectivities in the aldol reaction
than their analogues. Exhaustive information on the meth-
ods of synthesis and properties of organocatalysts can be
gained by getting acquainted with the original papers and
references cited therein.

1. a-Amino acids and their derivatives

The most widely used organocatalyst of asymmetric aldol
reaction between unmodified aldehydes and ketones is
natural ao-amino acid 1; its physicochemical and catalytic
properties have been thoroughly studied.?> 34355 However,
4-hydroxy- (2a) 2> and 4-fluoroprolines (2b),’® and a-amino
acids with primary amino groups including alanine (3a),%”
phenylalanine (3b),3%3° valine (3¢),°®© methionine (3d),°!
tryptophan (3e),%% %3 histidine (3f),%* arginine (3g),% serine
(4a),%¢ threonine (4b)¢%7 and some other®-% can also
efficiently catalyze this reaction under certain conditions,
e.g., in the presence of Bronsted acids.®® The organocata-
lytic properties of primary a-amino acids were considered in
a recent review.”?

R, R
O\ H:NT “COH
N CO:H g
H

R = Me (a), Bn (b), Pr' (¢), (CH>)>SMe (d),

R = OH (a), F (b). N\ N
©\/§(e>, N
R OH H H
I (CH2:NHCNH, (g).

HoN COH NH
4a.b
R = H (a), Me (b).

2a,b

Despite being readily accessible and inexpensive, chiral
a-amino acids suffer, however, from a number of draw-
backs. The rates and selectivities of the aldol reactions are
usually relatively low, the wuse of a large amount
(=30 mol.%) of the catalyst and considerable excess of
the donor are required (the reactions are often carried out in
a ketone solution).

For increasing the activity of the amino-acid catalysts
and the selectivity of aldol reactions, a number of a-amino
acid derivatives modified at the carboxy group and/or
substituents differing in the chemical nature and spatial
configurations of the side chain have been synthesized in
recent years.

a. Proline derivatives

The largest number of studies was devoted to proline
derivatives. Prolinamides, some of which have relatively
simple structures and contain no additional chirality ele-
ments in the structural fragment at the amide nitrogen atom
have been prepared and studied in the aldol reaction. These
include prolinamide (5),25-71-72 and prolinamides 6-9
synthesized from aniline,”? 2-hydroxyaniline,’*~7¢ amino-
naphthalene’>77 and 2-aminopyridine’®  derivatives,
respectively.
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Me

7a-j HO R

(0]

R! = H: R® = H (a), CI (b), Bu' (¢), EH
NO> (d), CO-Et (e); N N Q

= CL:R2 = H (f), Cl (g), F (h); H H (=
R! = R2 = F (i), Bu' (j).

9 Me

However, more active and selective catalysts for the
aldol reaction are, as a rule, prolinamides 10 containing
two or more chiral centres in the molecule and based on
a-alkylbenzylamines (amide 10a),”%-8% chiral B-amino alco-
hols (compounds 10b,7# 10¢,d.8! 10e,82 10f,%3 10g %4), axially
chiral amino hydroxy-2,2'-binaphthyl (amide 10h),3587
amino sugar (amide 10i),%% steroids (amides 10j),3%-°0
amines with auxiliary nitrogen- and oxygen-containing
heterocycles (compounds 10k,1,°" 10m,%> 10n °3) and even
chiral calix[4]arenes (compound 100).%4

IMG Bu!
(b), I (©
HO™ “Ph HO PhPh

j/Ph TCOZEt

“Ph “'CO,Et

High catalytic activities and enantioselectivities in the
asymmetric aldol reaction were also found for prolinamides
11-14 obtained from chiral diamines and their derivatives,
in particular, from (1R,2R)-diaminocyclohexanes (com-
pounds 11a—d),’> %% (1R,2R)-diamino-1,2-diphenylethanes
(compounds  12a—e),%%-99-102 2 5’_diaminobinaphthyls
(compounds 13a—¢)?8-103-106 and a spiro fused diamine
containing a Cp-symmetry element (amide 14a).!%7 There is
no direct correlation between the number of proline frag-
ments in the catalyst and the catalytic efficiency. Unexpect-
edly, diamide 14b in which the prolinamide fragments are

connected by a p-phenylene linker proved to be a good
organocatalyst for aldol reaction between aldehydes.!%®

Ph Ph

‘v,

(@) R [e) >—\
NH HN—R NH HN—R
NH NH
11a—-d 12a—e

R = 4-MeCs¢H4CO (a), CF5;CO (b),

CNH (©). Ts (d).
O

R = 4-MeCcH4CO (a), Ac (b),
CNH (). 3.5-MesCaHCO (d),
SOsPh (e).
7\
O

>

H H

™

13a—c¢
R! = R? = Me (a);
R! = H: R2 = Ac (b), CNH (¢).

99 e
H
I oy

14a.b O

Linker = ”// (a),
—( ) o

In addition to prolinamides, the asymmetric aldol
reaction can be induced by other (S)-proline derivatives
funcionalized at the carboxy group such as N-substituted

\n\

1,2-bis(prolyl)hydrazine 15'"° and proline thioamide
16.110.111
SIS
N W
- j‘ N N~ “Ph
H H H
NH o NH
15 16

Dipeptides 17 such as prolylglycine (17a),'!? prolylphe-
nylalanine (17b),''3 prolylserine (17¢),''* prolylthreonine
(17d),''5 prolyltryptophan (17e),!'¢ prolylalanine (17f),'4
prolylvaline (17g) ''# and some other anilides of prolylala-
nine and prolylphenylalanine, including compounds
(17h,i) 17 are also quite effective organocatalysts. Good
results were obtained also with tri- to pentapeptides 18,
19,18 20'!'5 with N-terminal proline groups and proline-
containing dipeptide 21 ' with a B-amino acid. In some di-
and polypeptides, the terminal carboxy groups were esteri-
fied 115.119

0 (0] Me (0]
N = ® N N
H o R NH 0 :\CO2H
17a—-i 18

= OH: R2 = H (a), Bn (b), CH,OH (c),

Rl
CH(Me)OH (d), ©\/§(e), Me (f), Pr' (g);
N

H
R! = NHPh: R? = Me (h), Bn (i).
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N NH2 21 OBn
19 CO.H
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20a,b

n="2(a),3b).

High activities and selectivities of the peptide catalysts are
attributable to the resemblance of their spatial architecture
to the structure of aldolases.

Sulfonylamides 22 that are obtained from proline or its
esters and organic sulfamides in the presence of a base are
simple and fairly effective organocatalysts of the aldol
reaction. These include compounds 22a—d,!20-124 22¢ 125
and 22f 126 (S-aryl-substituted sulfamides), alkylsulfamides
22g.120-121 22hi,!27 sulfamide derivatives of camphor
22j.k 120-128 and thiophene 221.'2° Of these catalysts, only
compounds 22j,k do have chiral centres in the sulfamide
group.

0
N
H  NHso.R
22a-1

R = Ph (a), 4-MeCeHy (b), 4-NO>CsHj (¢), 2,4,6-PrsCeHa (d),
(Ar = 3,5-(BnO),CcH3) (f),

OCH,)Ar
4-(0-C12Ha3)CoH (o), @
OCH»Ar

Me (g), n-CyHy (), n-CoHas <I>E§o ). %5/0 (k). QS .

Derivatives of trans-4-hydroxy-(S)-proline (2a) form a
frequently encountered type of organocatalysts of the aldol
reaction. For their preparation, amino acid 2a is usually
modified at the hydroxyl or carboxyl group. To date, a
representative series of ethers and esters 23 in which the
hydroxyl oxygen atom of amino acid 2a is bonded to aryl
(23,139 23b 131), acyl (23c¢),'3? fluoroalkyl (23d),'33 2-naph-
thylmethyl  (23e),'3*  alkoxycarbonyl  (23f),!35 silyl
(23g,136-137 23h 13%), sulfonyl (23i,j!35) and long-chain alkyl
groups (23k,1) 13° have been prepared. The catalytic activity
is inherent not only in compounds having free carboxyl
groups but in some cases, also their salts, for example,
tetrabutylammonium salt of 4-(tert-butyldiphenylsilyloxy)-
(S)-proline 24.140

Tz _O

RO,

W
w

o
z
—

o}
H  on
23a-1

R = Ph (a), 4-Bu'CsHy (b), l‘l-CnHznﬂ)K (n=17,9)(c),
Me

n-FHCS\(\js/ . @©. @\O 0

(. BuPhsSi (g),
(Me3Si)sSi (h), ;& i& (). n-C,Hay s 1 [1 = 6(K), 12 (D).
V4

=0
/S\\

"c\m

For some catalysts 23 and compound 24, diastereomers
with cis-arrangement of functional groups OR and CO;H in
the pyrrolidine ring (cis-23 and cis-24) were also
obtained.!3!- 137 4-Hydroxyproline derivatives immobilized
on polymers or containing fragments of ionic liquids are
considered in Section IV.3.

Bu'Ph,SiQ

N CO,NBuy
H

cis-24

The asymmetric aldol reaction can also be catalyzed by

amides of  trans-4-hydroxy- (25a,b),”>  -4-silyloxy-
(26a,'41-142 26b,143  26¢!44) and -4-acetoxy-(S)-proline
274  and  trans-4-hydroxy-(S)-proline  sulfamides
(28a,b).120
HO
", R
H H
25a.b HO R 26a—c
R = H (a), But (b).
R! = Bu'MesSi: R = "Ph (a),
ACO/,/ HO
CO,Et
f ﬁ (b):
2 1CO,Et
/’ HO
27 R! = Bu'PhsSi:
S O
HO,,// é_\ Me

Az
/EHO R= MR T Me©
el

N NHSO>R
H

28a.b
R = Me (a), 4-MeC¢Hy (b).

Organocatalytic activities in the aldol reaction were also
found for some other (S)-proline derivatives containing
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substituents various in positions 2—5 of the pyrrolidine
ring. These include (2S,3R)-3-hydroxy-3-methylproline
(29),146 (28,5S)-pyrrolidine-2,5-dicarboxylic acid (30) 47
and commercially available (S,S,S)-perhydroindolic acid
(31).14% Organocatalysts of this type include the highly
effective sterically hindered (S)-4,4-bis(1-naphthylmethyl)-
proline (32)'*° and (S)-cis-4-pyrrolidinoproline (33) 50
containing conformationally proximate pyrrolidine and
carboxyl fragments and proline derivative 343! in which
the pyrrolidine ring bears four different substituents, in
particular, a carbohydrate fragment.

Me
- ,OH
(0] O (0] 0
N ﬁ\ QY N f
H  on oH H on H oOn
29 30 31

0

N
H  on

32

O
0
N
H  on
33

b. Derivatives of a-amino acids with primary amino groups
Organocatalysts related to the series of a-amino acids with
primary amino groups are usually synthesized, like proline
derivatives, by modification of the corresponding amino
acids at the hydroxyl group (in the case of a-amino-f-
hydroxy acids 4a,b) or the carboxyl group. The former
approach was used to prepare silyl ethers of serine
(35) 152:153 and threonine (36a) !> and threonine fert-butyl
ether (36b),%7-155-156 which quite efficiently catalyze aldol
reactions under certain conditions (for example, in the
presence of water). Using catalyst 36b, these reactions
occur with unusual cis-diastereoselectivity.!55 156

ISHZ ISHZ
o _~__0O M .0
ButPh,Si~ & NN
OH OR OH
35 36a,b

R = Bu'Me:Si (a), Bu' (b).

Examples of the latter approach are provided by the
syntheses of leucinamides (compounds 37a.,b) !57-158 and
O-(tert-butyl)threonine (38a) '>° containing chiral B-amino
alcohol fragments, which, like ether 36b, behave as organo-
catalysts of asymmetric syn-aldol reactions. The recently

synthesized compound 38b, a catalyst of cross-aldol reac-
tion of ketones based on phenylalaninamide in which the
amide nitrogen is incorporated into the 3,7-diazabi-
cyclo[3,3,1]nonane fragment, also belongs to this type.!®°

0 Pri

I )

NH OH N N

37a,b H —0
HZNHH\

R = Ph (a), 3,5-(CF3).CeH3 (b).
Bn

OBu* O Ph 38b

\ )ﬁ<
Ph
=y
N Ph
NH, OH
38a

This approach was also used to prepare lower peptides
from a-amino acids with primary amino groups. The most
effective catalysts of this type contain most often alanine,
valine, phenylalanine and/or histidine fragments.®® These
include dipeptides 39a,°% 39b,'6! 39¢,%8 39d,162 39e¢ 68161
tripeptides 40 '°! and some other compounds.

R! H ‘O Me - ‘(‘) Me
N\/J\ N JVOH
oty H
0O R o me 1 o
39a-¢ 40

R! = Pr': R? = Me (a), Pr' (b),

B, ) @
N

R! = R2 = Me (e).

2. Catalysts other than a-amino acid derivatives

The asymmetric aldol reaction can be induced by not only
natural o-amino acids and their derivatives but also by
other compounds used as catalysts.

a. B-Amino acids and their derivatives

Examples of enantioselective organocatalysis of intramolec-
ular aldol reactions catalyzed by chiral B-amino acids
containing both primary and secondary amino groups are
also known. This type of catalysts studied include B3-homo-
proline  (41),'°3>  B3-homophenylalanine  (42a),164. 165
B3-homoleucine (42b) 65 and (1R,2S5)-cis-pentacin (43).16°
B-Amino-acid carbohydrate derivative 44 catalyzes fairly
efficiently intermolecular aldol reactions.!¢”

R
O O
P OH
o) OH HoN OH NH>

41 42a.b 43
R = Ph(a), Pr' (b).
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b. Catalysts containing a pyrrolidine unit

Some chiral pyrrolidine derivatives devoid of a carboxyl
group are also capable of catalyzing asymmetric aldol
reactions. This type of catalysts can be divided into four
groups:

(1) (S)-2-hydroxymethylpyrrolidine (prolinol) and its
derivatives;

(2) (S)-2-aminomethylpyrrolidine derivatives;

(3) pyrrolidine-2-phosphonic acid derivatives;

(4) pyrrolidine derivatives with nitrogen heterocycles in
position 2.

(S)-Proline is used most often as the starting compound
for the synthesis of the majority of organocatalysts of these
groups.

(S)-Prolinol (45a) '8 prepared by reduction of (S)-pro-
line is the simplest and in some cases sufficiently effective
catalyst corresponding to the first group. However, com-
pounds 45b,16%-170 45¢ 171,172 454 173 and 45e !’ containing
aromatic substituents in the o-position to the hydroxy or
trialkylsilyloxy group are more selective organocatalysts of
this type. The organocatalytic reactions induced by
a,a-diarylprolinol ethers 45b—e have been recently
reviewed.!73-176 (§)-2-Aaminomethylpyrrolidine derivatives
studied in the aldol reaction include N,N-(dialkylamino)-
pyrrolidines 46a,'77 46b,'7% 46¢,'7° 46d,'3° and perfluoroal-
kylsulfamides 46e '81- 182 and 46f.183. 184 Catalysts 46a—d are
most efficient in systems containing Brensted acids,!?7-180
which apparently hamper the alternative general basic
catalysis of these reactions giving rise to racemic aldols.
A fairly high catalytic activity and enantioselectivity were
found for D-pyrrolidine-2-phosphonic acid (47a) and its
dimethyl ester (47b).!83-186 Unlike phosphonic acid 47a, its
boron analogue 47¢ '87 barely shows catalytic properties in
the aldol reaction. Good prospects were found for the
pyrrolidine organocatalysts 48 in which the pyrrolidine
unit is bonded directly to another nitrogen-containing
ring, in particular, tetrazole (48a),!88.18% benzimidazole
(48b),190- 191 pyridine (48¢)'°?2 or 1,2,3-triazole (48d)
ring.'?3 Recently, the use of (S)-5-(2-methylpyrrolidin-2-

R2
[~ Ba
N OR! N NR'R2
H H

45a—e
R!' = H: R2 = H (a),
3,5-(CF3)2CeHj3 (b);
R! = MesSi: R?2 = Ph (c),
3,5-(CF3)2CsHj3 (d);
R! = Et3Si, R? = Ph (e).

O\HHR N Het

46a—f
R! = R? = Et (a), n-CyoHa1 (b);
R!'-R? = (CHa), [n = 4(¢c), 5(@)];
R! = H: R? = CF;S0: (e),
H‘C4FQSO2 (f)

H
E 48a—e¢
47a—c =N\
R = H: Het =
R — POYOH. @), e ;}?\N//N (a),
P(O)(OMe); (b), B(OH); (c).
N Me
‘/<N (b), | (o,
H Me
N:N’NBH (d);
N
R = Me, Het :\f :N (®.
HN~\

yl)-1H-tetrazole (48e) as the catalyst of aldol reaction has
been reported.!4

c. Miscellaneous catalysts

Examples of catalysis of the asymmetric aldol reaction by
organic compounds that do not belong to the above groups
are few but impressive. Exceptionally effective catalysts 49
and 50 are based on axially chiral y-amino acids and their
derivatives containing a binaphthyl (49a,!93-19¢ 49b 197) or
biphenyl (50) fragment.!3

le) OMe O
MeO H
POy CL”
MeO NH
AL MeO i
l l MeO
49a.b OMe
R = OH (a), NHSO,CF; (b). 50

Some chiral amines and diamines with relatively simple
structures catalyze aldol reactions and exhibit exceptionally
high diastereo- and enantioselectivity under certain condi-
tions, for example, in combination with Brensted acids.
These include, in particular, recently obtained N-substi-
tuted trans-1,2-diaminocyclohexanes containing primary
and tertiary amino groups Sla—e '99-201 and N-[2-dimethy-
laminocyclohexyl)- (51f)202 and (2-pyrrolidinocyclohex-
ylthiourea derivatives (51g).2%3 The catalytic properties of
chiral thiourea derivatives in enantioselective reactions were
considered in a recent review.?%4 Reasonable enantioselec-
tivity of the catalysis of aldol reactions was demonstrated
by the accessible tetrazole analogue of alanine 52,°% quinine
amino derivatives 53a.,b 2935-206 and quinine thiourea deriv-
atives 53¢.202:207 Valinol (54a) and leucinol (54b) were
found to be simple and efficient catalysts of some types of
aldol reactions.?08

R!

S5la—-g
R! = H: R2 = Me (a), Et (b),
Pri (c), Pr* (d), n-CjoHy; (e);
R! = C(S)NHAr, R? = Me (f);
R2-R? = (CH2)4 ().

H2N__ R
HOj 53a-c
54a.b R! = H: R? = H (a), OMe (b);

R = Pri(a), Bu' (). R! = C(S)NHAr, R? = OMe (¢).

Representatives of at least four types of nitrogen heter-
ocyclic compounds other than pyrrolidine with a secondary
amino group incorporated in the heterocycle are known to
behave as organocatalysts in the asymmetric aldol reaction.
In particular, the activity and enantioselectivity of amino
acid azetidine derivatives 55a,25 55b2%° and thiazole deri-
vatives 56a,2> 56b7! are comparable with those of proline.
Higher enantioselectivities in various aldol reactions were



744

S G Zlotin, A S Kucherenko, I P Beletskaya

found for more recently synthesized imidazolidinone 57219
and the catalytic system 58 — CF3;CO,H.2!1-214

R

R R
R
2
HN LN
CO>H H
55a,b 56a,b
R = H (a), Bu" (b). R = H (a), Me (b).
1/\/[6
O% N j
/[ >—-Bul
Bn N E
H NH Pr
57 58

Finally, it has recently been found that aldol reaction
can be catalyzed by nitrogen heterocycles devoid of primary
or secondary amino groups, in particular, oxazolidinone
59215 and quinuclidine derivative 60.2'®¢ The mechanism of
catalytic action of these compounds obviously does not
include the formation of enamine intermediates.

OMe

3. Immobilized catalysts

In recent years, proline-containing catalysts of asymmetric
aldol reaction immobilized on polymeric supports or anch-
ored to ionic liquids have been prepared (see a review2!7).
As a rule, these catalysts are easily separated from the
reaction system components due to different solubilities
and can be regenerated. Usually, a spacer group is attached
to the carboxyl carbon atom of the amino acid or to another
functional group introduced in the pyrrolidine ring of pro-

m EHO BF;

N N
H HKN/ﬁ
3 \o=- NMe
ot

62a—d
O\
H
Linker =—N [R! = H (a), Me (b)],
Rl
HO
Ar
~N N\:)K [Ar = Ph (c), 4-HOCeH, (d)].
H o B

line. The endocyclic amino group functioning as the cata-
lytically active site in the reaction remains free.

Proline immobilization through the carboxyl group
underlies the strategy of synthesis of the heterogeneous
catalyst 61,2!% the proline fragment of which is attached
directly to aminopolystyrene (PS). The same immobilization
technique was used to prepare compounds 62a.,b2!° and
62¢,d,>?° in which the pyrrolidine ring is linked to a
poly(ethylene glycol) (PEG)—PS co-polymer through a
linker comprising one or more a-amino acids (in particular,
serine, threonine, phenylalanine and tyrosine). The catalyst
63 22! bearing an imidazolium cation was prepared in the
same way.

The possibility of functionalization of the hydroxy
group in (S)-trans-4-hydroxyproline (2a) was implemented
in the syntheses of a number of immobilized organocata-
lysts 64 including polystyrene-grafted compounds 64a,>>>
64b.223  64c¢,>>* poly(ethylene glycol)-grafted catalysts
64d.°%> 64e,2° and ionic-liquid-anchored compounds 64f
[An = BF,,227 NTf> (Ref. 228)], 64g.22° 64h228 and 64i,23
which contain, like catalyst 63, fragments of ionic liquids
extensively studied in recent years.231-232 Attention is
attracted to the structural diversity of spacer groups used:
this can be hydrocarbon chains of different length,?3¢
thioesters,??* carboxylic??7-22° and dicarboxylic 223-226
acid fragments and heterocycles.??3 Recently,?3? the same
strategy was used to synthesize (S)-4-hydroxyprolin amide
65 immobilized on a polymer.

R—0O
o)
N
H  on
6daj

R=(S)__ @. () N\ (b)
N=N

o Ho GOWO\OW%
N

H

@Nf ).

n- H‘75C12

(6]
ﬁNﬁf @. ¢ NQQM
Q//

Me” An- THN-

N@N{—/)3 B ), F@N[ (0
Fg

P
S
\/\©\/O///,/ mo

N
H

Me”

Ph
N
H Ph
65 HO Ph

In addition to the considered catalysts, derivatives with
more complex spatial structures were obtained based on
(S)-trans-4-hydroxyproline, namely, polystyrene-immobi-
lized catalyst 6623* with a branched spacer and polyamine
67 23% in which the proline fragments are connected through
glutaric acid-based spacers to each of the eight peripheral
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amino groups of a commercially available poly(propylene-
imine) dendrimer.

R
0]
@ CO.H
. \ _N O
10 R _N </\NrH
R R | Y .
/N
(0)
66 R

Ry
HHNﬁZ <@NF/ZN\R

Ny Ny N
R0 0 9

COH

N(/\%N 3§/R
R\N</\>3NQ>3 ( 3NH
H |
) R
Hl‘\I 3
R 67

The immobilized organocatalysts can be synthesized
from 4-aminoproline derivatives. Examples are the catalysts
68a.b 23¢ grafted to polystyrene through succinic and adipic
acid fragments and catalyst 69 immobilized on a mesopo-
rous silicate support MCM-41 by a [1-(trioxysilyl)prop-3-
yllurea fragment.?37-238 Unlike the (S)-trans-4-hydroxypro-
line derivatives 64 —67 mentioned above, 2- and 4-substitu-
ents in the pyrrolidine ring of catalysts 68 and 69, are cis-
oriented as a result of configuration inversion at the C(4)
atom during the synthesis of cis-4-aminoproline from com-
pound 2a. Proline derivatives can be immobilized using 1,3-
dipolar cycloaddition of (S)-trans-4-azidoproline to the
Merrifield resin modified by terminal acetylene groups.
This gives catalyst 70 with unusual properties,?3® which is
isomeric to compound 64b obtained from (S)-trans-4-
hydroxyproline (2a).

BN N
N%N
L
o o CO;H
N

68a,b H
n =2 (a), 4 (b).
A
o, 4T
MCM-41 /| —0=Si
Aa” g
9 O M W \E>—CO2H
% 0

N
69 H

N COH
70

Recently, we synthesized serine 71a and threonine 71b
derivatives anchored to ionic fragments, which are appa-
rently the first representatives of immobilized a-amino acids

with primary amino groups.?*® Among the immobilized
organocatalysts other than amino acids, mention should
be made of pyrrolidine derivatives 72a—c¢ 241242 in which
the imidazolium cation is connected to the pyrrolidine
fragment through the methylene group.

O\ An—
) —
By - +4_/\570'¢ O\/ /T\ !
\ /N , 7R N N\\“/NBU
Bu® H2N4( H
PF; CO.H T2a—c
An = BF, (a), PFs (b),
71a,b

R = H (a), Me (b).

COH
S
CO»

V. Applications of the organocatalytic asymmetric
aldol reaction

This Section considers the use of organocatalytic asymmet-
ric aldol reaction. Whenever possible, we compare the
outcomes of reactions, i.e., product yields, diastereomeric
ratios (dr) and enantiomeric excesses (ee), involving sub-
strates with different electronic and spatial structures car-
ried out under comparable conditions. The material is
divided into two subsections devoted to intra- and intermo-
lecular aldol reactions.

1. Intramolecular aldol reactions

As noted above (see Section II), enantioselective cyclization
of triketones 73 to bicyclic carbonyl compounds 74 and 75
induced by (S)-proline (1) (the Hajos— Parrish — Eder—Sa-
uer — Wiechert reaction) discovered in 1971 is the first
example of organic catalysis of asymmetric aldol reac-
tion.17-19.243.244 Tp this reaction, the methyl ketone group
serves as the nucleophile and one of the two endocyclic keto
groups of compound 73 is the electrophile. In the
1980—1990s, this reaction was studied in detail by several
research groups, and experimental procedures for this
reaction were proposed. According to one of them, cycliza-
tion is carried out in a neutral medium at room temperature
to give aldol 74.24%-246 According to another one, the
reaction is carried out in the presence of strong acids
(HCI1O4, TsOH), which promotes dehydration of aldols 74
formed in situ to enones 75.2°

0 O o]
W R I LB
Me 1(30-100) mol.% T H*
B —
= N\
o 20
n OH
73 74 (35% —100%,
o ee 90% —99%)
Wk
—

5

NS
n (6]
75 (49% —80%, ee 27% —84%)
n =1,2;R = Me, SPh.

The nature of the substituent R and the ring size in the
starting compound 73 have little influence on the reaction
selectivity, but determine the product yield.?° The enantio-
meric purity of enones 75 can be increased to more than
99% by recrystallizing the tert-butyl ethers obtained by
reduction of the non-conjugated carbonyl group in com-
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pounds 75 (n = 1, 2; R = SPh) followed by alkylation of the
alcohol formed.?4”

The Hajos—Parrish—Eder—Sauer— Wiechert reaction
can also be carried out using other organocatalysts. Thus
in the presence of the salt of chiral bimorpholine 58 with
trifluoromethanesulfonic acid (TfOH), compounds 75
(n =1, 2; R = Me) were obtained in 60% —84% yields and
ee 80% —95%. These values are comparable with the yields
and ee values of enones formed under proline catalysis, but
5 mol.% of catalyst 58 -TfOH is sufficient for effective
reaction.211-214

A method for kinetic resolution of racemic diketones
76a.b into enantiomers based on intramolecular aldol reac-
tion in the presence of (S)-proline (1) was proposed.?*® In
the case of compound 76a, chiral cyclization product 77a
(ee 43%) is formed leaving enantiomerically enriched dike-
tone (R)-76a unconsumed (the ee value was not deter-
mined). Under the same conditions, unsubstituted
cyclohexanone 76b gives cyclization product 77b (ee 46%)
in which the chiral centre configuration, like that in uncon-
sumed diketone (S)-76b, is opposite to that in compounds
77a and (R)-76a.24°

(0]
‘ R
Me 1 (65 mol.%)
_ >
pZ DMF, 65 °C, 1 h
O/
rac-76a,b
Me
(R Me) /(b /\/\O
N~ _
O/
| (R)-6a
H i,
(R = H) 8 M~ >
= 5 4
_— P
o~ 0
77b (S)-76b

R = Me (a), H (b).

Recently, Chandler and List 3¢ demonstrated that some
cyclic diketones, including cyclooctane-1,4-dione deriva-
tives 78, can undergo organocatalytic transannular aldol
reaction with high stereo- and enantioselectivity. This opens
up direct route to the synthesis of chiral polycyclic com-
pounds 79. trans-4-Fluoroproline (2b) proved to be the
most active and selective catalyst of this reaction: for the
tricyclic ketones 79c—e prepared in presence of 26, the
diastereomeric ratio dr (syn:anti) was >20:1.

O
R { 2b (20 mol.%)
2z e
DMSO, ~20 °C

(@]
78 79a—e (32%—97%)
(6] O
HI /f By
OH OH

792 (53%, e 95%)  79b (80%, cc 94%)  T9c¢ (68%, ce 94%)

79d (42%, ee 90%) 79¢ (84%., ee 96%)

The compounds containing an aldehyde group along
with the keto group can undergo intramolecular aldol
reactions. The aldehyde group usually functions as the
acceptor component. Thus the (S)-proline-catalyzed intra-
molecular cyclization of ortho-substituted aromatic alde-
hydes (80, R' = H) and ketones (80, R' = Me) to chiral 2,3-
dihydro-3-hydroxybenzofurans 81 was  reported.?>
This reaction manifested high cis-diastereoselectivity
[dr =(93:7)—(>99:1)] and enantioselectivity
(ee 76% —87%). Enantiomerically pure products 81 were
isolated by recrystallization of the reaction product from a
mixture ethyl —hexane acetate.

‘ HO Rl
R 130 mol.%) X Y
O/\fo DMF, ~20 °C,24-120h R2
R3 R3
8 R 81 (74% —96%)

R! = H, Me; R? = Me, Et; R? = H, Me.

Yet another example is intramolecular aldolization of
o-symmetric keto aldehyde 82 to endo-8-hydroxybi-
cyclo[3.3.1lnonan-2-one (83) induced by 5-hydroxyproline
derivatives trans-23g, cis-23g and 24. The reactions proceed
with high diastereo- (dr >99:1) and enantioselectivity
(ee 94%). Compound 83 obtained in the presence of amino
acid cis-23g is the optical antipode of ent-83 formed in the
reaction catalyzed by tetrabutylammonium salt trans-24.140
The latter has higher catalytic activity than amino acid 23g,
which is attributable to higher nucleophilicity of the amino
group in 24. It is noteworthy that, unlike the formation of
ent-83 under the action of salt 24, reaction catalysis by
proline tetrabutylammonium salt results in racemate rac-83.

cis-23g (25 mol.%)

MeCN, ~20 °C, 23 h g

o /.

‘ ‘ O HO
] 83 (68%)

CHO
trans-24 (5 mol.%)
L T

82 MeCN, ~20 °C,3h E \\

HO O

ent-83 (77%)

Intramolecular aldol reactions of bifunctional com-
pounds containing aldehyde and keto groups in which the
keto group functions as the electrophile are more scarce.
Hayashi et al.?3! studied intramolecular aldol cyclization of
diketoaldehyde 84 catalyzed by pyrrolidine salt
46¢c - CF3COzH, which is accompanied by reversal of the
electronic functions of the aldehyde and ketone, and devel-
oped an original enantioselective synthesis of (S)-1-methyl-
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2-oxobicyclo[4.3.0]non-6-ene-7-carbaldehyde (85). When
this reaction is carried out in N-methylpyrrolidone
(N-MP), the yield of product 85 is 96% and the enantiose-
lectivity reaches 85%. In other organic solvents (Et,O,
MeOH, MeCN), the results are somewhat inferior. In
addition to the dehydration product, aldol 86
(ee 55% —177%) is isolated. Note that the corresponding
reaction catalyzed by proline affords mainly the antipode
ent-85 (ee 43%).

-0 0 46¢- CF3CO,H (30 mol.%)
Me H
N-MP, ~20 °C
I
(o) 84
on CHO CHO
. o
—H,0
H Me ‘ Me
o) o)
86 85 (32% —96%, ee 61% —85%)

Finally, there are examples of intramolecular aldol
reactions involving compounds containing two aldehyde
groups. Thus (S)-proline (1) catalyzes intramolecular cycli-
zations of hexane- and heptanedials 87 (n =0, 1 respec-
tively) to substituted cyclic aldols 88 (Scheme 2).252

Scheme 2
OH
OHC CHO OHC,,
1(10 mol.%)
MCm MC,,-,
I&aj[ CH>Cl, ~20 °C,8-16h
87 88
m=0-2;n=0,1.
Com- Yield dr ee, Com- Yield dr ee,
pound 88 (%) (anti: % pound 88 (%) (anti: %
syn) syn)
OH OH
OHC,,
OHC//,G 95 10:1 99 /@\ 88 1:1 99
Me Me
OH M HO_ Me
OHC///,[E'\\“ € 74 >20:1 98 OHC, A 92 2:1 99
Me
OH
OHC,, OH
75 >20:1 97 OHC., 8 2:1 79
M Me

The reaction proceeds anti-diastereoselectively. The ee
values of products 88 (n = 1) obtained from substituted
heptanedials are usually high irrespective of the position of
the methyl groups in compounds 87 (n = 1). The diastereo-
and enantioselectivities of aldolization of hexanedials 87
(n = 0) are markedly lower.?>3 The yields, the dr and ee
values of (S)-proline (1)-catalyzed intramolecular cycliza-

tion products of hexane- and heptanedials 87 are presented
in Scheme 2. The intramolecular aldol reaction can serve as
one of the stages of a catalytic ‘domino’ transformation
suitable for one-pot synthesis of complex polyfunctional
carbo- and heterocyclic compounds from relatively simple
starting reactants. Probably, the one-pot version of the
Hajos—Parrish — Eder — Sauer — Wiechert reaction was the
first example of this type of transformation. Since both the
addition of cycloalkane-1,3-diones 89 to but-1-en-3-one
(90), resulting in triketones 73 and aldol cyclization of the
latter are catalyzed by (S)-proline (1), products 75 can be
synthesized in the one-pot reaction from commercially
available compounds 89 and 90.254

O
R LH*
+ H»C - 2 — >
g \\O Me
90
89
0 Me 0 0
W R N \ B B
R ESARE SN ne
N 1 N N
/n\o n = \O n \O
OH
73 75 (50%, ee 76%)
74
n=1,2

Acyclic B-dicarbonyl compounds can also undergo suc-
cessive Michael reaction and aldol cyclization. Thus in the
presence of amino acid 1, B-diketones 91 react with but-1-
en-3-one (90) to give adducts 92, which are converted under
reaction conditions into chiral 3-hydroxycyclohexanones 93
in high yields and with moderate enantioselectivity. Under
these conditions, non-symmetrically substituted B-diketones
91 (R! # R?) afford predominantly regioisomer 93 contain-
ing a more electron-withdrawing substituent in the o-posi-
tion to the hydroxy group.?%?

i
R! ‘O 1 (20 mol.%)
+ H,C -
" Me 25°C,72h
rR27 N0 90
91 o
\
\ \
TR Me | —= MO,
N RIT =
R2 0] P
9 0~ “R?

93 (39% —-93%,
ee 43% —80%)

R', R2 = 4-XC¢H, (X = H, Cl, Br, OMe), 2-furyl, 2-thienyl, 4-pyridy!.

The reactions of glutaraldehyde (94a) or 5-oxohexanal
(94b) with 3-arylpropenals 95 occurring through the
formation of in situ adducts 96 give chiral 2-arylcyclohex-
3-ene-1,3-dicarbaldehydes 97a—1. The 45c¢-—organic acid
system is the optimal catalyst for this process. Under
proposed conditions, products 97 were obtained in
reasonable yields and with high diastereo- (dr > 99:1) and
enantioselectivity (ee 74% —99%).'7> The structure of
dialdehyde 97j was established by X-ray diffraction.
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[ CHO 1
GAT
4SC AcOH “~
—_—
CH2C12, 25 °C R ‘ A\J <> Ph —H,0O
H OHC 0O N '<Ph
0 P aaan
95 ( / i
94a.b ] OSIMG{
[R = H (a), Me (b)] 96
CHO
A R = H: Ar = Ph (a), 4-MeOC¢H4 (b),
WAL 4-MeCgHy (c), 2-ButMe,SiOCsH, (d),
- 2-furyl (e), 2-O>NCeHy (), 4-BrCeHa (g);
cHo R = Me: Ar = Ph (h), 2-furyl (i),
R 2-0,NCgHy (j), 4-BrCsHy (k), 4-MeOCgHy (1).

97a—1(53% —68%)

Chinese and Swedish researchers developed convenient
enantioselective methods for the synthesis of diverse chiral
heterocyclic compounds by the reaction of anthranilalde-
hyde (98a,b) and salicylaldehyde (98c) derivatives or 2-mer-
captobenzaldehyde (98d) with o,B-enals 95 in the presence
of silyl ethers of a,x-diarylprolinols 45¢—e. The reactions
follow a common route comprising the addition of the
heteroatom X of compound 98 to the activated double
bond of enal 95 and organocatalytic aldol cyclization of
adducts 99 to 1,2-dihydroquinolines 100a,!”! 100b,!74 chro-
menes 100¢23¢ or thiochromenes 100d.2°7 Attention is
attracted by the high enantioselectivity of the reactions
and the possibility of varying the structure of the starting
compounds over broad limits.

O 45¢—e-PhCOH

J) or 45¢c—e-AcONa
XH R?

(10-20) mol.%
Solv, —20to 20 °C
98a—d

Ar \

le) N Ar
1y~ OSiMe; | — >
= _H20R1 X R?
100a—d
R! X R2

(58% —96%,
ee 85% —98%)

X = NH (a), NCbz (b), O (¢), S (d); R! = H, Cl, F, Me, OMe;
R? = YC¢H4 (Y = H, 4-CN, 4-Cl, 4-F, 4-Br, 4-NO,, 4-OMe, 2-OMe),
2-naphthyl, 2-furyl, CO,Et, n-Alk, CH>OBn; Cbz is benzyloxycarbonyl.

Compounds containing a thiourea fragment are fairly
effective catalysts of asymmetric ‘domino’ reactions com-
prising the Michael reaction and aldol cyclization. In the
presence of only 1 mol.% of catalyst 53¢ [Ar = 3,5-
(CF3)2CeH3s], 2-mercaptobenzaldehydes 98d react with oxa-
zolidinones 101, which have electron-deficient double

bonds, in dichloroethane to give benzothiopyrans 102
‘ 53¢ [Ar = 3,5-(CF3)2CeHs] (1 mol.%)
CI(CH»):Cl, ~20 °C
98d

',

102a-1
(75% —95%, ee 91% —99%)

R = Ph: X = H (a), 5-Me (b), 6-Cl (¢), 4,6-Me» (d), 5,6-(CHa)s (e);
X = H: R = 4-CIC¢H, (f), 3-CIC4Hs (g), 2-CICsHa (h), 4-MeOCsH, (i),
3-MeCgHs (j), 1-naphthyl (k), 3-thienyl ().

(dr > 20:1) in high yields and with excellent enantioselec-
tivity.207

N-(2-Dimethylaminocyclohexyl)thiourea 51f [Ar = 3,5-
(CF3)2C6Hj3] proved to be a good catalyst for the reaction of
o-mercaptobenzaldehydes 98d with maleimides 103 giving
rise to substituted thiochromanes 104 [dr = (5:1)—
(20:1)].292 Note that in the reactions catalyzed by thiourea
derivatives 51f and 53¢, unlike the reactions in the presence
of prolinol ethers 45¢,d, no dehydration of the initially
formed aldols takes place. Therefore, heterocyclic products
102 and 104 containing three chiral centres in the molecule
can be synthesized from achiral precursors in one exper-
imental step.

P
\
511 [Ar = 3,5-(CF3),CeH3] (1 mol. %)
+ || N : ~
xylene, 0 °C, 7 h
X SH )\
98d O 103

104 O
(83-95%, ee 75—94%)
X = H, Me, Cl; R = H, Ph, 4-MeOCgH,, 3-MeOCgHs, 2-MeOCgH,,
4-BI‘C5H4, 3,5-M62C6H3, Bn.

As noted above, organocatalyzed intramolecular aldol
reactions are of high practical value and are used as key
steps of the synthesis of drugs and bioactive natural
products.?*

2. Intermolecular aldol reactions

Over almost 30 years, the scope of application of organic
catalysis in the aldol reaction was limited to intramolecular
processes. Only in 2000, did List and Barbas III with co-
workers 25 71-258.259 egtablish for the first time that amino
acids and some other compounds containing an amino
group can catalyze not only intra-, but also intermolecular
asymmetric aldol reactions involving unmodified aldehydes
and ketones. Under conditions employed (organic solvent,
excess ketone), primary (His, Val, Phe, efc.) and secondary
(e.g., N-methylleucine) linear a-amino acids showed low
activity as catalysts; however, the use of (S)-proline (1)
resulted in aldol reaction products in high yields and with
high enantioselectivity. Over the relatively short period of
time that passed since this discovery, huge experimental
data have been accumulated, which demonstrated the gen-
eral character of the discovered reaction. Newer data made
it possible to reveal the features of behaviour of carbonyl
compounds in aldol reactions, specific nature of various
types of organocatalysts and the relationships between the
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efficiency of organocatalytic reactions and the reaction
conditions.

In terms of the chemical nature of the nucleophilic
component, the organocatalytic aldol reactions studied to
date can be divided into three groups:

— reactions in which a ketone molecule serves as the
nucleophile;

— reactions in which an aldehyde molecule serves as the
nucleophile;

— reactions in which a carboxylic acid derivative serves
as the nucleophile.

a. Reactions with ketones serving as nucleophiles

The intermolecular aldol reactions of the first group have
been studied in most detail. The major part of experimental
data has been obtained for donor ketone—acceptor alde-
hyde systems. Table 1 presents some typical examples of
these reactions. In the presence of (S)-proline, acetone
(105a) and cycloalkanones 105b,c react with aromatic
aldehydes 106a,b to give aldols 107a—c in up to 94% yields
and ee up to 60% —89%.7! These reactions are, as a rule,
carried out with a large excess of ketone. Usually, the
process rate and the yield of aldols 107 increase upon
introduction of electron-withdrawing substituents into the
aromatic ring of the aldehyde. Compounds 107b,c obtained
from cycloalkanones 105b,c and 4-nitrobenzaldehyde (106b)
are usually mixtures of syn- and anti-diastereomers in which
the latter predominate. Proline catalyzed reactions of
butan-2-one (105d) with aromatic aldehydes 106a,b occur
regioselectively to give addition products involving the
ketone methyl group, namely, aldols 107d. However,
ketones containing bulkier alkyl groups (for example, pen-
tan-3-one, isopropyl methyl ketone, etc.), do not react with
aldehydes under the studied conditions.

OH
‘ 1 (30 mol.%)

O (0]
0 |
+ & _— R’ 1
R2 R3 DMSO:105=4:1, R!

Instead of acetone (105a), 4-hydroxy-4-methylpentan-2-one
(diacetone alcohol) (105e) can be used as the nucleophilic
component. In this case, 2 equivalents of the ketone suffice
to attain high conversion and enantioselectivity.?¢!-262 The
unexpectedly high ee values of aldols 107h (up to 99%) were
obtained in the reactions of cycloalkanones 105b,c with
formaldehyde (106e) containing no bulky substituents at the
carbonyl carbon atom.?%3 In this case, too, 2 equivalents of
cycloalkanone suffice for effective reaction to proceed.

Unlike non-symmetrical ketones 105d,e, the addition of
acetone derivatives 108a—f containing an o-heteroatom at
one of the carbon atoms to aldehydes 106 in the presence of
(S)-proline involves usually this C atom rather than the
methyl group affording predominantly aldols 109. Appa-
rently, this reaction route is due to the ability of the
heteroatom to stabilize the enamine intermediates in which
this heteroatom 1is located at an sp?-hybridized carbon
atom. In compounds 109, the anti-diastereomer usually
predominates, the dr (anti:syn) ratio and the ee values of
diastereomers depend appreciably on the structure of the
starting aldehyde and ketone (Table 2).

The highest regio-, diastereo- [dr (anti: syn) > 20:1] and
enantioselectivities (ee > 99%) are attained in the reactions
of hydroxyacetone (108a) with a-branched aliphatic alde-
hydes 106c¢.,d, which result in anti-2,3-dihydroxyketones
109b,¢.”"-258 This method is a good supplement to the
synthesis of chiral syn-2,3-dihydroxy ketones by asymmetric
dihydroxylation of a,B-enones elaborated by Sharpless and
co-workers.26¢

Proline-catalyzed reactions of hydroxyacetone (108a)
with aromatic (106a) and aliphatic aldehydes having no
branching in the a-position with respect to the aldehyde
group (for example, 106f) and with (R)-2,3-O-isopropylide-
neglyceraldehyde (106g) proceed less diastereoselectively
[dr (anti:syn) = (1:1)—(2:1)]; however, the regioselectiv-
ity and the ee values of the predominant anti-isomers of

(0]
R! , R? 0 0
1052 e 106a—e¢ 20 °C,4-48h 107a—h Me)ﬁ N M 1(20-30) mol.%
) R3 Solv

Aliphatic aldehydes 106¢,d also react with ketones 105 in 108 R 106 0]
the presence of (S)-proline. The reaction product 107e of
acetone (105a) with isobutanal (106¢c) is formed in an O OH O OH
exceptionally high yield and with good enantioselectivity — | T I
(ee up to 96%).25- 7! The aldol reaction can be carried out Me R? R?
for both individual cycloalkanecarbaldehydes, for example R! R!
106d, and compounds obtained in situ by hydroformylation 109 110
of cycloalkenes in the presence of rhodium complexes.??
Table 1. Asymmetric aldol reaction (1) catalyzed by (S)-proline.
Ketone Aldehyde Aldol
compound R! R? compound  R? compound yield (%) dr (anti:syn)  ee (%)
105a H H 106a XCe¢Hs (X #NO2) 1072 62-94 — 60-77
105b (CHb»)3 106b 4-NO,CsHg4 107b 65 76:24 8§94
105¢ (CHaz)> 106b 4-NO>Cg¢Ha4 107c 73 76:24 694
105d Me H 106a,b XCeHg4 107d 20-65 — 50-77
105a H H 106¢ Pri 107e 97 — 96
105a H H 106d cyclo-CeHiy 107f 60 — 85
105¢ CMe>(OH) H 106d cyclo-CeHi 107g 91 - 86
105b,c® (CH2), (n = 2,3) 106e H 107h 25-45 — 95-99

2The ee values for anti-diasteromers. " In the reaction 2 equiv. of the ketone were used; in other cases, 20— 30 equiv. of the ketone were used.
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Table 2. Aldol reaction (2) catalyzed by (S)-proline.

Ketone Aldehyde Aldol 109 Aldol 110 Ref.
com- R! com- R3 com- yield dr ee (anti), com- yield ee
pound pound pound (%) (anti:syn) % pound (%) (%)
108a OH 106a Ph 109a 83 1:1 80 — — — 71,258
108a OH 106¢ Pri 109b 60 >20:1 >99 — — — 71,258
108a OH 106d cyclo-CeHi 109¢ 62 >20:1 >99 — — — 71,258
108a OH 106f tert-CsH 1y 109d 38 1.7:1.0 >97 — — — 71,258
O Me
108a OH 106g S(J: >< 109e 40 2:1 >97 — — — 71,258
O Me
108b Bu'Me,SiO  106a Ph 109f 85 4:1 40 110a 5 — 264
108b Bu'Me,SiO  106h Mem 109¢g 11 1.5:1.0 — 110b 43 95 264
CH,»
108b Bu'Me,SiO  106i Bu'Me,SiO 109h 25 2:1 — 110c 58 43 264
108¢ OPh 106a Ph 109i 65 6:1 64 110d 1 — 123
. SPh . .
108¢c OPh 106j D& 109j 35 24:1 93 110i 35 96 123
108d SPh 106a Ph - — — — 110f 27 68 123
. SPh
108d SPh 106j D& 109k 2 99:1 — 110g 38 95 123
108e SMe 106b 4-NO,CsH4 — — — — 110h 10 — 265
108f Cl 106b 4-NO,CsHy4 1091 8 — — — — — 73

Note. In all reactions except for the last two ones DM SO was used as the solvent (Solv). The reaction 108e + 106b was carried out in CHCl; and the

reaction 108f + 106b was performed in THF.

compounds 109a,d,e remain relatively high (ee
80% —97%).71-258 A similar regioselectivity with moderate
diastereo- and enantioselectivity is typical of the reactions
of (tert-butyl-dimethylsilyloxy)acetone (108b) with aro-
matic aldehydes 106a. Meanwhile, analogous reactions of
compounds 108b with o,B-unsaturated aldehydes 106h,i give
mainly regioisomeric aldols, i.e., compounds 110b,c.2%*

Diastereomeric aldol 109i is the major proline-catalyzed
reaction product of phenoxyacetone (108c) with aromatic
aldehydes 106a; however, in the reaction of ketone 108c
with sterically hindered 1-(phenylthio)cyclopropanecarbal-
dehyde (106j), regioisomers 109j and 110i are formed in 1: 1
ratio. The reactions of phenylthioacetone (108d) with alde-
hydes 106a,j proceed with low chemical yields, giving
mainly regioisomeric aldols (110f,g).!?3

(S)-Proline-catalyzed reactions of a-methylthioacetone
(108e) 2¢> and a-chlorocetone (108f) 73 with 4-nitrobenzal-
dehyde (106b) are even less selective, the yields of the
corresponding products 110h and 1091 being not higher
than 10%.

Ketones containing two heteroatomic substituents in
one a-position relative to the carbonyl group react with
aldehydes involving the unsubstituted alkyl group, appa-
rently, due to steric hindrance caused by these substituents.
Thus the only products isolated in the reactions of pyruval-
dehyde dimethyl acetal (111) with aliphatic, including func-
tionally substituted, aldehydes 106c¢c.d,g.k,1 catalyzed by
amino acid 1 are polyfunctional aldols 112. Although the
yields of products 112 are not always high, attention is
attracted by high diastereo- (dr = 19:1) and enantioselec-
tivities of the process, especially in the case of aldehydes

106g.k 1, which contain o- and B-heteroatoms relative to the
aldehyde group.?®” The product yields were increased and
pyruvaldehyde acetals (111) with R!#H were involved in
the reaction using the catalytic system 51e — TfOH.?°!

N O‘ 1 (30 mol.%) or S1e—TfOH (20 mol.%)
K DMSO or N-MP, ~20 °C

112a-d,g.k,1 (31% —95%, ee 73% — >99%)

111, 112: R! = H, Me, Et, Pr;
106, 112: R3 = XCgH4 [X = 3-NO,, 2-NO,, 4-CF3, 4-CN, 4-Cl,
3-Br, 4-Ph] (a), 4-NO>C¢Hy (b), Pr' (c), cyclo-C¢Hy; (d),

Y\ N\ Me
O@ = o K, O‘"\gjso/\«»Me ).

0 ;

MjMe BOCI:,[Z(Me M~ o

Me

Ketones containing heteroatoms in both «-positions
with respect to the carbonyl group can serve as nucleophiles
in organocatalytic aldol reactions. Thus in the presence of
(S)-proline, 1,3-dioxan-5-one derivatives 113a—c¢, which
represent protected forms of o,o’-dihydroxyacetone, react
with aldehydes 106 to yield aldols 114, precursors for the
synthesis of carbohydrate derivatives 268274 (Table 3).
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Table 3. Aldol reaction (3) catalyzed by (S)-proline.
Ketone Aldehyde Aldol Ref.
compound R! R? compound  R3 compound yield (%) dr (anti:syn)  ee (anti) (%)
113a Me Me 106b 4-NO,CsH4 114a 58 12:1 73 268, 269
113b H H 106b 4-NO,CsH4 114b 89 2:1 92 270
113c (CHb2)s 106b 4-NO>C¢Hg4 114c 85 5:1 59 270
113a Me Me 106¢ Pri 114d 97 >49:1 94 271,272
113a Me Me 106d cyclo-CeHiy 114e 86 >49:1 90 271,272
O Me
113a Me Me 106g >< 114f 76 >49:1 98 271,272
O Me
113a Me Me 106m CH>OBn 114g 40 >49:1 97 271,272
113a® Me Me 106n n-Ci4Hoo 114h 60 99:1 95 273
113a Me Me 1060 CH(OMe)» 114i 69 >49:1 94 271,274
O>< Me
113a Me Me 106p )JT/N Me 114j 80 >49:1 96 271,272
|
Boc
O>< Me
113a Me Me 106q )JT’N Me 114k 80 >49:1 96 271,272
|
Cbz
aThe reaction was carried out in CHCl;, and in other cases, DMF was used.
(‘)‘ (‘)‘ QH (‘)‘ O‘ 48b (10 mol. %)
_— >
A o 12030 mol.%) (\/'\Rs HOQC/\ + KR; THF, ~20 °C
+ = 3
O><O kR3 Solv, 20 °C O><O ® 115 R! 106
R!" R? 106 R!" R? o
113a-c 114 L R HO  R!
- HOQCﬁ — —
High diastereo- and enantioselectivities are observed in 2 o= s
reactions involving both linear (106m,n)27!'-273 and HO™ "R} o
a-branched aliphatic aldehydes (106c.d,g,0—q),2"!-272.274 116 117 (44% —90%, ee 67% —90%)

including compounds 106g.,0—q containing O or N atoms
in the a-position relative to the aldehyde group. In some
cases, 1 —2 equivalents of compound 113 suffice for effec-
tive reaction to occur. Aromatic aldehydes, including
4-nitrobenzaldehyde (106b), usually react with 1,3-dioxan-
5-one derivatives 113a—c less selectively.?%8-270 The
dependence of the dr and ee values of products 114a—c on
the structure of cyclic ketals 113a—c follows a complex
pattern.2’% Unprotected o,o’-dihydroxyacetone also under-
goes organocatalytic reactions with aldehydes under certain
conditions.?73-276

Ketones in which the carbonyl group is deactivated by
strong electron-withdrawing substituents cannot act as
nucleophiles in the proline-catalyzed aldol reactions. How-
ever, in the presence of 2-[(S)-pyrrolidin-2-yl]benzimidazole
(48b), a-oxo acids 115 taken in excess (15 equiv.) react with
different aldehydes 106 to afford y-hydroxy o-oxo acids
116, which are converted under reaction conditions into
chiral isotetronic acids 117.1°! The process is characterized
by relatively high enantioselectivity. Products 117 refer to
the class of butenolides many of which are biologically
active (see references in Ref. 191).

R! = H, Mg, Et, Ph; R? = Pr, Bu!, COEt, XC¢H4 (X = H, 4-NO»,
4-BI‘, 4-OM6), C6F5.

Some aldehydes containing electron-withdrawing sub-
stituents at the carbonyl carbon can be introduced in the
reactions with ketones as hydrates. Thus proline amide
(5)-catalyzed reaction of ketones 105 or 108 with diethyl
formylphosphonate hydrate (118) proved to be a convenient
method for the synthesis of chiral a-hydroxyphosphonates
119.72 Note that ketones 105b,h,i are mainly converted to
isomers anti-119 [dr (anti: syn) = 70:30], and compounds
105¢ give mainly syn-119 [dr (anti:syn) = 5:95]. Unlike the
reactions with aldehydes presented in Table 2, the reactions
of hydroxyacetone (108a) and chloroacetone (108f) with
phosphonate 118 give aldols 119.

O OH
I e smarn A5,
+ HOT T o
R! R2 ’ R! RZ2 O
105a—d.f—i; 118 119 (58% —95%,
108a,f,g ee 43% — >99%)

105: R? = H: R! = H (a), Me (d), Et (f), CH>Ac (g);
RI-R2 = (CH,)s (b), (CH»)> (¢), CH-OCH (h), CH>SCH (i);
108: R2 = H: R! = OH (a), Cl (f), OMe (g).
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Linear and cyclic ketones 105 react with chloral hydrate
120a in the presence of [(S)-pyrrolidin-2-yl]tetrazole (48a) to
give the corresponding aldols 121 with high diastereo- and
enantioselectivities.?’” Ketone 105b is mainly converted into
diastereomers anti-121 [dr (anti: syn) = 24: 1], while ketone
105¢ predominantly forms syn-121 [dr (anti:syn) = 1:9].
Trifluoroacetaldehyde monohydrate (120b) reacts similarly
to chloral hydrate under these conditions. The reactions
involving non-symmetrical methyl ketones occur regioselec-
tively involving the methyl group of the ketones.

0 O OH
I OH 48a (5—10) mol.% I
R2 /\ N )\ AN R CXs
RI HO~ ~CX; MeCN,30-40 °C e
105 120a,b 121a,b (55% —93%,

ee 82% —99%)
105: R!'-R2 = (CH»)3, (CH,)4; R! = H: R? = Pri, CH,CH=CMe,,
Bu", COEt, Ph, 2-naphthyl;
120, 121: X = Cl (a), F (b).

Hemiacetals of electron-deficient aldehydes can also
react with ketones. The (S)-proline-catalyzed reactions of
trifluoroacetaldehyde hemiacetal (122a) with acetone (105a)
or cycloalkanones 105b,c give higher yields of fluorinated
aldols 123 than similar transformations with hydrate
122b.278 Note that reactions of aldehyde hemiacetal
hydrates with cyclohexanone (105b) and cyclopentanone
(105¢) afford different regioisomers: anti-isomer in the case
of ketone 105b [dr (anti:syn) = 96:4] and syn-isomer in the
case of ketone 105c¢ [dr (anti:syn) = 2:98].

0 o OH
| PH 1 30 mol.os) K\\(L
PR R
Rl RZ R3O R4 ~20°C Rl RZ
105a—c¢ 122a.b 123 (68% —96%,

ee 41% —93%)

105: R'-R? = 2 H (a), (CH2); (b), (CH2)2 (¢);
122: R* = CF3, R3 = Et (a); R* = CoFs, R? = H (b).

Apart from transformations in the nucleophilic ketone —
electrophilic aldehyde systems, asymmetric cross-aldol reac-
tions between two ketones are also known. This type of
reactions occur only if the acceptor ketone molecule con-
tains strong electron-withdrawing substituents, which
increase the electrophilicity of the carbonyl carbon atom.
In addition, for reactions to be selective, it is desirable that
no hydrogen atoms be present at the a-position relative to
the carbonyl group of the acceptor component. These
requirements are satisfied, for example, for o,a,a-trifluor-
oacetophenone derivatives 124. The reaction of compounds
124 with excess (50 equiv.) ketone 105 in the presence of
(S)-proline affords fluorinated aldols 125 in rather high
yields and with moderate enantioselectivities.?’® In the
presence of electron-withdrawing groups in the aromatic
ring of the acceptor ketone 124, the reaction rate increases.

(0] (0]
R + \
\/J\Me F3C/I\Ar
105 124

1(10 mol.%) OF;C OH
R —— ‘ ~,
—20 °C RM
Ar

125 (45% —99%,
ee 18% —64%)

R = H, Me, Pri, Bu™; Ar = 4-XC¢Hy4 (X = H, Cl, F), 1-naphthyl.

Various 1,2-dicarbonyl compounds can be used as
acceptors in the cross-aldol reactions catalyzed by (S)-pro-
line derivatives. Thus donor ketones 105a—d react with
1,2-diketones 126a—c,ef (see Ref. 280) and a-keto esters
126d.g (see Refs 281 and 282) to give 2-hydroxy-1,4-dike-
tones or 2-hydroxy-4-ketoesters 127. The reaction route
depends on the reactant structures. 1-Aryl-1,2-dioxopro-
panes 126a—c react with involvement of the keto group
attached to the aromatic ring. Butan-2-one (105d) forms
addition products involving the ketone methyl group. The
highest diastereo- (dr > 20:1) and enantioselectivity (ee
80% —99%) were achieved in the reactions with cyclic
ketones 105b,c and 126f,g. In all cases, considerable excess
(64 equiv.) of nucleophile 105 is required for suppression of
side processes.

i ? T
)&Rz 1(50 mol.%) 4 R?
TR me |
Rl RZ O Rl R2 O
105a—d 126a—¢g 127 (53% — 89%,
dr >95:5,

ee 14%—99%)

105: R2 = H: R! = H (a), Me (d); R'—~R2 = (CH,)3 (b), (CHz)2 (c);
126: R® = Me: R* = 4-XCgH4 [X = H (a), NO; (b), CF3 (¢)]; R? = OEt,

|
R* = Ph(d): R*R* = (CHas (e). ). Mejyo ®.
()

The aldol reaction in the donor ketone —acceptor ketone
system was used for dynamic kinetic resolution of oxosuc-
cinic acid esters. The reaction of racemic 2-oxo-3-arylsucci-
nates 128 with an excess of acetone (105a) in MeCN in the
presence of 10 mol.% of proline (1) furnishes diastereo-
meric aldols syn-129 and anti-129 [dr (syn : anti) = (72:28)—
(87:13)], which contain two interrelated stereogenic centres,
with high enantiomeric purity.?83 The absolute configura-
tion of isolated diastereomers was confirmed by X-ray
diffraction studies.

o) 0
‘ ‘ CO2R 1 (10 mol.%)
Me Me + RO,C B
MeCN, —20 °C, 44% —88%
105a Ar 128
I HQ CO:R O HQ CO.R
— _ _CO.R + | X _CO-R
Me ~, Me R
Af H Af H
syn-129 anti-129

R = Me, Et, Bn;
Ar = XC¢Hy4 (X = 2-F, 4-F, 2-Cl, 4-Cl, 2-CF3, 4-Br, 4-OMe).

In addition to 1,2-dicarbonyl compounds, alkyl a-oxo
phosphonates also undergo (S)-proline-catalyzed asymmet-
ric aldol reaction with donor ketones. The reaction of a-oxo
phosphonates 130 with an excess (54 equiv.) of donor 105a
in the presence of 20 mol.% of amino acid 1 at —30—-0 °C
affords chiral a-hydroxy phosphonates 131, which possess
valuable biological properties, in reasonable yields and with
fairly high enantioselectivity.?®4 The outcome of reactions is
almost unaffected by the nature of substituent R' in the
starting phosphonates 130; however, the introduction of
bulky substituents (R?> = Pr') into the phosphonate group of
compounds 130 leads to an increase in enantiomeric excess
of products 131.
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\/ 5, 1(20 mol.%) “ OR2
Me Me * H OR —30-0°C Me <OR2
105a 130 0

131 (47% —94%,

ee 80% — >99%)
R' = 4-XC¢H4 (X = H, Cl, F, Br, I, Me, OMe), Me, Bn, CH,CH,Ph,
trans-CH=CHMe; R2 = Me, Et, Pr'.

A rare example of successful asymmetric aldol reaction
in a ketone—ketone system with the acceptor ketone con-
taining o-hydrogen atoms relative to the keto group is (5)-
proline-catalyzed dimerization of 2,2-dimethyl-1,3-dioxan-
5-one (113a). The reaction affords chiral aldol 132 with
rather high optical purity; this compound is a protected
form of (S)-dendroketose (Scheme 3).27!

i
K\\ 130 mol.%)
2

Scheme 3

//////,,
%/Me

Oum

OKO DMF, 2 °C O
Me\ Me Me\\\
113a 132 (57%, ee 94%)

In some cases, an asymmetric aldol reaction between a
donor ketone and an acceptor ketone requires the use of
more active catalysts instead of proline. Thus fluorine-
containing o,p-unsaturated ketones 133 react with an excess
(70 equiv.) of donor ketones 105a,d in the presence of the
22d —trifluoroacetic acid (TFA) (each 10 mol.%) catalytic
system yielding fluorine-containing chiral allylic hydroxy
ketones 134, that are difficult to obtain, with optical purity
reaching 95%.2%5 When butan-2-one (105d) is used as the
donor ketone, the addition product to the methyl group is
solely formed. This reaction can also be induced by (S)-
proline; however, the yields (50% —93%) and the enantio-
meric excess (52% — 74%) of products 134 are much lower in
this case.!38

o) 0
‘ /‘K/\ 22d-TFA (10 mol.%)
Me + FiC S 2

RI 133 6-31h
105a.d
O‘F_;C OH
— - =~ “R2

R!
134 (76% —99%, ee 81% —95%)
R! = H, Me; R? = 4-XCeH4 (X = H, Cl, Br, Me, OMe), 1-naphthyl,
2-furyl, C=CPh, CH=CHPh, (CH,);Ph.

Using N-(6-methyl-2-pyridyl)-(S)-prolinamide (9) as the
catalyst, asymmetric aldol reactions of ketones 105 with
different a-keto acids 135 were performed.’8 %8¢ The result-
ing aldols were isolated as methyl esters 136 with high
enantiomeric purity by treating the reaction mixture with
diazomethane. Catalyst 9, which is a base, can be isolated
from the reaction mixture by acid extraction and used
repeatedly. In the case of ketones 105 with R!# Me, the
reaction proceeded regioselectively involving the methyl
group. Products 136 were converted to chiral 2-hydroxy-y-
butyrolactones 137 [dr (anti:syn) = (95:5)—(99:1)], which
are valuable ‘building blocks’ for the synthesis of natural

products and biologically active compounds,?®” using the
reaction sequence comprising diastereoselective reduction
with NaBH(OAc)s and lactonization.

X

105 (27 equiv.) 135

I N 1) 9 (20-30) mol.%, PhMe, 0—25 °C

R "Me R

CO,H 2)CH,N,

i
1)NaBH(OAS), OH
MCOZM@ 2 HCl R?
H" =
R! 137

R! = n-C,Hay 11 (n = 1-8), (CH2)>Ph, CH2SMe, cyclo-C3Hs;
R2 = Me, Et, Bu!, Ph, Bn, 3-NO>CsH4CH», 2-furyl, 2-thienyl.

Aliphatic, heteroaromatic and aromatic a-oxo esters 138
containing either electron-donating or electron-withdra-
wing substituents in the aromatic unit react with acetone
(105a), which serves also as the solvent, in the presence of
1,2-diphenyl-1,2-bis(prolinamido)ethane (12¢) and AcOH
to give the corresponding aldols 139 in high yields and
with high enantioselectivity.!?® The reaction proceeds effi-
ciently even at —20 °C. By analogy with published
data,’-282 (S)-configuration was assigned to the major
enantiomers of products 139.

H n H 12¢ (15 mol.%)

Me Me R
105a (> 27 equiv)

CO,;Me  AcOH (150 mol.%), —20 °C, 12-16 h
138a—i

o OH
- Mcone
Me R
13921 (62% —99%, ee 64% —94%)

138, 139: R = XCsH4 [X = H (a), 2-Me (b), 3-Me (c), 4-Me (d), 3-F (e)],
I-naphthyl (f), 2-naphthyl (g), 2-thienyl (h), cyclo-CeH i (i).

In the aldol dimerization of ethyl pyruvate 140 catalyzed
by a salt of chiral pyrrolidine 46c with trifluoroacetic acid,
as in the dimerization of 2,2-dimethyl-1,3-dioxan-5-one
(113a) (see Scheme 3), the MeCO group in one molecule of
the starting compound functions as a donor, and the keto
group in the other molecule is an acceptor. In this reaction,
which is not induced by proline, aldol 141 formed initially is
converted with relatively high enantioselectivity to isote-
tronic acid 142 derivative upon successive treatment of the
reaction mixture with ion-exchange resin Amberlist-15 and
tert-butyldiphenylsilyl chloride.!”®

O
M I 46¢—TFA (30 mol.%)
[+ —_—
\H/\OEt PriOH, 25 °C
O 140

EtO,C, O

\ 40
OH Me"
E 1) Amberlist-15
= _— >

Me/[\/\COZEt 2) BuPh,Sicl e
EtO,C \S
141 But”|
Ph

142 (59%, ce 86%)

The recently synthesized phenylalanine derivative 38b
containing a 3,7-diazabicyclo[3.3.1]nonane fragment is a
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good catalyst for the asymmetric aldol reaction of donor
ketones 105a,d and acceptor ketones 143 containing various
electron-withdrawing groups (EWG). This catalyst, in com-
bination with an equimolar amount of formic acid, can be
used to perform this reaction with a broad range of electro-
philes 143, including o-oxo phosphonates, a-oxo esters,
a-oxo aldehyde acetals, and to synthesize there from func-
tionally substituted aldols 144 in high yields and with high
enantioselectivities.!¢0

(‘\M (‘)‘ 38b—HCO-H (5—30 mol.%)
e 4
A~ CEWG

R

105a,d 143
O OH
| EWG
- Ar
R

144 (40% —97%, ee 82% —98%)
R = H, Me; Ar = XCgHy (X = H, 4-NO, 4-Me, 4-OMe, 4-Cl, 4-F,
3-NOs, 3-Me, 3-Br, 3-F), 2-naphthyl; EWG = P(O)(OAlk),, CO:Me,
(4-0,NCH4CH,0),CH, (4-0,NCH40),CH.

Acetone (105a) reacts with isatin derivatives 145 in the
presence of some organocatalysts, in particular (S)-pro-
line,?®® 12d—AcOH system,!?! dipeptide 21 comprising
(S)-proline and B-phenylglycine,!!?28% thiophene-contain-
ing proline sulfamide 221,'?° and valinol 54a and leucinol
54b antipodes2°8 to give chiral 3-(2-oxopropyl)-3-hydroxy-
indolin-2-one derivatives 146 in high yields. This method
was used, in particular, to synthesize the (R)-enantiomer of
4,6-dibromoisatin 146b identical to the alkaloid convoluta-
midine isolated from marine bryozoan Amathia convoluta in
1995, which proved to be a powerful inhibitor of differ-
entiation of the leukemia HL-60 cells.?®® Note that com-
pound (R)-146b was obtained with high enantioselectivity in
reactions catalyzed by dipeptide 21, sulfamide 221 and

R! 0
0 R? // c
at
g - e
Me Me R! N Solv, —20to 20 °C

\
105a 145ap R}
(6]
R!
HQ 4
R2 \\‘\\ \
Me
> —0
R! \
R3
(R)-146a,b (S)-146a.b
R! = H (a); R> = H, Br; R? = H, Me, Et, Bn;
R! = Br(h), R? = R’ = H.
Cat Ceat Solv Yield of  ee 146b (%)
/mol.% 146b (%) (configu-
ration)
1 10 Me,CO 86 55(S)
12d +2 AcOH 10 Me,CO 45 87 (S)
21 10 Me,CO 50 97 (R)
221 5 Me,CO-H,O 99 95 (R)
(S)-54b 20 CH,Cl, 98 95 (S)
(R)-54b 20 CH,Cl, 98 94 (R)

(R)-leucinol (R)-54b, whereas in the presence of catalysts
1, 12d and (S)-54b, aldol (S)-146b, the optical antipode of
natural convolutamidine, was formed predominantly.

The asymmetric aldol reaction of oxindoles 147 with
trifluoropyruvate 148 catalyzed by quinuclidine derivative
60 affords spirooxindoles 149, which possess valuable bio-

logical properties.?!©
R2
R! (0]
o, I me
N F5;C COEt 0°C
H 148

147

60 (10 mol.%)

Rl W
ent-60 (10 mol.%) \©\ o
N

(R,R)-149
R! = H, Me; R? = Me, Et, Bn, 4-XCcH4sCH; (X = Me, Cl, Br),
YNHCH,CH: (Y = Boc, Cbz, Bn).

The reaction has excellent enantioselectivity and high
diastereoselectivity [dr = (88:12)—(97:3)]. Using together
with catalyst 60 its optical isomer ent-60, Ogawa et al.?'®
managed to prepare (S,S)- and (R,R)-enantiomers of com-
pounds 149 and to establish their absolute configurations.
Unlike isatin derivatives 145 (c¢f. their reactions with ace-
tone) indole derivative 147 serves as the nucleophilic com-
ponent. The proposed reaction mechanism includes
deprotonation of compound 147 under the action of the
quinuclidine fragment of the catalyst and spatial fixation of
the resulting enolate and trifluoropyruvate 148 in the
chelate cavity of the catalyst by hydrogen bonds.

b. Reactions with aldehydes as nucleophiles

The donor component in (S)-proline-catalyzed aldol reac-
tions may be represented by aliphatic aldehydes containing
a-hydrogen atoms relative to the aldehyde group. Thus
Barbas III and co-workers?°0 isolated (5S)-hydroxyhex-
(2E)-enal (150) resulting upon aldol trimerization of acetal-
dehyde (106r) induced by amino acid 1. Although the yield
of compound 150 did not exceed 10%, the enantioselectivity
of the process was relatively high (Scheme 4).

Scheme 4
(0] o (0 OH
1 (2 mol.%)
v demd oy
Me”~ "H THE0°C g Me
106r 150 (10%, ee 90%)

The studies of intermolecular aldol reactions in the
aldehyde —aldehyde systems by several groups of resear-
chers, first of all, MacMillan’s group,?!' resulted in the
development of preparative procedures for such syntheses.
Under thoroughly controlled conditions in the absence of
atmospheric oxygen, (S)-proline-catalyzed cross-aldol reac-
tion (4) between two aldehydes results in aldols anti-151 in
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Table 4. Cross-aldol reaction (4) catalyzed by (S)-proline.
Donor R! Acceptor R? Aldol Ref.
aldehyde aldehyde
compound yield (%) dr (anti: syn) ee (anti) (%)

106s Me 106s Et 151a 80 01 99 291
106s Me 106v Bul 151b 88 3:1 97 291
106s Me 106d cyclo-CgHiy 151¢ 87 14:1 99 291
106s Me 106a Ph 151d 81 3:1 99 291
106t Bu" 106¢ Pr 151e 80 24:1 98 291
106u Bn 106¢ Pri 151f 75 19:1 91 291
106v Pri 106e H 151g 52 — 99 263
106s Me 106y CH(SEt), 151h 70 10:1 97 293

S
106u Bn 106z @f( 151i 73 20:1 97 293
106w OBn 106w CH20Bn 151j 73 4:1 98 292
106x OSiPr} 106x CH,OSiPr} 151k 92 4:1 95 292

good yields and with high diastereo- and enantioselectivities
(Table 4).

0 0) OH
\ 0] 1 (10 mol.%) u
’ kRz DMF, ~20 °C, 10-46 h : Rz @
l R!
R 106 (acceptor) R
106 (donor) anti-151

Aldehydes 106 having no branching in the a-position are
used most often as nucleophiles, while a-branched alde-
hydes serve as electrophiles. However, an aldol reaction
with formaldehyde (106e) as the electrophile has been
reported.?%3 The substituent R! in the nucleophilic compo-
nent may consist of carbon and hydrogen atoms or contain
an o-heteroatom, as, for example, in glycolaldehyde deriv-
atives 106w,x.2°2 Apart from aromatic and aliphatic alde-
hydes, electrophiles can be represented by glycolaldehyde
derivatives, including compounds 106w,x2°? and glyoxal
106y.z in which one aldehyde group is protected by a linear
or cyclic dithioacetal group.??3

Proline-catalyzed cross-aldol reaction of compound 152
containing an a-nitrogen atom and representing a protected
form of glycinaldehyde, with aliphatic aldehydes has been
described.?** Note that in the reaction with a-branched
aldehydes 106¢,d,0, compound 152 functions as the donor,
while with o-unbranched aldehydes 106t,v, this is the

acceptor. The reactions give the corresponding a-amino

(153c,d,0) and vy-amino aldehyde derivatives 154t,v
(Scheme 5).
The discovery of asymmetric cross-aldol reaction

between aldehydes has become an important milestone in
the development of organocatalysis, because its products
are valuable building blocks for asymmetric organic syn-
thesis. a-Amino aldehydes 153 obtained from glycinalde-
hyde 152 can be used as the starting compounds for the
synthesis of a-amino-B-hydroxy acid derivatives 155c¢,d,o0;
the ratio of diastereomers 155 can vary in the range
dr=01:1)-(>99:1).2%4

Aldols 151h,i (see Table 4) and their dithioacetal deriv-
atives are used to prepare a broad range of natural products
and their analogues.??> Aldols 151 can be reduced to chiral
1,3-diols 2°¢ or converted to chiral 3-lactones by Wittig—
Horner — Emmons reaction.?°?

However, the main synthetic value of the cross-aldol
reaction between aldehydes is in the fact that it opens up a
direct way to stereocontrolled synthesis of polyhydroxy
compounds including representatives of an important class
of natural products, carbohydrates.??%:2%° For example,
polyketide 156s as a mixture of a- and B-epimers is the
product of (S)-proline-catalyzed aldol trimerization of
propanal (106s). Oxidation of polyketide 156s gives o-lac-
tone 157s; however, its enantiomeric purity is relatively
low.3%0 Trimerization of a-(benzyloxy)acetaldehyde (106w)

Scheme 5
(0] O
X N
OARZ O‘ N ‘O AN
106¢,d,0 N 1) NaClO, MeO N
—> _ >
| \o 2) MesSiICHN, 0 ) \E)
0o HO" "R HO" “R?
0N 1(10 mol.%)
\ [ 153c.d.o0 155¢,d,0 (69% —75%, ee 86% — >99%)
N \\ DMF, 4 °C
O
o Os~pr O OH Y
152 106t,v | N
L >
E \
R! O

154t.,v (89% —92%, ee 95% —97%)

R! = Bu" (t), Pri (v); R2 = Pri (c), cyclo-C¢Hy; (d), CH(OMe); (o).
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affords allose derivative 156w with very good enantioselec-
tivity;3°! the enantiomeric excess of compound 156w obeys a
non-linear dependence on the proline ee. This fact was
interpreted 3°! as indicating that the amino acid-catalyzed
reaction of formation of carbohydrates from carbonyl
compounds could have played an important role in the
evolution of homochirality in living nature.

o) ', O OH
H 1.(10 mol.%) MnO;
3 - > B ——
R DMF,4-20 °C R R (R =Me)
106s,w OH
156s (53%, a:p = 1.0:2.2);
156w (48%, ee 99%)
—

O O Et
194
M Me

157s (ce 33%)
R = Me (s), OBn (w).

In the presence of proline, propanal (106s) reacts with
products 151 of the aldol dimerization of aldehydes to give
polyketide carbohydrate derivatives 158 containing differ-
ent substituents R! and R2. The enantiomeric purity of
products 158 reaches 99% when two steps of the process are
carried out with proline enantiomers: for example, the aldol
reaction is catalyzed by (S)-proline and the addition of
aldehyde 106s to aldol 151 is catalyzed by (R)-proline.302-303
The aldol cyclization reaction was used also for kinetic
resolution of racemic aldols rac-151 and for the synthesis of
chiral polyketides 158 characterized by high diastereoselec-
tivity (dr > 19:1) and enantiomeric purity.3%4

O~y (106s),
(R)-1 (10 mol.%)

(8110 mol.%)
K k ‘“" UR

’;Uum
zum

R? O OH
I W
R Me
OH
158 (24% —42%, ee 90% — >99%)
R! = Me, OBn; R? = Et, Pri, Bul, cyclo-C¢H;;, OBn.

The tandem sequence including the Mukaiyama addi-
tion of aldol 151k to o-acetoxyenolate 159 and cyclization
yielded a series of functionally substituted hexose deriva-
tives 160—162 [dr = (10:1)—(>19:1)].3%° Note that com-
pounds 160—162 (yields 79% —97%, ee 95%) have different
configurations of the stereogenic centres depending on the
Lewis acid used and the solvent.

(6] OH

—

+ Me3Si\O/\/OAc
SSiPr 159

N —
04§:
@)

PrSi
151k

PriSi v, _O_ _OH
MgBrs>— E6O, CHoCl 30 o7
—_— = " >

; /LI
PriSi
07 7 NoAc
OH
160
i .
MeBrs— E6,0, ELO PT3SI~ )~ ZLO/\\/OH
PriSi
07 T "0Ae
OH
161
TiCls, CH>Cl> Pl‘g Si \O//////’ O OH
PriSi
o OAc
OH
162

Broad possibilities for the synthesis of chiral pyran
derivatives are opened up by involvement of functionally
substituted aldehydes in the aldol reaction. Thus the prod-
ucts formed in the (S)-proline-catalyzed reactions of tetra-
hydro-2H-pyran-2,6-diol (163) in an aqueous solution, in
which this compound occurs in equilibrium with glutaral-
dehyde (164), with aromatic aldehydes 106a,b are tetra-
hydropyran derivatives containing three chiral centres.30¢
This cascade reaction comprises the steps of formation of
aldol 165, its cyclization to 2-hydroxytetrahydropyran-4-
carbaldehyde 166 and the subsequent acetalization resulting
in product 167.

—HO

oL .

106a,b, 1 (10 mol.%)
DMF, ~2O °C

Q‘COzH 0
g L ron
— W\ H > \ _—
J/j —1 /E\/’ MeOH
0A-0" A HO™ ~0” “Ar
L 165 166 |
L

\
O\\\\\
s,

Me0” Y07 “Ar
167 (42% — 78%, ee 93% —99%)

Ar = XC5H4 (X = H, 2-N02, 3-N02, 4-N03, 4—CF3, 4-CN,
4-OTf, 2-Cl, 4-Br).

The aldol reaction has high diastereo- [dr (cis: trans) =
(4:1)—(7:1)] and enantioselectivities (ee up to 99%);
however, the ratio of - and B-anomers of compounds 167
[e: B =(1.5:1.0)—(2:1)] determined by the cyclization step
is close to the statistical value.

The cross-aldol reaction of methyl 4-oxobutyrate (168)
with aldehydes 106 catalyzed by amino acid 1 and the
subsequent reduction of the aldol 169 formed in situ with
NaBHg4 result in 3-(a-hydroxyalkyl)-y-butyrolactones 170,
which are valuable intermediates for the synthesis of natural
and pharmacologically active furan derivatives.?°7 Lactones
170 were isolated in moderate yields but had high dr
[(4.5:1.0)—(24:1)] and ee values.
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K 1 (20 mol.%)
B

R DMF,4°C,24 h
MeO,C

168
O OH
NaBH4
_— >
R| MeOH, 4-35°C

el

MCOQC
169 170 (41% — 63%,
ee 81% —99%)
R = XC¢H4 (X = H, 3-NO3, 4-NO», 3-Br, 4-F, 4-OBz),
2-naphthyl, Pri, cyclo-CsHj;.

Asymmetric aldol reactions involving aldehydes as
nucleophiles can be induced by not only proline but also
other catalysts. Thus bis(prolinamide) 14b containing a
p-phenylenediamine fragment catalyzes efficiently the reac-
tion of hexanal 106t with 4-nitrobenzaldehyde (106b) and
a-oxo aldehydes 171a—c¢. The reactions occur in N-methyl-
pyrrolidone furnishing the anti-isomers of aldols 172 and
173a—c¢  with  relatively high  diastereoselectivity
[dr =11.5:1.0 and (3.5:1.0)—(4:1), respectively] and high
enantioselectivity.!08

106b
o‘ NO,
14b (5-10) mol. %) 172 (99%, ee 99%)
N-MP, 0 °C %(R
Bu!
0
106t (171a-¢) O OH

>l

Bur O
173a—c (88% —95%,
ee 92% —99%)

171, 173: R = Ph (a), 2-naphthyl (b), CH=CHPh (c).

Under the action of the 46c—TFA system, it was
possible to conduct aldol reactions with o-branched ali-
phatic and aliphatic-aromatic donor aldehydes 106, which
cannot be carried out using proline catalysis. These reac-
tions afford mixtures of diastereomeric aldols 174
[dr = (2:1)—(5:1)]; the major anti-diastereomers have
rather high ee values.3%8

Me 46¢-TFA (10 mol.%)
T DMSO, ~20°C

106a.b

anti-174 (32% —97%,
ee 89% —96%)

R = Me, Et, P, Bun, WMS,/\Q\
Me Pr
(0]
R >:;X = H, NO,, CN, Cl, Br, OMe.
But O

Recently, the first examples of enantioselective cross-
aldol reactions with acetaldehyde (106r) as the nucleophile
have been reported.'®®-170 Due to the high reactivity of
acetaldehyde, these transformations cannot usually be
arrested after the formation of aldol (see Scheme 4); how-
ever, the use of diarylprolinol 45b as the catalyst markedly
increased the process selectivity. The reduction of aldols
formed in situ afforded diols 175 in good yields and with
exceptionally high enantioselectivity.

O‘L 1 45b (10 mol. %) NaBH, OH OH

+ -
Me R DMF.4-23°C MeOH R
106r 106 175 (52% —92%,

ee 80% —99%)

R = XCgHs (X = H, 2-Cl, 2-NO,, 3-NO,, 4-NO,, 4-CF3, 4-Br, 4-OTf),
2,6-ClyCgHs, 3,5-(CF3),C6Hs, CoFs, 4-Py, 2-naphthyl, CH(OMe),.

This route was used, for example, to prepare compound
175 (R = Ph), which is the key intermediate for the produc-
tion of fluoxetine employed as a selective inhibitor of
serotonin receptors.3%? High activity and enantioselectivity
of catalyst 45b in this reaction was attributed '¢° to hydro-
gen bonding between the catalyst OH group and the oxygen
atom of the acceptor aldehyde in transition state 176.

Compounds devoid of a pyrrolidine ring can also serve
as effective organocatalysts of asymmetric aldol reactions
between two aldehydes. MacMillan 2!° proposed using the
57—-TFA system as the catalyst in this type of reaction. The
aldols formed were isolated as dimethyl acetals anti-177
[dr = (4:1)—(11:1)], the enantiomeric excess reaching 97%.
It is noteworthy that B-silyloxy alcohols syn-177 [dr = 4: 1]
with syn-arrangement of the hydroxy and silyloxy groups
are formed as the major products in reactions involving
a-silyloxy aldehydes unlike other transformations studied.

o

‘ 0 1) 57— TFA (10-20) mol.%
+ \
Re OH +, MeOH
1
R 106 (acceptor)
106 (donor)

(R! = Me, Bu", SBn;

R2 = Ph, Et, Pri, CH,OPiv, CH,SBn) oMe (g)H
i MeO R?
Rl
] anti-177 (58% — 86%, ee 91% —97%)

OMe OH

(R' = OSiPr; z OSiPr}

= CH,08iPr})  MeO™ °x

OSiPr}

syn-177 (84%, ee 92%)

Aldol reactions between donor aldehydes and acceptor
ketones have been studied to much lesser extent. These
reactions occur only for highly electrophilic ketones. In
2002, Jorgensen and co-workers3!9 described the first and
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perhaps the only examples of this type of transformation,
which include the reaction of aldehydes 106 having no
a-branching with oxo malonate (178a) or ethyl trifluoropyr-
uvate (178b) in the presence of (S)-proline. Under the
conditions used, the reactions were over in 1-3 h giving
rise to aldols 179 in high yields. Products 179 obtained from
aldehydes 106 indicated in Scheme 6 were characterized by
high ee values; however, the reactions involving acetalde-
hyde 106r (R' = H) or phenylacetaldehyde (106, R' = Ph)
resulted in racemic aldols. Upon the reaction of ethyl
trifluoropyruvate (178b), a mixture of diastereomeric aldols
in a 3:2 ratio was isolated.

Scheme 6
0 o O OH
| N /H\ 1 (50 mol.%) McozEt
R CO,Et CHxCl, ~20°C.1-3h % 2
R! 178a,b R
106 179a,b (81% —98%,

ee 67% —90%)

R! = Me, Et, Pl‘i, n-CgH3, CHQCH:CHz; R2 = CO,Et (a), CF; (b)

c. Reactions with carboxylic acid derivatives as nucleophiles

In rare cases, carboxylic acid derivatives in which the
carbonyl group is activated by strong electron-withdrawing
substituents can act as nucleophiles in enantioselective aldol
reactions. Thus recently it has been found that imides 180
containing o-isothiocyanate group undergo asymmetric
aldol reaction with aromatic, heteroaromatic and aliphatic
aldehydes 106 in the presence of thiourea derivative 51g.
The aldols 181 thus formed cyclize under the reaction
conditions to chiral oxazolidine-2-thione derivatives 182
with good diastereoselectivity [dr = (88:12)—(98:2)].203
This is one of the most effective stereo- and enantioselective
methods for the synthesis of protected chiral a-amino-f3-
hydroxy acids present in many natural compounds.

VI. Effect of the catalyst structure on the course
of aldol reactions

As can be seen from the examples given in Section V, the
course of organocatalytic aldol reactions is considerably
affected by the electronic and spatial structure of the
catalyst. In this Section a more systematic account is given
of various aspects of the effect of organocatalysts on the
regio-, diastereo- and enantioselectivities of intramolecular

0
Nes \ \ // _Slg(mol.%) mol.%)
PhMe ~20 °C
Me
Me 19 106
. S
R |
7>C AN
HO N O Q NH 0\\
. W\
/ol TS /0
R N R N
I
L Me Me |
181 182 (70% —9 9%,@6 81%—96%)

R = XCgH4 (X = H, 4-NO», 4-Br, 3-Br, 2-F, 4-F, 2-Cl, 2-Me, 4-Me,
4-OMe), C¢Fs, 1-naphthyl, 2-naphthyl, 2-thienyl, CH=CHPh,
CH,CH>Ph, Bu".

and intermolecular aldol reactions, and the catalysts that
are to be preferred for one or another type of asymmetric
aldol reactions are elucidated.

1. Intramolecular aldol reactions

Back in 1976 it was found that the intramolecular Robinson
annulation of ketones containing substituents other than
methyl at the carbon atom of the exocyclic carbonyl group
proceed at higher rates and with higher enantioselectivities
under the action of a-amino acids with primary amino
groups than under the action of proline. Thus aldol cycliza-
tions of cyclopentane-1,3-dione derivatives 183 catalyzed by
(S)-proline (1) and (S)-phenylalanine (3b) result in product
184 in 67% and 82% yield and with enantiomeric excess of
27% and 86%, respectively.’® Note that the reaction is
much faster when catalyzed by amino acid 3b than by (S)-
proline (40 and 240 h, respectively).

Me
\ [ Me J7" 1 or3b (100 mol.%). I N HCIO,
= ~ >
MeCN, 80 °C
=
183 o~
Me
N
—
Z =0
“Me
=

(6]
184 (ee 27% or 86%)

(S)-Phenylalanine also induces highly selective (ee 95%)
aldol cyclization of cyclohexane-1,3-dione derivative 185 to
bicyclic diketone 186.3° In a similar reaction of dione 185
with (S)-proline, the ee value of product 186 was only 32%.

Recently, it has been found that aldol cyclization of
oxoalkylcycloheptanedione 187 catalyzed by some a-amino
acids containing primary amino groups in the presence of
HCIlOy4 yields bicyclic enedione 188 with abnormal R-con-
figuration.®! The unusual configuration of product 188
compared to reactions of the corresponding oxoalkylcyclo-
hexane- and cyclopentanediones was attributed ¢! to specific
conformational features of the cycloheptane ring, which has
the Z-trans-anti configuration in the transition state rather
than the Z-cis-anti configuration typical of cyclohexane and
cyclopentane derivatives. In this case, too, (S)-proline was
found be inefficient as a catalyst.

(0] (0]
M ‘ Me ‘
¢ 1or3b
O% /CHZ DMSO or MeCN, 65-80 °C
185 Me
(0]
Me ‘
—>
O% /CHz
Me Me

186 (ee 32% or 95%)
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‘ ‘ Me |
Cat—HCIO4(2: 1)
Me O/ DMSO, 90 °C,95-140 h
187
Cat Yield of 188 (%) ee (%)
3b 68 48
3c 44 41
3d 99 53
1 7 6

The difference between the catalytic properties of pri-
mary and secondary amines was clearly manifested in the
aldol cyclodehydration of 4-substituted heptane-2,6-diones
189 to chiral cyclohexenones 190, which are components 3!!
and intermediates for the preparation of natural prod-
ucts3!2 and ’building blocks’ for the synthesis of biolo-
gically active compounds.’'3 Whereas in the presence of
amino acid 1, the yields and ee values of 190 are moder-
ate,3'4 315 in the case of 53b— AcOH system as the catalyst,
they increase to 98% and 94%, respectively.?%¢

O
Me Cat (20 mol.%) ‘
R _—
Me —15-20 °C ’
Me "R
O 189 190
R = Ak, Ar, Het.
Cat Yield of 190 (%)  ee (%)
1 <30 <47
53b—AcOH (1:3) 80-98 86-94

The more pronounced catalytic impact of compound 53b
containing a primary amino group compared to proline was
attributed 2°¢ to the decrease in steric hindrance upon the
formation of enamine intermediates and to higher efficiency
of hydrogen bonding involving the second hydrogen atom
of the amino group in the reaction transition state.

The use of cis-4-hydroxy-(S)-proline (cis-2a) as the
organocatalyst made it possible to convert meso-1,6-dialde-
hyde 191 to enantiomerically enriched bicyclic product 192,
which is formed only as the racemate (yield 73%, ee 0%)
under catalysis by (S)-proline. However, the yield of com-
pound 192 was relatively low under the proposed condi-
tions.316

0] OHC [0)

I I
OHC cis-2a (20 mol.%)

N—Bn N—Bn

OHC CHxCl», ~20 °C,18-20 h

i\ \

o (0]

191 192 (19%, ee 66%)

The replacement of proline 1 by cis-3-hydroxy-(S)-pro-
line (29) considerably increased the diastereo- and enantio-
selectivities of the intramolecular organocatalytic cycliza-
tion of oxo aldehydes 193, which is the key stage of the
synthesis of chiral syn-diols 194 of the pyrrolidine series.
Whereas in the presence of proline, the diastereomer ratio

syn-194: anti-194 (R!' = Ts, R? = Me) was 78:22 and the
enantiomeric excess for the major syn-diastereomer did not
exceed 49%, in a similar reaction involving catalyst 29
under the same conditions (THF, 0 °C); the syn-194: anti-
194 ratio was 95:5 and ee 62% (see Ref. 146). Higher ee
values (73% —88%) were attained and the scope of the
reactions was extended by the addition of 5 equivalents of
water.

RZ_ _O _CHO
= ( 29 (5 mol.%)
N, THEHOG equiv.), 0 °C
193
R, OH o 2//OH OH
| NaBH, 2
— _—
EtOH
N N
\ \
R! R!

194 [49% —90%,
dr = (89:11)—(99: 1), e 49% — 88%)]

R! = Ts, Cbz, SO:Bn; R2 = Me, Et, iso-CsH;.

The effect of water on the asymmetric aldol reaction will be
considered in more detail in our next review.

The catalyst nature affects not only the yield and the
enantiomeric excess of products but also, in some cases, the
reaction regioselectivity. Indeed, whereas the cyclization of
triketones 73a—c catalyzed by B-amino acid 43, as in the
case of proline catalysis, affords the Wieland —Mischer
ketone analogues (75a—c), in the presence of amine 195,
an analogue of compound 43 containing a tetrazole ring
instead of the carboxyl group, the reaction follows a differ-
ent pathway, namely, compound 73a is converted to the
isomeric racemic diketone 196a with a different pattern of
fusion of alicyclic fragments.16¢

CO>H
R 6]

NH,
(43) (30 mol.%)
—_—

57
DMF, ~20°C 07 n
75a—c (ee 78% —90%)
Y
~N
N 0 OH
NH, H \
(195) (30 mol.%) Me
———> Me
DMF, ~20 °C
(n=1,R = Me) U

O rac-196a
n = 1:R = Me(a), Et (b);n = 2, R = Me (¢).

2. Intermolecular aldol reactions

Since 2000 up to now, about 300 papers have been pub-
lished describing organocatalyzed intermolecular aldol
reactions of aldehydes and ketones. The available data
allow one to compare the catalytic activities of various
types of organocatalysts and their effects on the enantio-,
diastereo-, and regioselectivities of aldol reactions.

a. Effect of the catalyst on the rate and enantioselectivity of aldol
reactions

The dependence of the activity and enantioselectivity of
organocatalysts on their structure can be traced using the
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reaction of acetone (105a) with 4-nitrobenzaldehyde (106b)
carried out in excess acetone or in dipolar aprotic solvents
(DMSO, DMF) and resulting in aldol 107a (Table 5).

(0] ‘O OH
\
0 Cat
/H\ * K@ Solv e )
Me™  Me NO, NO;
105a (> 27 equiv.) 106b 107a

It can be seen from Table 5 that a-amino acids with
primary amino groups, in particular, phenylalanine (3b),
valine (3c¢) or histidine (3f), which are fairly effective
catalysts of intramolecular aldol reactions, can hardly
catalyze the reactions between compound 105a and 106b
(see Table 5, entry /). Meanwhile, the reaction of these
compounds is induced by (S)-proline or a-amino acid 55a,
which contain a secondary amino group incorporated in the

heterocycle (entries 2, 3).2%-7! The activity and enantiose-
lectivity of chiral 1,3-thiazolidine derivatives 56a,b isoelec-
tronic to proline 1 in the reaction of 105a with 106b is
comparable to that of 1; however, their preparation in the
optically pure state is faced with certain difficulties (see
Table 5, entries 4, 5).

The introduction of substituents of different chemical
nature into the pyrrolidine ring does not exert unambiguous
effect but, in some cases, this noticeably increases the
activity and/or selectivity of the catalyst. A relatively high
yield of aldol 107a was noted in the presence of (2S5,55)-
pyrrolidine-2,5-dicarboxylic acid (30); however, the enan-
tioselectivity of the reaction was lower than in reactions
catalyzed by (S)-proline (see Table 5, entry 6).'47 In this
case, for maintaining the optimal pH of the medium, the
reaction should better be carried out in the presence of an
organic base, NEt; (30 mol.%). (S,S,S)-Perhydroindolic
acid (31) structurally related to acid 30 catalyzes the aldol

Table 5. Asymmetric aldol reaction (5) in the presence of different organocatalysts.

Entry Cat Ccat Solv T/)°C Time /h Aldol 107a Ref.
(mol.%)
yield (%) ee (%)
1 (b.ef) 30 DMSO 25 24 <10 see? 25,71
H,N~ "COH
2 (S)-Proline (1) 30 DMSO 25 24 68 76 25,71, 317
3 0—C02H (55a) 30 DMSO 25 24 55 40 25,71
N
H
4 ¥ =co.H (56a) 30 DMSO 25 2% 67 73 25,71
N
H
Me
)&Me
5 SL CO.H  (56b) 30 DMSO 25 24 66 86 71
N
N
6 HO,C""™ N ~CO>H - NEt3 30 105a 25 30 91 65 147
H
(30-NEts)
7 Qj‘ 10 105a 25 68 45 81 148
N TCOH (31
H
8 HO///D_ 30 DMSO 25 24 85 78 25,71
COH (2a) >
N 2
H
0
Me
s-O,,
9 Me //\\O Q«COzH NEt; 10 DMF 25 18 71 90 135
(23i‘NEt;) 1
Naph-1
10 pa 10 DMF —10 48 87 95 149
1-Naph
N CO:H (32
105a 23 15 60 86 167

H
11 HOZCW:“OKMC (44) 20
HoN "0  Me
BnO
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Table 5 (continued).
Entry Cat Ccat Solv T/)°C Time/h  Aldol 107a Ref.
(mol.%)
yield (%) ee (%)
12 NH  (49a) 5 DMF 25 24 82 95 195, 196
MeO. MeO OMe OMe
13 MO Q £ )-oMe  (s0) 0.5 105a 25 48 90 96 198
N CO,H
H
0
14 N ® 20 DMSO 25 24 <10 e 71
NH,
O Bul
15 CHLNJ\KP h 10 105a 25 3 68 92 81
Na H o P (100
16 10c 10 1052 0 14 72 98 81
O Ph
17 N Ph 5 1052 25 6 71 84 81
NH P HO PP (100)
18 10d 5 105a —40 22 77 99 81
O Ph
19 N PR 20 1052 25 12 89 69 82
NaH ooH  (0e)
20 10e 20 105a —25 24 66 93 82
O CO,Et
\\\\COzE[
21 N 2 1052 —25 24 62 99 83
NH OH (10f)
o SBn
Ph
22 N Ten 10 1052 —15 24 40 64 84
NH =~ HO (10g)
0
Me
NH = M CO,Me
23 10 105a 0 48 99 64 89
HO" “OH (10j)
=N
Reds
24 N E +AcOH 10+20  105a —30 23 85 90 92
N/ SN
(10m)
Ph Ph
\ V/
25 N N 10 105a -35 5 35 98 99
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Table 5 (continued).

Entry Cat Ccat Solv T/)°C Time/h  Aldol 107a Ref.
(mol.%)

yield (%) ee (%)

0
/
2 N N2 aw 10 1052 -35 5 75 98 99
NH HN:j

Se
27 H&O 10 105a 25 12 90 85 105
O NMe> (13a)

28 13a 10 105a —27 88 92 90 105

HN
29 g g ﬁﬂ\o 10 105a 25 12 65 85 105
OO NHAc (13b)
H

&

30 (130) 10 105a 25 12 98 44 105

31 10 105a —27 88 74 67 107
32 1 105a —25 45 75 52 107
33 1 105a —25 45 80 51 107
34 Pro-Ser (17¢) 30 DMSO 25 18 87 77 114
35 Pro-Ala (17f) 30 DMSO 25 18 90 70 114
36 Pro-Val (17g) 30 DMSO 25 18 89 70 114
37 H-L-Pro-D-Ala-D-Asp-NH [(R)-18] 10 105a 25 4 73 70 118
38 (R)-18 10 105a —20 24 53 81 118
39 H-L-Pro-L-Pro-L-Asp-NH, [(S)-19] 1 105a 25 4 99 80 118, 318
40 (S)-19 1 105a —20 24 98 90 118, 318
41 H-Leu-His-OH (39d) 30 DMSO 25 240 87 71 162
e}
42 20 105a 20 24 100 92 121
IP“I NHSO-Ph  (22a)
0
43 30 105a 20 24 98 93 124
E NHSO,CsHsMe-4 (22b)
0
44 30 105a 20 24 98 90 124

1;11 NHSO,CsHsNO»-4 (22¢)
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Table 5 (continued).

Entry Cat Ccat Solv T/)°C Time/h  Aldol 107a Ref.
(mol.%)
yield (%) ee (%)
0
5 [ = 30 105a 20 24 98 71 124
E NHSO,CsH,Pr}-2.4.6 (22d)
0
46 w 10 DMF 20 24 63 89 120
N HSOMe (22g)
H
N-
47 Gy 20 DMSO 25 4 93 76 188
N _
H H
Me
= N-y
48 Il (48e) 20 DMSO 25 68 60 88 194
N _N
H H
49 D\HP(O)(OEOZ (47b) 5 DMSO 25 24 69 82 185
N
H
o Bn O
SN
50 C# N N tTFA 20 105a 20 3 54 92 109
NH 0
(15)
S Me
51 Cﬁ:ﬁ)\© + TFA 20 105a 4 68 81 94 110, 111
(16)
S
52 CHLN 197 5 105a 0 48 80 80 319
NH H
53 </\(\ Q (46c) + TfOH 3 105a 30 2 60° 88 320
(48b) + TFA
54 2 105a -5 24 87 82 190

NHH

2No data are given. » Together with aldol 107a, 4-nitrobenzylideneacetone is formed.

reaction with rather high enantioselectivity but is inferior to
compound 30 as regards the catalytic activity (see Table 5,
entry 7).148

4-Hydroxy-(S)-proline (2a)2>-7! and some its hydroxyl-
modified derivatives, for example, sulfate 23i containing
camphor as a chiral auxiliary,!3> exhibit higher activities
and enantioselectivities in the asymmetric aldol reaction of
compound 105a with 106b than (S)-proline (see Table 5,
entries 8, 9). Under certain conditions, in particular, in an
aqueous medium, some esters of 4-hydroxy-trans-(S)-pro-
line (2a) also demonstrate exceptionally high diastereo- and
enantioselectivities in aldol reactions.!36- 139

In the series of proline derivatives substituted in the
heterocyclic ring, compound 32 containing two bulky
1-naphthylmethyl substituents in position 4 of the pyrroli-
dine ring possesses, perhaps, the best catalytic properties in

this model reaction. In the presence of 10 mol.% of this
catalyst, the reaction occurs at —10 °C resulting in aldol
107a with enantiomeric purity ee 95% (see Table 5,
entry 10).1%°

Among the effective amino acid organocatalysts other
than (S)-proline derivatives, noteworthy are B-amino acid
of the carbohydrate series 44 (see Table 5, entry 77) 17 and
axially chiral y-amino acids 49a and 50 containing
binaphthyl 195 1°¢ and biphenyl !¢ structural fragments,
respectively (see Table 5, entries /2, 13). The effective
reaction in the presence of amino acid 50 occurred with
only 0.5 mol.% of the catalyst, although the required excess
of the donor was more than 130 equivalents.

Amides of a-amino acids, first of all, (S)-prolinamides
have found extensive use as organocatalysts of the asym-
metric aldol reaction. With a few exceptions, amides possess
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higher activities than the corresponding o-amino acids,
which is probably due to lack of the possibility of deactiva-
tion of the Lewis centre at the amino group upon hydrogen
bonding with the carboxyl proton. Under the action of these
organocatalysts, aldol reactions can often be carried out at
low temperatures in the presence of a lesser amount of the
catalyst than that required in the case of amino acid
catalysis.

Although unsubstituted prolinamide 5 barely catalyzes
the reaction of ketone 105a with aldehyde 106b (see Table 5,
entry /4)7! and simple prolinanilides do not exhibit high
enantioselectivies in this reaction, many compounds of this
series containing chiral fragments in the amide moiety can
induce the synthesis of enantiomeric aldols with comparable
or higher ee values than (S)-proline. High enantioselectivity
of these catalysts is attributable to the fact that chiral
fragments dictate the spatial architecture of the reaction
transition state, which is fixed through hydrogen bonding
between the amide proton and carbonyl oxygen of the
acceptor.

Most often, high enantioselectivity is achieved in aldol
reactions catalyzed by (S)-prolinamides 10c —f developed by
Indian and Chinese researchers.8! 83 These catalysts con-
tain fragments of chiral B-amino alcohols with bulky sub-
stituents (see Table 5, entries /5—21). The ee are maximum
(up to 99%) in reactions carried out at reduced temper-
atures (—40-0 °C); in some cases, these values can be
attained in the presence of only 2 mol.% —5 mol.% of the
catalyst. The enantioselectivity of reactions catalyzed by
prolinamide 10g obtained on the basis of cysteine is some-
what lower (see Table 5, entry 22).84 The influence of the
structure of the amide group on the stereochemical outcome
of the process is indicated by the fact that prolinamide 10j
(see Ref. 89) gives aldol 107b with moderate enantioselec-
tivity despite the presence of the bulky chiral steroidal
fragment in the molecule (entry 23).

The activities prolinamides 10m, 12— 14 obtained from
chiral diamines and selectivities of reactions depend also on
the structure of substituents attached to the amide nitrogen.
Thus high enantioselectivity in this model reaction was
demonstrated amide with 10m in which one amino group
is incorporated in the alkaloid fragment (see Table 5,
entry 24).°2 For other catalysts of this type, no direct
correlation was observed between these characteristics and
the number of pyrrolidine groups in the molecule. Thus in
the series of (1S5,2S)-diphenyl-1,2-diaminoethane deriva-
tives, amide 12¢ with two proline fragments ensures higher
conversion of the starting compounds than the catalyst 12b
containing one amino acid fragment with retention of the
process enantioselectivity (see Table 5, entries 25, 26).%°
Monoprolinamides 13a,b based on axially chiral 2,2'-dia-
minobinaphthyl (see Table 5, entries 27—29) surpassed in
the selectivity the bisproline analogue 13c¢ (entries 30,
31).195 Aldol reactions induced by spirobis- (14a) and
mono- (14¢) prolinamides were characterized by similar
yields and ee of product 107a (see Table 5, entries 32,
33).107

Dipeptides and tripeptides, especially those containing a
proline fragment, proved to be rather promising organo-
catalysts of asymmetric aldol reaction. The advantages of
this type of catalyst include their ready accessibility and the
possibility of varying the structures of the constituent
amino acid fragments over a broad range. In 2003, Martin
and List!'* found that proline-containing dipeptides, in
particular Pro-Ser (17¢), Pro-Ala (17f) and Pro-Val (17g),

catalyze the reaction under consideration in DMSO result-
ing in aldol 107a in high yield and with moderate enantio-
selectivity (up to ee 77%) (see Table 5, entries 34— 36).

Using combinatorial ‘co-immobilization’ method, Wen-
nemers and co-workers 32! identified two most active and
selective catalysts (18 and 19) of the asymmetric aldol
reaction among 3375 tripeptides.!!®318 Tripeptide 19 hav-
ing two proline residues was much more active than tripep-
tide 18 containing only one proline residue (see Table 5,
entries 37—40). It is of interest that the reactions catalyzed
by compounds 18 and 19 afford optical antipodes of aldol
107a. Probably, this is a result of different conformations of
the peptide units in these catalysts. In some cases, the aldol
reaction can proceed, although at a lower rate, under the
action of di- and tripeptides devoid of proline residues, in
particular, in the presence of catalyst 39d composed of
leucine and histidine (see Table 5, entry 47).1% The slight
catalytic activity of proline-free di- and tripeptides can be
considerably increased by conducting the aldol reaction in
the presence of water.

Unexpectedly, fair catalytic properties in the asymmetric
aldol reaction were found for mixed imides of proline and
aryl(alkyl)sulfonic acids 22a—d having no complex spatial
architecture. In the presence of these catalysts (30 mol.%),
acetone 105a and aldehyde 106b form aldol 107a in good
yield and with good enantioselectivity (see Table 5,
entries 42—45).120-124 The high ee values of the products
were attributed 1?° to effective shielding of one of the
enantiotopic sides of aldehyde 106b by the aromatic ring
bound to the sulfimide group. This assumption, however,
does not account for the relatively high activity and selec-
tivity of sulfimide 22g containing an S-methyl group even at
lower catalyst load (see Table 5, entry 46).120

Some other chiral compounds containing a pyrrolidine
ring are also rather efficient organocatalysts of this reac-
tion. Indeed, the model reaction with (S)-5-(pyrrolidin-2-
yl)-1 H-tetrazole (48a) (see Table 5, entry 47) 188 and (S)-5-
(2-methylpyrrolidin-2-yl)-1 H-tetrazole (48e) (entry 48) 194
exhibited relatively high enantioselectivity comparable
with, or higher than, that of (S)-proline. The yield of aldol
107a in the presence of compound 48a was higher than that
with amino acid 1 as the catalyst (entry 2). The high activity
and selectivity of catalysts 48a,e is apparently caused by the
formation of a stronger intermolecular hydrogen bond
between the active proton of the tetrazole ring (in DMSO,
the pK, values of tetrazole and AcOH are 8.2 and 12.3,
respectively) 3?2 and the carbonyl oxygen atom in com-
pound 106b and by better solvation of the transition state
shown below.4!1-323

) N
Ar_ ﬁ/ 'R
T»;o
\\Me = 1‘\1
\\ — \ _
H N/N

R = H, Me.

However, the presence of active proton in the substitu-
ent bound to the pyrrolidine ring is not obligatory for high
chiral induction. For example, diethyl 2-(S)-(0,0-diethyl-
phosphoryl)pyrrolidine (47b) was found to be an active and
selective catalyst of model reaction (5).'%% In the presence of
5 mol.% of this catalyst, aldol 107a was obtained in 69%
yield with ee 82% (see Table 5, entry 49).
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A number of chiral pyrrolidine derivatives having basic
substituents efficiently catalyze the asymmetric aldol reac-
tion between aldehydes and ketones in the presence of
strong (usually fluorinated) organic acids. These include,
in particular, 1,2-bis[(S)-prolyllhydrazine (15) (see Table 5,
entry 50),'9° (S)-prolylthioamides 16 (entry 57) 10111 and
197 (entry 52),3!° (S)-2-(pyrrolidin-1-ylmethyl)pyrrolidine
(46¢) (entry 53) 320 and 2-[(S)-pyrrolidin-2-yl]benzimidazole
(48b) (entry 54).1°0 To attain high yields and ee values for
aldol 107a, it is sufficient to use only 2 mol.% —3 mol.% of
catalyst 46¢ or 48b in the reaction.

b. Effect of organocatalyst on the diastereoselectivity of the aldol
reaction

The asymmetric aldol reactions involving electrophiles con-
taining substituents at the a-carbon atom(s) can result in
anti- and syn-diastereomeric aldols, anti-diastereomers
being normally the major products. The diastereomeric
composition of aldols 107b depends on the reactant and
catalyst structure and reaction conditions. We will consider
the effect of the structure of some types of organocatalysts
on the diastereoselectivity of the asymmetric aldol reaction
in relation to the reaction of cyclohexanone (105b) with
4-nitrobenzaldehyde (106b) carried out in excess ketone or
in organic solvents under identical or comparable condi-
tions (Table 6).

765
QI
Cat
—_—
* Solv
NO,
105b 106b
(>27 equiv.) ()
‘O OH
NO,
anti-107b syn-107b

It can be seen from Table 6 that relatively low diastereose-
lectivities in the considered reaction characterize catalysts
like (S)-proline (1) (entry 7),”' (2S.,5S5)-pyrrolidine-2,5-
dicarboxylic acid (30) (entry 2) 47 and 2-(S)-(0,0-diethyl-
phosphoryl)pyrrolidine (47b) (entry 3) 85 dr(anti:syn) <
2:1. The catalytic properties of (S)-proline N-sulfonyla-
mides depend on the structure of the substituent at the
sulfur atom. In the presence of benzene- (22a) or methane-
sulfonamide (22g), the process has low diastereoselectivity
(entries 4, 5).'?! However, in the reactions catalyzed by
arenesulfonamide 22e, which contains a long-chain alkyl
group in the para-position of the aromatic ring, the trans to
cis diastereomeric ratio reaches 15:1 under similar condi-

Table 6. Asymmetric aldol reaction (6) in the presence of different organocatalysts.

Entry Cat Ccat Solv T)°C Time/h  Aldol 107b Ref.
(mol.%)
yield (%) dr ee (anti) (%)/
(anti: syn) ee (syn) (%)
1 (S)-Proline (1) 20 DMSO 25 24 65 1.7:1 89/67 71
2 I{()ZC\\\<;>~(;()2H.NEt3 30 DMSO 25 see? 55 1:1.5 87/88 147
H
(30-NEt3)
3 O““P(O)(OEt)z (47b) 5 DMSO 25 96 73 2:1 96 /96 185
N
H
o)
4 [H 20 CH.CL, 20 24 88 15:1 90/63 121
N NHSO,Ph (22a)
H
0
5 EH 20 CH.Cl, 20 24 80 1.8:1 78 /74 121
N NHSO-Me (22g)
H
0
6 N*§@C12H25-n 20 CH.Cl, 20 36 51 15:1 97/ see? 125
N o)
H  (22¢)
H
N.__NH,
7 IV T, Ton 10 DMSO 25 24 74 3.1 94 /see® 65
N co.n VH
(3g)
N + TfOH
8 NH 5 105b 30 29 97 2.8:1 96 /61 320

(46¢)
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Table 6 (continued).

Entry Cat Ccat Solv T/°C Time/h Aldol 107b Ref.
(mol.%)

yield (%) dr ee (anti) (%)/
(anti: syn) ee (syn) (%)

9 10420 DMSO —20 36 75 6:1 75 /see® 94
o 3 0
10 N NH + AcOH  5q CHCl3 25 5 81 3:1 86/ see® 95,96
H H C¢HMe-4
NH  (11a)
11 1la + AcOH 20 CHCl; —25 24 89 24:1 92 /see® 95, 96
12 1la + AcOH 20 CHCl; —40 7 81 49:1 97 /see? 95, 96
QS L+ AcoH
C
13 3 N fﬁcﬁ 20 CHCl; 25 12 63 3:1 73 /seed 95, 96
NH  (q1p)

0
14 Q Q 7 20 CHCl3 25 2 73 52:1 54 see? 95, 96
o
\ 0
15 IﬁI 1}\11*‘5:0 2 H,O -5 24 90 9:1 81/see® 102
Ph
NH  (12¢)

B
A
16 NN 20 PhMe 0o 7 98 12:1 92 /see® 109
NH H H

1s)
Naph-1

17 1—Naph/§1 10 DMF —10 48 90 9:1 94/92 149

N~ COH
H

32)

10+15 105b 25 9 99 9.2:1 99 /see? 205

10 105b 0 12 93 11:1 23 /see? 193




Organocatalysis of asymmetric aldol reaction. Catalysts and reagents 767
Table 6 (continued).
Entry Cat Ccat Solv T/)°C Time/h  Aldol 107b Ref.
(mol.%)
yield (%) dr ee (anti) (%)/
(anti:syn)  ee (syn) (%)
Me
BN
20 H.N' COH 30 DMSO + 25 7 95 15:1 99 /see? 57, 68
(32) H>0 (10 equiv.)
Pri
BN
21 HN COH 30 DMSO + 25 72 98 37:1 >99/see® 57,68
(30 H>O (10 equiv.)
Me
22 HoN - N\N 30 DMSO + 25 8 84 14:1 >99 /see? 57, 68
HN-~\ H>0 (10 equiv.)
(52)
(0] COEt
N /H\\\COgEt i
23 NH H OH 2 CH-Cl» —25 di. 83 19:1 79 | see 83
(10f)
(0] Ph
)\\\\Ph
24 Bu'MesSin NH IIEII OH 5 CH,Cl, —40 72 95 >99:1 99 /see? 142
(26a)
0 Me
! NHPh
25 N \ +AcOH 20+20 CHCls —-20 24 98 49:1 93 /see? 117
NH H O
(17h)
2 L0
N .
26 CQLH 10 dioxane + 4 65 86 49:1 92 /see? 87
HO OO H-O (1 equiv.)
(10h)
27 I + PhCOH 5410 105b 0 4 85 24:1 90 /see? 106
H NH HN H
|
<Njk\o O&///,,/LN)
(13¢)
aNo data are given in the publications. ® 3-Nitrobenzaldehyde was used in the reaction.
tions (entry 6) with high enantioselectivity.!?> The observed  (entry 18)2%°  and  (S)-2-(triazolyl)pyrrolidine  (48d)

effect was rationalized '>> as being due to much better
solubility of catalyst 22e (300 mg ml—!) in the reaction
medium (CH»Cl,) compared to catalysts 22a,g
(<5 mgml—1).

p-Toluenesulfonic acid salt of arginine (3g) (entry 7),%5
trifluoromethanesulfonic acid salt of (S)-2-(pyrrolidin-1-
ylmethyl)pyrrolidine (46¢) (entry §8),32° prolinamides
containing chiral calix[4]arene fragments (100) (entry 9),°4
trans-1,2-diaminocyclohexane (11a,b,d) (entries 10—
14),9%-96 1,2-diamino-1,2-diphenylethane 102 (12¢)
(entry 15), trifluoroacetatic acid salt of 1,2-bis[(S)-prolyl]-
hydrazine (15) (entry 16),'°° (S)-4,4-bis(1-naphthylmethyl)-
proline (32) (entry 17),'*® quinine amino-derivative 53a

(entry 79) 193 afford aldols 107b with relatively high trans-
diastereoselectivity [3:1 < dr(anti:syn) < 12:1] and, except
for compounds 11d and 48d, enantioselectivity. The
dr(anti:syn) value for the model reaction induced by
diamide 11a was increased to 49:1 by conducting the
reaction at —40 °C (entries 10— 12).959¢

Fairly high diastereoselectivities [14: 1 < dr(anti: syn) <
37:1] are characteristic of the reactions catalyzed by some
a-amino acids with primary amino groups, in particular,
alanine (3a) and valine (3¢) (see Table 6, entries 20, 21) 37-68
and by a heterocyclic alanine analogue, 5-(1-aminoethyl)te-
trazole (52) (entry 22).57-68 The addition of small amount
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(<10 equiv.) of water have a favourable effect on the
diastereoselectivity of these reactions.

As regards diastereoselectivity, prolinamides based on
chiral B-amino alcohols (the Gong amides), for example
compounds 10f (see Table 6, entry 23)% and 26a (entry
24),'42 some proline-containing dipeptides, in particular,
compound 17h (entry 25),''7 as well as prolinamides 10h
(entry 26)87 and 13¢ (entry 27) 196 comprising a 2,2'-diami-
nobinaphthyl fragment are not inferior (in some cases, even
superior) to the above-mentioned catalysts. Thus by using
highly active catalyst 26a (5 mol.%), almost individual anti-
isomer of aldol 107b was synthesized at —40 °C in an
enantiomerically pure state in 95% yield. The high stereo-
control level observed in reactions catalyzed by prolin-
amides containing B-amino alcohol structural fragments
was rationalized 83 by stabilization of transition state 198
through hydrogen bonding with amino and hydroxy groups
of these catalysts.

R2

198

The predominant formation of anti-diastereomers of
aldols is observed not only in the examples considered here
but also in most other organocatalytic aldol reactions in
which nucleophiles are represented by six-membered cyclic
(heterocyclic) ketones including 1,3-dioxan-5-one,?68-270
pyran-4-one and thiopyran-4-one derivatives (Refs
96, 142, 189, 319, 324) and linear ketones containing sub-
stituents other than methyl at the carbonyl carbon.!23.264
One of the few exceptions to this rule is the reaction between
compounds 105b and 106b catalyzed by triethylammonium
hydrogen (25,55)-pyrrolidine-2,5-dicarboxylate (30), which
yields a mixture of diastereomeric aldols anti-107b and
syn-107b, the latter somewhat predominating (see Table 6,
entry 2).147

In aldol reactions involving five- and seven-membered
cyclic ketones, the situation is ambiguous. These reactions
are usually non-selective 83196 or have either relatively
low 109320 and in some cases, reasonable syn-diastereose-
lectivity,3?® which is probably due to conformational fea-
tures of these ketones. The problem of selective synthesis of
syn-diastereomers of aldols from cyclic and unsymmetri-
cally substituted ketones or a-branched donor aldehydes
have remained unsolved until recently.

Only quite recently, did several groups of researchers
have developed effective catalysts providing predominant
formation of syn-diastereomers in the asymmetric aldol
reactions of different carbonyl compounds. Thus Barbas I11
and co-workers ¢ found that in the presence of amino acids
with primary amino group, in particular, (S)-threonine (4b)
and its tert-butyl ether 36b, aldol reactions of a-hydroxy
ketones 108a, 199 with aromatic aldehydes 106a,b
are syn-diastereoselective [dr(syn:anti) = (5:1)—(18:1)],
unlike the reactions of these substrates catalyzed by

(S)-proline derivatives (see Table 2). When these reactions
are carried out in N-methylpyrrolidone at 4 °C, the dr value
for aldols 200 (syn : anti) is 18 : 1, the enantiomeric excess of
the major syn-diastereomer reaching 98%. Presumably, the
formation of two hydrogen bonds in the reaction transition
state 201 is the key sterecochemical factor determining the
reaction syn-diastereoselectivity, namely, an H-bond
between the catalyst amino group and the hydroxyl group
of the donor ketone and an H-bond between the catalyst
carboxyl group and the C=O group of the acceptor
aldehyde 106a,b.67

Me yOR
H.N" Y CO.H
0 o [R = H (4b), But (36b)]
R! I . M (20 mol.%)
v\ Ar  N-MP,4°C,16-48 h
OH  106a,b
108a, 199
Me s OR

o}
//H\ O Rl ‘
- o’/ 0»»\5}1 — Ar
- A0
H Y H /\Me OH
Ar H 200 (60% —95%,

H ee 80% —98%)
201

R! = H (108a), Me (199); Ar = 4-XCsH4 (X = Cl, Br, CN, NO»),
1-naphthyl.

The syn-addition pathway is also observed for the
reaction of 1,3-dihydroxyacetone (202) with aldehydes
106a,b in the presence of the 36b—organic acid catalytic
system.!35 The resulting aldols are converted without
isolation to stable triacetates 203 [dr(syn:anti) =
(7:1)=(99:1)]. The best diastereo- and enantioselectivity
values were obtained when S5-methyltetrazole (5-MeTz)
served as the organic acid and the reactions were carried
out in DMF. syn-Diastereoselectivity was also noted in
aldol reactions of the silyl or benzyl ethers of hydroxy-
and dihydroxyacetone.!>®

AcO-Py

Q )
‘ | 36b (20 mol.%)+ 5-MeTz (10 mol.%)
+
Ar

DMF, 20 °C CHxCl,
OH OH 106
202

OAc
- Ar
OAc OAc
203 (62% —92%., ee 92% —99%)

Ar = XCgHy4 (X = 4-NO,, 4-Br, 4-CN, 4-CF3, 3-F),
I-naphthyl, 3-furyl.

Amides of a-amino acids with primary amino groups
and chiral B-amino alcohols proved to be effective catalysts
of syn-aldol reactions of hydroxy- and dihydroxyacetone
with aromatic and aliphatic aldehydes. Thus hydroxyace-
tone (108a) reacts with alkanals and benzaldehyde deriva-
tives 106 in the presence of amide 204
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OSiMe;,But
Me /o
{ \_NH
HN N
Ph
HO Ph 204

giving rise to syn-o,B-dihydroxyketones 205 [dr(syn : anti) =
(3:1)—(30:1)] containing structural fragments of natural
macrolides.3?¢ The highest diastereo- and enantioselectiv-
ities were observed in reactions with alkanals.

OH

O o (0]
| M 204 (2-4) mol.% [l
+ _—
Me R PhMe 20°C Me R
OH 106 OH

108a 205 (68% —99%,
ee 76% —98%)

R = n-CpHopm+ 1 (m = 3—5), Bu', CH(Me)CH,CH(Me)OSiMe,But,
XCgHy (X = 4-NOs, 4-Cl, 4-Br, 2-Cl, 2-Br).

The 38a— 5-methyltetrazole system catalyzes the forma-
tion of syn-diastereomers of aldols from dihydroxyacetone
(202) and various aldehydes 106, including functionally
substituted ones.'> The reaction products were isolated as
acetates or benzoates 206.

Leucinamides 37a,b containing chiral amino alcohol
fragments are syn-diastereoselective catalysts of the aldol
reactions of a-substituted acetone derivatives 105d, 108a.f,g
with aldehydes 106.

(0]
\
= L
OH OH 106
202

38a (15 mol.%) + 5-MeTz (10 mol.%) R2CI-Py

DMF, 20 °C CHCl,

OR?
— R!
OR? OR?

206 (62% —74%,
dr(syn:anti) = (2:1)—(8: 1), ee 94% —99%)

= (CH7)7Ph n- C5H1 1, CyClO C(,H] 1, CH(OMC)Q,
4- XC6H4 (X NOQ, CF3) Rz AC Bz.

The aldols syn-207 are formed with fairly high diastereose-
lectivity [dr(syn:anti) = (2:1)—(20:1)] and enantiomeric
purity, which can be as high as dr(syn:anti) >20:1 and
ee 99% for the reactions of hydroxyacetone (108a).157

37a (20 mol. %) O  OH

or 37b (5 mol.%) ‘
Me R
X

)ﬁ LR m-xylene, 25 °C
syn-207 (61% —97%,

105d, 108a.f.g
ee 80% —99%)

X = Me (105d), OH (108a), C1 (108f), F (108g);
R = Ar, 1-bromonaphthyl, cyclo-C¢Hy, Pri.

The use of the 37a—4-nitrobenzoic acid system as the
catalyst and brine as the reaction medium made it possible
to involve linear alkan-3-ones 105 containing 5 to 9 carbon
atoms in highly syn-diastereoselective reactions with aro-
matic aldehydes. According to the authors’ statement,'>8
the reaction was 2-regioselective to yield predominantly

syn-diastereomers of aldols 208 [dr (syn:anti) = (4:1)—
(7:1)].158

1) o
H | 37a (20 mol.%)—
R! 4-NO,C¢H4CO>H (20 mol.%)
\/\ + R2
M brine, 25 °C
e
105 106
O OH
a
R2
Me

syn-208 (78% —98%, ee 73% —95%)

R] = l’l-C,,Hz,,+| (}’l = 1*5); R2 = 4-N02, 3-N02, 4-C02Me, 4-CF3,
2-Cl, 2-Br, 2-F, 3-Br, 3-Cl, 2,3-Cl,, 2,3,4-F3, 3,4,5-F;.

High syn-diastereoselectivity [dr(syn:anti) = (7:1)—
(99:1)] was noted for the aldol reactions of ketones 108a
and 202 with aromatic aldehydes 106 in the presence of
mixed salts of trams-1-amino-2-(dialkylamino)cyclohexane
51b.d,e with trifluoromethanesulfonic and p-nitrobenzoic
acids.?%0 The dr(syn:anti) ratio for products 200 and 209
was in some cases as high as 99:1. The protected cyclic
form of 1,3-dihydroxyacetone, 2,2-dimethyl-1,3-dioxan-5-
one (113a), also reacts under proposed conditions, but in
this case, anti-diastereomers of aldols 114 were formed as

the major products [dr(anti:syn) = (4:1)—(>10:1)]
(Scheme 7).
Scheme 7
R? OH o OH
(108a, 202) R I z
s NS
DMF or n-C¢H 4, 20 °C = R!
OH
O‘ Cat syn-200, syn-209
§ (50% —97%, ce 84% —99%)
Rl
106 (‘) QH
113a R!
20 °C O>/O
Me //Me

anti-114 (40% —99%,
ee 80% —97%)

R! = XCeHs (X = H, 2-NO», 3-NO», 4-NO,, 2-Cl, 4-Cl, 2-Br, 3-Br,
4-CF3, 4-CN, 4-Ph, 4-OMe), CH,OBn;

NH,
Cat = O/ + 4-0,NC6H4CO,H + TfOH;

NR3
51b,de (10 mol.%)
[R? = Et (b), Pr" (d), n-C1oH2; (e)]

R3 = H (108a, 200), OH (202, 209).

Generally, the syn-diastercoselective strategies of the
asymmetric aldol reaction developed in recent years open
up direct route to natural products, including carbohydrates
and their derivatives, which could formerly be synthesized
only by biochemical route under the action of enzymes
(aldolases).?” The described methods make a good supple-
ment to the anti-selective aldol reactions catalyzed by pro-
line and its derivatives, which allows targeted diastereo- and
enantioselective synthesis of a variety of polyfunctional
compounds with different structures.
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c. Effect of the organocatalyst on the regioselectivity of the aldol
reaction

In Section V (see Tables 1, 2) it was noted that both anti- or
syn-diastereomeric aldols 109 and regioisomeric aldols 107d
and 110 may be formed as products of asymmetric aldol
reactions in which unsymmetrically substituted ketones
acted as the donors. It was found that the nature of the
organocatalyst can considerably influence the regioselectiv-
ity of these transformations. Some examples of asymmetric
aldol reactions (7) of 4-nitrobenzaldehyde (106b) with
acetone derivatives 105d and 108a,e—g induced by various
organocatalysts in which regioisomers may be formed are
given in Table 7.

o 9
/H Cat
Me + —
Solv
R NO,

105d, 108a,e g 106b
R = Me (105d), OH (108a),
SMe (108e), CI (108f), F (108g).

@

C‘) OH (‘) OH
> Me)Yk@\ + %
R R
NO, NO;

1091-p 107d, 110h—-k

R = CI (1), Me (m), R = Me (107d), SMe (110h),
OH (n), SMe (o), F (p). OH (110i), CI (110j), F (110K).

Under conditions proposed by Barbas III and co-wor-
kers 71-327 in 2001, which imply the use of (S)-proline (1) or
(S)-5,5-dimethylthiazolidine-4-carboxylic acid (56b) as the
catalyst and DMSO as the solvent, the aldol reaction of
butan-2-one (105d) with aldehyde 106b affords aldol 107d
(see Table 7, entries I—3). Enantiomeric excess of the
product did not exceed 74%. The selectivite formation of
regioisomers was also noted in aldol reactions catalyzed by
proline derivatives 64f 227 and 32,'#° which contain different
substituents in the pyrrolidine ring (entries 4, 5). However,
in the case of sterically hindered catalyst 32, the formation
of aldol 107d (33%) was accompanied by the formation of
minor (10%) regioisomer 109m having high diastereo-
[dr(anti:syn) = 19:1] and enantiomeric (ee 99%) purities.

The regioselectivity of the aldol reaction in the presence
of prolinamides depends on the structure of the amide
group and reaction conditions. Aldol 107d is formed as the
major product in reaction (7) of compounds 105d and 106b
in DMF catalyzed by diamide 13c (10 mol.%) containing a
2,2'-diaminobinaphthyl fragment (see Table 7, entries
6—8).104.328 The fraction of regioisomer 109m formed on
long-term (264 h) keeping of the reactants in the dry solvent
is very low (~1%) (thermodynamic control), but increases
with the decrease in the reaction time to 31 h (kinetic
control) and/or when a DMF —H>O mixture (1:1) is used
as the solvent. However, modification of catalyst 13c by
addition of benzoic acid (10 mol.%) and performing the
reaction under solvent-free conditions (entry 9) afford
comparable amounts of regioisomers 109m and 107d with
high diastereo- [dr(anti: syn) >99:1] and enantioselectiv-
ities (ee 90% and 99%, respectively).19%-329 Similar results
were obtained in reactions catalyzed by amide 10m contain-
ing proline and alkaloid quinconidine fragments °? in com-
bination with AcOH (entry /0) or polyfunctional amide 10f
(entry /7). Futhermore, owing to the high activity of the

catalyst 10f, the process can occur at —25 °C in the
presence of only 2 mol.% of the catalyst.?3

When (S)-alanine (3a) (see Table 7, entry 72),37 axially
chiral amino acid 49a (entry 73),'°° trans-1,2-diaminocyclo-
hexane derivatives 11a °> and 51d (entries /4, 15),'°° and
(S)-proline sulfamide containing a dendrimer group (22f)
(entry 16) are used as the catalysts,!?¢ aldol 109m is formed
as the major reaction product (7). Attention is attracted by
the above-noted (see Scheme 7) 2°0 abnormal syn-diastereo-
selectivity of the reaction induced by diamine 51d.1%°

The nature of the organocatalyst can change, to a
certain extent, the chemo- and regioselectivity of aldol
reactions involving acetone derivatives that contain heter-
oatomic substituents. Thus aldol reactions of hydroxyace-
tone (108a) with aldehyde 106b catalyzed by a-amino acids,
in particular, proline 1,33° L-threonine (4b) %’ or its fert-
butyl ether 36b (see Table 7, entries 17— 19),°7 q-amino acid
amides 13c¢ 339-331 and 37a (entries 20, 21)'7 or trans-1,2-
diaminocyclohexane derivative 51d (entry 22) 20 give syn-
and anti-diastereomeric aldols 109n almost regioselectively.
However, when this reaction is catalyzed by the methyl ester
of dipeptide 17d (MeO-17d) (entries 23, 24),''> amide 10f
(entries 25, 26) 332 or diamide 12¢ (entries 27),°° the isomeric
aldol 110i is formed together with aldols 109n. When
compounds 10f and MeO-17d are used as the catalysts, the
addition of water to the reaction mixture results in 1,4-diol
110i as the major product.

In the reactions involving a-(methylthio)acetone (108e)
and o-haloketones 108f,g, the variation of the catalyst
usually has little influence on the reaction regioselectivity
but markedly increases the chemoselectivity compared to
the (S)-proline-catalyzed transformations. Whereas in the
presence of proline 1, the reaction between compounds 108e
and 106b is non-selective resulting in aldol 110h in a yield
not exceeding 10% (see Table 7, entry 28),2%° under the
action of prolinamides 10e,f and 13c, the yields of com-
pounds 110h reach 43%, 72% and 70%, respectively, under
comparable conditions (entries 29 —31).106.265.329 The for-
mation of regioisomeric syn / anti-aldols 1090 was detected,
although in insignificant amounts (3% —13%).

Unlike aldol reactions involving a-(methylthio)acetone
(108e), in organocatalytic reactions of 4-nitrobenzaldehyde
(106b) with o-chloroacetone (108f) or a-fluoroacetone
(108g), B-halohydrins 1091 or 109p are most often formed
as the major products. In this case, too, the influence of the
catalyst structure on the process chemoselectivity can be
followed quite clearly. In the presence of proline 1 and 5,5-
dimethylthiazolidine-4-carboxylic acid (56b), the reactions
are highly non-selective, resulting in the formation of
complex product mixtures from which chlorohydrin 1091
was isolated in only 8% yield (see Table 7, entry 32) 73 and
individual fluorine-containing aldols 109p or 110k were not
obtained at all.'®® Meanwhile, performing these reactions
under the action of organocatalysts based on a-amino acid
amides 6,73 10f265332 13¢,19¢ 37a,b 137 or (S)-prolinol
(452a) 198 (entries 33—39) allows one to synthesize com-
pounds 1091 and 109p in 50% —94% yields and with
relatively high enantioselectivity (up to 95%). On catalysis
by compounds 6, 10f and 45a, the anti-diastereomeric aldols
1091, 109p predominate and on catalysis by amides 37a,b,
syn-diastereomers are the major products. The important
role of the reaction medium (this will be considered in more
detail in our next review) attests to reversal of the regiose-
lectivity for the amide 10f-catalyzed reaction between com-
pounds 106b and 108g upon addition of water (entry 40).332



Table 7. Asymmetric aldol reactions (7) of acetone derivatives 105d, 108a,e — g with 4-nitrobenzaldehyde (106b) in the presence of different organocatalysts.

Entry Cat Ccat R Solv T/°C Time/h Aldol 1091-p Aldol 107d, 110h—k Ref.
(mol.%)
product dr ee (anti) (%) / product ee (%)
[yield (%)] (anti: syn) ee (syn) (%) [yield (%)]
1 (S)-Proline (1) 30 Me DMSO 25 see? 109m (see?)  see? see? 107d (61) 59 71,327
1 30 Me DMSO 25 25 109m (see?)  see? see? 107d (53) 70 227
Me Me
S
3 L)3<C02H 30 Me DMSO 25 see?® 109m (see®)  see? see?® 107d (57) 74 71,327
N
H (56b)
9 N\
4 Me/Nkf/NVMo’Q "COLH 30 Me DMSO 25 25 109m (sce®)  sec? see? 107d (56) 75 227
BF;  (64f BFy)
Naph-1
ot
5 1-Naph CO.H 10 Me DMF —10 48 109m (10) 19:1 99 /see? 107d (33) 88 149
N 2
RG>
6 O 0 5-10 Me DMF 25 264 109m (1) >99:1 31 /see? 107d (95) 96 104, 328

H . ! H
N NHHN N
w )O
o O

(13¢)
7 13c 5-10 Me DMF 25 31 109m (12) >99:1 4/seed 107d (58) 75 104, 328
8 13¢ 5-10 Me DMF+H,O 25 20 109m (30) >99: 1 78 / see? 107d (69) 88 104, 328
1:1)
9 13¢ + PhCO-H (5-10)+10 Me 105d 0 2440 109m (53) >99: 1 90 /see® 107d (44) 99 106, 329
=N
O\ ,
10 20+40 Me  105d —30 48 109m (53) 13:1 98 /see® 107d (32) 75 92
N N + AcOH
H H )
N \
(10m) CH:
O CO,Et
Ny COaE
11 N 2 Me  105d -25 24 109m (42) >99: 1 99 /sec® 107d (56) 98 83
NH OH

(10f)



Table 7 (continued).

Entry Cat Ccat R Solv T/°C  Time/h Aldol 1091-p Aldol 107d, 110h—k Ref.
(mol.%)
product dr ee (anti) (%) / product ee (%)
[yield (%)] (anti: syn) ee (syn) (%) [yield (%)]
Me
12 H2NJ\C02H 10 Me DMSO+ 25 96 109m (56) 3:1 75 /see? 107d (see?) see? 57
(3a) H-,O (10 equiv.)
SN
13 NH 10 Me DMSO 25 48 109m (52) >15:1 99 /see? 107d (20) 91 196

O
14 NN NJ< 2 Me CHCl3 —40 72 109m (63) 19:1 99 /see? 107d (9) see? 95
C(H H C¢HMe-4
NH (11a)
15 NH: 10 Me  105d 4 see? 109m (85) 1:10 see® /96 107d (10) see? 199
+ TfOH + 3-NO,C¢H4CO,H
“'NPr}
(51d)
(0]
N
H NHSO,
BnO o
16 10 Me H»O 25 72 109m (70) 7:1 89 /see? 107d (see ) see? 126
BnO NH
o
BnO (0]
OBn (22f)
17 1 40 OH DMSO 25 36 109n (79) 3:1 85/42 110i (see ) seed 330
Me OH
18 20 OH N-MP 4 16 109n (75) 1:15 see?/90 110i (see ) see? 67
H,N~ "CO-H
(4b)
Me__OBu!
19 20 OH N-MP 4 16 109n (>95} 1:18 see? /98 110i (see ) see? 67
HoN CO>H

(36b)



Table 7 (continued).

Entry Cat Ccat R Solv T/°C  Time/h Aldol 1091-p Aldol 107d, 110h—k Ref.
(mol.%)
product dr ee (anti) (%) / product ee (%)
[yield (%)] (anti: syn) ee (syn) (%) [yield (%)]
20 H ' O H 20 OH DMSO 25 24 109n (86) 3:1 82/35 110i (see ?) see® 330, 331
O~ O
(0) (o)
(13¢)
0O Pl‘i
Bu! Ph
21 g Ph 20 OH THF 25 36 109n (95) 1:19 see?/96 110i (see ) see? 157
NHz OH
(37a)
22 NH» 10 OH 1n-C¢Hyy 25 15 109n(>99) 1:16 see® /96 110i (see ?) see? 200
O +TfOH + 3-NO,C¢H4CO,H
“NPr}
(51d)
23 g\/ﬁi 30 OH THF 25 96 109n (71) 2:1 61 /see? 110i (16) 60 115
g =~ “OMe
O =
HO "Me
(MeO-17d)
24 MeO-17d 30 OH THF+ H,O 25 96 109n (13) 0.8:1.0 28 /see? 110i (50) 62 115
(1:1
O  COEt . . .
25 CO,Et 20 OH THF 0 60 109n (58) see? see® 110i (36) 97 332
N
NH H on
(10f)
26 10f 20 OH THF+HO -15 60 109n (<5) see? see? 110i (95) 95 332
2:1)
Ph Ph
27 10 OH CH)Cl, -35 see? 109n (38) see? see® /66 110i (50) 97 99
NH HN
(12¢)
28 1 20 SMe CHCI; 25 see? 1090 (see?) seed see? 110h (10) see? 265
O  Ph
29 5 SMe CHCl, -25 3 1090 (3) see? see? 110h (43) 91 265

/'\\\\Ph
N
CﬁH OH (10e)



Table 7 (continued).

Entry Cat Ccat R Solv T/°C Time/h Aldol 1091-p Aldol 107d, 110h—k Ref.
(mol.%)
product dr ee (anti) (%) / product ee (%)
[yield (%)] (anti: syn) ee (syn) (%) [yield (%)]
O  COEt
NN COzEt
30 Ng H OH 5 SMe CHCl» —25 124 1090 (5) see? see 110h (72) 95 265
(10f)

e

5410 SMe  108e 0 48 1090 (13) 1:1 see? 110h (70) 86 106, 329
H H +PhCOH
N NHHN N
w )O
o O
(13¢)
32 1 20 Cl THF 25 96 1091 (8) see? 74 /see? 110j (see ) see? 73
o)
33 [H (6) 30 Cl  THF 25 9 1091 (50) 7:1 91 /see® 110§ (7) sec? 73
N NHMes
34 13¢ + PhCO,H 5410 Cl  108f 0 45 1091 (71) 42:1.0 66/ see? 110§ (5) see? 106
1) Pri
Bu Ph a . a a
35 \H\N or 20 Cl  Et0 25 40 1091 (81) 1.0:2.5 see?/89 110j (see ) see 157
NH, H
(37a)
36 13¢ + PhCO,H 5410 F 108g 0 17 109p (65) 22:1.0 80 /see® 110k (21) see? 106
37 Oﬁ 35 F  DMSO 25 48 109p (77) 2.3:1.0 84 /see® 110k (5) see? 168
N OH 45
H
o P
38 Bu"\HL CeHi(CF3)2-3,5 5 F  CHxCh 25 48 109p (76) 1:5 see /94 110K (see ?) see? 157
C¢H3(CF3)2-3,5
N, H O O Se 3(CF3)2-3,
(37b)
O  COsEt
39 /'\\\C07Et (10f) 20 F  THF 0o 72 109p (94) 2:1 95 /see® 110k (2) see? 265,332
N
NH H oHn
40 10f 20 F  THF+ H,O 0o 72 109p (10) see? see? 110k (62) 80 332
(1:1)

2 No data are given in the publications.
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It should be emphasized that chiral organofluorine
compounds are valuable intermediates for drug produc-
tion 333, 3 and play important role in the biochemistry of
carbohydrates.33%-33¢ Prior to the development of organo-
catalytic methods, fluorine-containing B-hydroxycarbonyl
compounds could be obtained only by enzymatic route,
their yields being not higher than 40%.337

VII. Aldol reactions in the presence of immobilized
organocatalysts

Since asymmetric aldol reactions usually occur at high rates
and with high selectivities only in the presence of a relatively
large amount of amino acid (20 mol.% —30 mol.%) and
more effective modern synthetic organocatalysts have com-
plicated structures, in recent years much emphasis has been
given to the development of recoverable catalysts, which
can be isolated from the reaction mixtures and used repeat-
edly. In addition, development of the methods for catalyst
regeneration is one of ‘green chemistry’ problems and is
important as regards environmental protection.?®

The recoverable forms of organocatalysts obtained to
date can be divided into two groups, viz., non-covalently
immobilized catalysts and catalysts covalently bound to
polymers or anchored to ionic liquids.

1. Reactions in the presence of non-covalently immobilized
catalysts

The non-covalent way of immobilization of organocatalysts
is based on the ability of these, most often polar compounds
to be held, by electrostatic forces, on the surface of
inorganic or organic polymers containing polar groups or
polarized chemical bonds.

For example, (S)-proline (1) can be adsorbed on silica
gel. The activity of the supported catalyst is rather high;
however, the enantioselectivity of the aldol reaction is lower
than that in homogeneous catalysis.”!

The selectivity of the reaction of acetone (105a)
(27 equiv.) with aldehyde 106a can be increased to ee
64% —96% by performing the reaction under the action of
heterogeneous catalyst 210 consisting of (S)-proline (1)

(0] O
J\ + M +
Me Me R
105a 106
[N>An [N>An
COvH 20 °C,15-24 h
- >

© H H O @
® Sl/OMe ©) Sl/OMe
O o OH O O OH

?H(\) R SRR
S S S S S S S
SiO;

210

O OH 0
— A I+ I
Me R Me~ F R
107 (51-93%, ee 64—-96%) 211 (1—12%)
(O = bmim[BF4]; R = Ph, 4-NO,CgHa, 4-BrC¢Hy, Pri.
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(30 mol.%) and an ionic liquid, for example, 1-butyl-3-
methylimidazolium tetrafluoroborate (bmim[BF4])

adsorbed simultaneously on silica gel. The ionic liquid is
held on the silica gel surface by means of alkylimidazolium
cations bound to silyloxy groups. The activity of the
catalyst and enantioselectivity do not change after four
reaction cycles.?38:339 The reaction gives o,B-enones 211 as
by-products.

Multilayer inorganic substrates containing metal
hydroxides capable of adsorbing (S)-proline on their surface
can act as heterogeneous supports. However, the enantio-
meric purity of the aldol formed from acetone 105a
(27 equiv.) and benzaldehyde 106 in the presence of the
Mg/Al/NO3/1 system (1 mol.%) does not exceed 6%.340
Much higher enantioselectivity (up to 94%) is observed with
the Mg/Al1/CO3/1 system (35 mol.%) used as the catalyst.3*!

For ‘heterogenization’ of (S)-proline (1), we used for the
first time an organic cationic polymer, poly(diallyldialky-
lammonium) hexafluorophosphate with the molecular
weight of 400 000— 500000 Da obtained from commercially
available 20% aqueous solution of the corresponding
chloride.?#? The efficient adsorption of proline is apparently
provided by the ion—dipole interactions of the polar cata-
lyst and the ionic polymer. Catalyst 212 has high activity
and moderate enantioselectivity (62% —91%) in the aldol
reaction of ketones 105a—c¢ with aldehydes 106a,b. More-
over, proline is not ‘washed away’ from the polymer under
the studied conditions, which allows using this catalytic
system at least six times without decrease in the yields and
ee values of the products.

o 0}
KS |
+ X
R R

Cat (15 mil.%) K\‘/k©>
X
20 °C, 15 h
105a—c¢ 106a.b
[58% 798%,
dr(anti : syn) = (80 :20)—(30 : 70)]
R = H; R—R = (CHa),, (CHa)3;

X = 3-NO3, 4-NO», 2-Cl, 4-Cl, 4-CO,Me, 4-CHO;

The immobilization of proline 1 on a polyelectrolyte can
change the diastereomeric composition of the resulting
aldols 107. Thus the major product formed in the reaction
of cyclopentanone (105¢) with 4-nitrobenzaldehyde (106b)
in DMSO catalyzed by compound 1 is aldol anti-107¢;”!
however, in the presence of system 212, diastereomer syn-
107¢ predominates.

A similar approach has been used by Chinese research-
ers to immobilize trans-(1R,2R)-diaminocyclohexane deriv-
atives on sulfopolystyrene. The catalytic systems 213a—c¢
can be regenerated and used six times; the enantioselectivity
remains the same and the yield of products 107 decreases
only slightly.!30
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OH

AN

CHyCl,20°C Rl R!

i

105a—c 107
[67% —99%; 76% —99%,
dr(anti: syn) = (68 : 32)—(92: 8)]
R! = H, R'-R! = (CHa)s, (CH2)3; R? = XCeH4 (X = H, 3-NO»,
4-NOs>, 2-NO», 2-Cl, 4-CN, 4-Cl, 4-Br, 4-CF3), 1-naphthyl;

h
HiN,,
cut = ()50,
3

R3
(213a—c)

(RS = Me (). Et (), Pri (0],

An interesting example of non-covalent immobilization
of organocatalysts is their incorporation into the B-cyclo-
dextrin cavity. According to '3C NMR spectroscopy,
cis-4-phenoxy-(S)-proline (cis-23a) forms inclusion com-
pound 214 with B-cyclodextrin, which behaves as a hetero-
geneous catalyst of the aldol reaction of acetone 105a
(68 equiv.) with aromatic aldehydes 106a,b. The corres-
ponding aldols 107 were obtained in high yields and highly
enantioselectively (ee 71% —83%), which was not lost upon
four reaction cycles with this catalyst.343

Cat (10 mol.%) Me
/‘\ ~20 °C

105a (68 equlv.) 106a.b 107 (76% —90%)
R = 2-NO, 3-NO», 4-NO», 2-Cl, 3-CI;

CO.H
f @ =0 \ is B-Cydodextrin).
(214

The known methods for non-covalent immobilization of
organocatalysts on polymeric supports are experimentally
facile and, as a rule, do not require expensive reagents.
A drawback of the heterogeneous associates thus formed is,
however, the tendency for washing away of the catalytically
active molecules by highly polar solvents, which decreases
the scope of application and the operation period of the
catalysts.

2. Reactions in the presence of catalysts covalently bound

to polymers or anchored to ionic liquids

A more frequently used method for the preparation of
recoverable organocatalysts is based on their covalent bind-
ing to a polymer or an ionic liquid. This modification results
in chemically stable catalysts, which are readily separated
from the reactants and products without losing their cata-
lytic properties. Attachment to an amino acid through a
bifunctional spacer involves usually an additional chemi-
cally reactive (for example, hydroxyl) group to be bound to
this group or a carboxyl group. The amino group of the
catalyst remains free and forms chiral enamine intermedi-
ates of the aldol reaction. Most of this type of the modified
organocatalysts obtained by now are proline derivatives.

a. Organocatalysts immobilized on polystyrene
Polystyrene derivatives, in particular, the Merrifield resins
containing chemically reactive substituents, for example,

halogen atoms or aminomethyl groups, in monomer units
are used most often for immobilization of organocatalysts.
Pericas and co-workers synthesized polystyrene-immobi-
lized isomeric derivatives of proline 64b223 and 7023 in
which the role of a spacer group is played by disubstituted
1,2,3-triazole formed in a ‘click’ reaction. These compounds
showed good catalytic properties in the reactions of alde-
hydes with ketones in aqueous medium. With compound
64b as the catalyst, the reaction was carried out in a two-
phase system in the presence of dimethyl polyethylene
glycol (DiMePEG), which served as the phase transfer
catalyst. When compound 70 swellable in water served as
the catalyst, the reaction occurred in the resulting gel. The
highest  yields of aldols 107 and  diasterco-
[dr(anti:syn) = (90:10)—(98:2)] and enantioselectivities
(ee 93%—97%) were attained in the reactions of cyclo-
alkanones 105b,c with aromatic aldehydes 106a,b. Com-
pound 70 catalyzed also the aldol dimerization of propanal
(106s) with ee 96% —97%, which markedly exceeded the
enantioselectivity attained in the presence of prolinamide 5
(78%).3#* Acetone (105a) and hydroxyacetone (108a) also
reacted with aldehydes under these conditions; however, the
selectivity was lower (ee 45% —59%). Catalysts 64b and 70
are easily regenerated and can be recycled more than five
times.

64b— Di-Me-PEG (10 mol.%) (0] OH

(0]
(0]
or 70 (10 mol.%)

| ‘
Rl/\ - kR3 H,0,20 °C, 18— 144 h
R* 106 R?
105a—c, 107 [24% —97%, ee 45% —97%,
106s, 108a dr(anti: syn) = (1:1)—(98 : 2)]

R3

;

R!-R? = (CHa)3, (CH»)4; R! = Me, R? = H, OH;
R! = H, R? = Me; R? = XCeH4 (X = H, 4-NO», 4-Br, 4-CF3, 4-OMe,
2-Cl), 2-naphthyl, 2-furyl, Et.

The activity and selectivity of the organocatalysts immo-
bilized on polystyrene resins can be increased by introduc-
ing branching. Thus in the presence of catalyst 66 in which
the amino acid is linked to the polymer through the triazole
linker and a branched polyphenol fragment, the enantio-
meric purity of products 107 formed in the reactions of
acetone (105a) with aromatic aldehydes 106a,b reaches
85%. However, the catalyst 66 loses activity after regener-
ation.234.345

(0] (‘) OH
\
O 66 Me
i + 20 °C, 4 days
Me Me R ’ R

105a 106a,b 107 (52% —95%,

68% —85°
R = H, NO,. ee 68% —85%)

The synthesis of 4-hydroxyproline derivative 64c¢ grafted
to the hydrophobic polystyrene Merrifield resin has been
described.?24-346 This is able to catalyze the aldol reaction of
cyclic ketones 105b,c,h,i with aromatic aldehydes 106a,b in
aqueous medium. The aldol addition products 107b are
formed under these conditions with high anti-diastereo-
and enantioselectivities. Catalyst 64¢ retains the selectivity
for five reaction cycles. In the absence of water, the reaction
does not take place.
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() 0 OH
(0]
KH N M 64c (10 mol.%) MAT
R Ar H:0 (20 equiv), g R
106ab 20 °C,22—90 h
105b,c,h,i 107b [30% —98%, ee 67% —98%,

dr(anti: syn) = (85:15)—(99 : 1)]
R-R = (CH>),, (CH»)3, CH;OCH,, CH,SCHo;
Ar = XC¢H4 (X = H, 2-Cl, 3-Cl, 4-Cl, 4-Br, 3-NO», 4-NO,, 4-CN, 4-CF3),
CeFs, 2-naphthyl, 2-furyl.

cis-4-Amino-(S)-proline derivatives 68a,b grafted to
polystyrene through succinic and adipic acid linkers also
proved to be effective recoverable organocatalysts of aldol
reaction carried out in wet DMF. The use of 5 mol.% of the
catalysts gave aldols in high yields and with excellent anti-
diastereo- [up to dr(anti:syn) = 96:4] and enantioselectiv-
ities (up to ee 96%).23¢ Catalysts 68a,b regenerated by
precipitation with Et;O from the reaction mixture were
recycled five more times without loss of the catalytic
activity.

i |
68a.b (5 mol.%)
R R i DMSO-H>O (15:1),20 °C,24 h
105a.b 106a,b
o OH
>

107 [40% —96%, ee 76% —96%,
dr(anti: syn) = (70 : 30)—(90 : 10)]
R-R = (CHa), (CH2)3; R = H;
X = 2-NO3, 3-NO3, 4-NO», 2-Cl, 3-Cl, 4-Cl, 3-Br.

Proline derivatives can be immobilized on polystyrene
not only through position 4 of the pyrrolidine ring, but also
through the carboxyl group of the amino acid. Thus the
reaction of 4-methylbenzhydrylamine—polystyrene resin
with proline yielded amide 61, which was used as the
catalyst of the aldol reaction of acetone (105a) with
aliphatic aldehydes 106. Aldols 107 are formed in high
yields and with high enantiomeric purity; however, regen-
eration deteriorates the catalyst.?!8

(i 61 (20 mol.%)
_— >

Me Me R

105a (68 equiv.) 106 107 (40% —75%,

ee 54% —86%)

R = PI‘", Pl‘i, Bl.ln7 Bui, Bu‘, 1’1-C7H15.

British researchers synthesized proline-containing di-
and tripeptides immobilized on styrene—ethylene glycol
copolymer with terminal amino groups (NovaSyn TG) and
studied them as heterogeneous catalysts of the aldol reac-
tion of acetone with 4-nitrobenzaldehyde.?!° In the presence
of dipeptides 62a,b containing serine or threonine, aldol
107a is formed in nearly quantitative yield with high
enantiomeric purity. Unfortunately, the possibility of regen-
eration of the heterogeneous catalysts was not men-
tioned.?!®

62a,b (20 mol.%)
—25 °C,40 h

L0

105a (150 equiv.) 106b

OH
— |

Me

NO»
107a (98%, ee 82%)

Tripeptide 62d containing an N-terminal proline residue
immobilized on polystyrene —poly(ethylene glycol) copoly-
mer also efficiently catalyzes the aldol reaction of acetone
(105a) with electron-deficient aromatic aldehydes 106a,b.22°
The highest yields and ee values of products 107 are
attained when the reaction is carried out in the acetone—
water— THF system (1:1:1) in the presence of ZnCl,. The
catalysts obtained withstand at least five regeneration
cycles.

(0]
g
+
Me Me X

62¢.d (20 mol.%)

ZnCl, (20 mol.%),

105a Me,CO-THF-H,0 (1:1:1),
106a,b 0°C,18-30 h
OH
s |
Me
X

107a (83% —100%, ee 71% —84%)
X = 2-NO3, 3-NO, 4-NO», 2-Cl, 4-Cl.

Polystyrene-immobilized  (S)-prolinamide 65 was
obtained from chiral f-amino alcohol, [(2S5)-2-amino-1,1,2-
triphenylethanol]. Heterogeneous catalyst 65 ensures high
activity and selectivity of the aldol reaction of cyclic ketones
105 with aromatic aldehydes 106a,b in a chloroform —water
heterogeneous system. When anhydrous media are used, as
in the case of catalyst 64c, the efficiency of the process is
lower. Catalyst 65 retains its activity and selectivity at least
for 12 reaction cycles.?33

(‘) (0]
|
65 (10 mol.%)
+
% CHCl3-H>O (2:1),20 °C,22-120 h
105 106a,b
—

107 [71% —98%, ee 71% —99%,

dr(anti : syn) = (51 :49)—(98 : 2)]
R = H, 3-NO», 4-OMg, 4-Me, 4-CN, 4-CF3, 3-Cl, 4-NO»;
X = CHa, O, S, NBoc, CHMe.

b. Organocatalysts immobilized on other organic and inorganic
polymers

Italian researchers synthesized immobilized forms of
4-hydroxyproline 64d 22> and 64e22° on poly(ethylene gly-
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col) by means of succinate spacer. The resulting organo-
catalysts were employ in intermolecular aldol reactions of
ketones (acetone or hydroxyacetone) with aldehydes 106a,d
and in the intramolecular Robinson annulation. The yields
and ee values of products 107a.f and 109¢ are comparable
with those obtained in the reactions catalyzed by (S)-proline
(1). Catalyst 64d regenerated by precipitation with diethyl
ether, the recovery was 70% —80%. It was repeatedly used
in the reactions with equal enantioselectivity and only small
loss of the catalytic activity.

0 O OH
I 0 64d (30 mol.%) /H\/L
1 3
R} DMSOorDMF,20°C R : R
2
R* " 106a,d R
105a, 1082 107a.f, 109¢

[45% —77%, ee 59% —98%,
dr(anti : syn) >(20:1)]

R! = Me, R? = H, OH; R3 = 4-XC¢H4 (X = H, Br, NO,), cyclo-CsHj;.

trans-4-Hydroxyproline was attached to commercially
available 1,4-diaminobutane poly(propyleneimine) den-
drimers with a glutaric acid linker.?3> Compound 67 based
on second-generation that dendrimer contained eight free
amino groups at the periphery of the molecule has moderate
activity and enantioselectivity in the aldol reaction of
acetone 105a with aromatic aldehydes 106a,b in DMF
comparable to the activity and selectivity of proline. How-
ever, the load of catalyst 67, which corresponds to
50 mol.% with respect to the proline constituent, exceeds
that of (S)-proline (1) under comparable conditions
(20 mol.%). In addition, the possibility of regeneration of
catalyst 67, which is readily soluble in the reaction medium,
is not obvious.

L,

1
05a 106a,b
o OH

— |

Me

67 (6 5 mol.%)
DMF, 20 °C, 16-18 h

R
107a (61% —78%, ee 64% —67%)
R = NOg, Br, CL

cis-4-Aminoproline was immobilized on a mesoporous
silicate support MSM-41 using 3-(triethoxysilyl)propyl iso-
cyanate. In the presence of heterogeneous catalyst 69,
a-hydroxyacetone (108a)237 and protected form of di-
hydroxyacetone 113a 238 react with aromatic and aliphatic
(including functionally substituted) aldehydes 106 in
DMSO or toluene, in particular, under microwave (MW)
irradiation to give aldols 109 and 114 in moderate yields
and with high diastereo- and enantioselectivities (up to
ee 99%). In some cases, the diastereoselectivity was inverted
compared to analogous reactions catalyzed by (S)-proline
(1) under homogeneous conditions, which is caused by the
effect of the solid support. Catalyst 69 was used three times
without loss of the activity or selectivity.

o] O OH
I 9] 69 (20— 30) mol.% |

|
K\ * s DMSO or PhMe, MW T R

1 R2

R' R> 06 R' R

108a, 113a 109, 114
(27 equiv.) (300/0 772%,

ee 70% —99%)

R! = H, R2 = OH, R'-R2 = OCMe,0; R? = 4-NO,CgHy, Pri,
\ OBn
CyClO-Can7 O><O N >—\ .
OB
Me Me Na "

¢. Organocatalysts modified by ionic groups

Recently it was reported that organocatalysts incorporating
fragments of salts of nitrogen bases with fluorine-contain-
ing anions, including those that belong to the class of ionic
liquids, have been synthesized and used in aldol reactions.
The ionic catalysts can be readily separated from the
reactants and products due to the different solubility in
organic solvents. By varying the structures of the cation and
the anion, one can change deliberately the catalyst solubility
in different types of solvents and thus to select the optimal
phase composition of the catalytic system. Furthermore, the
use of ionic modifying groups usually results in higher
capacity (the content of catalytically active fragments per
unit weight) of the catalyst compared to the analogues
immobilized on polymeric supports.

Researchers of the Montreal University 227 obtained
(S)-trans-4-hydroxyproline derivative 64f (An— = BFy)
containing a side-chain methylimidazolium group. Com-
pound 64f —BF4 was used as an organocatalyst in the aldol
reactions of alkanones 105a,d with aldehydes 106a,b,d
carried out in excess ketone or DMSO. The yields and the
ee values of aldols 107 were somewhat higher than those in
the reactions induced by (S)-proline or PEG-immobilized
catalyst 64e.>2° It was assumed??’ that the 1,3-dialkyl-
imidazolium cation promotes the aldol reaction being a
weak Lewis acid. Catalyst 64f—BF4 easily be separated
from the reaction mixture and recycled four times without
considerable decrease in the aldol yield and ee.

64f —BF, (30 mol.%)
- - s

0
| 0
\
Me + KRZ DMSO or MexCO,

o 1
R 06abd 20 °C:25h R
105a,d 107 (40% —92%,
ee 60% —86%)

R! = H, Me; R? = XCgHy4 (X = H, 4-CN, 4-NHAc, 4-Br, 4-NO,, 2-Cl),
2-naphthyl, cyclo-CsH .

4-Hydroxyproline derivatives modified by ionic groups
64f - NTf, and 64h were used as catalysts of the aldol
reaction of aldehydes with ketones in an ionic
liquid, 1-butyl-3-methylimidazolium bis(triflyl)imide
(bmim[NTf>]).2?® This combination made it possible to
decrease the catalyst load to 5 mol.% and increase the
reaction rates and selectivities compared to the same reac-
tions carried out in organic solvents.
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0 O OH
| 0‘ 64f - NT£ or 64h (5 mol.%) I |
3
+ kRa bmim[NTf2], 20 °C, 24-72 h K\?R
1 2
RU - R? o6a R® R
105a,b, 108a, 107, 109, 114

113a (10 equiv.) [35% —78%, ee 75% —94%,

dr(anti:syn) = (67:33)—(85:15)]
R! = R? = H; R'-R? = (CHy)3, OCMe;0; R! = H, R> = OH;
R3 = XCeH4 (X = H, 4-NOy, 4-Cl), 2-naphthyl.

However, after regeneration, the 64h—bmim[NTf>] sys-
tem lost the activity, which may be attributed to washing
away of catalyst 64h by the solvent during extraction of the
aldol and/or to its transformation to oxazolidine 215 upon
side reaction with aldehyde 106 in the ionic medium.

H
Me\ + N “,
/NAH/
Bu™” | o o
Me N
ngN - R3

215 R3

The latter suggestion is supported by the fact that the
turnover number value characterizing the productivity of
catalyst 64f —NTf> (Ref. 347) and its isomer cis-64f—NTf>
(Ref. 348) in the reaction of cyclohexane (105b) with
4-nitrobenzaldehyde (106b) increases from 17 to 930 when
the reaction is carried out in excess ketone in the presence of
a minor (1-2 equiv.) amount of water, which suppresses
the side process.?*® For effective reaction to occur, it is
sufficient to use 0.1 mol.% of catalyst cis-64f— NTf,, which
can be reused three times without decrease in the yield and
ee of aldol 107b.

We found that the operation period of amino acid
catalysts anchored to ionic liquids in reactions in an
aqueous medium can be extended with retention of, or
even some increase in, the diastereo- and enantioselectivities
of the aldol reactions by introducing long-chain alkyl
groups. Indeed, amphiphilic proline-containing imidazo-

o 1
K\ + 64g.j (15-30) mol.%
R R H,0 (>25 equiv.),20 °C, 10 h
105b,c,h,i 106a,b
(3 equiv.)
(0] OH

107 [40% —97%, ee 92% — >99%,
dr(anti : syn) = (80 :20)—(98 : 2)]

R-R = (CHy), (CHy)3, CH;OCH,, CH>SCH»;
X = H, 4-NO,, 4-CN, 4-CO,Me, 4-OMe, 3-OPh.

64j (15 mol.%)

o 1
H/Me +
Me NO» H,O0 (> 25 equiv.), 20 °C, 10 h

106¢ 106b

NO;

174 (40%, ee 99%)

lium 64g22° and pyridinium 64j24° salts are quite effective
and selective catalysts of aldol reactions of cyclic ketones
105b,c,h,i (3 equiv.) with aromatic aldehydes 106a.,b in
water (=25 equiv. H>O). Branched aliphatic aldehydes,
for example, compound 106¢ can also be used as donors
under these conditions.

Apparently, catalysts 64g,j containing a lipophilic alkyl
group apart from the hydrophilic ionic fragments occupy
the water—organic solvent interface during the reaction,
and the catalytic transformation takes place at the interface.
Compound 64g retained the catalytic properties over at
least five reaction cycles and compound 64j was active for at
least eight cycles. These cyclic ketones react with aromatic
aldehydes 106a,b also in the presence of immobilized serine
and threonine derivatives 71a,b (see Section 1V.3); however,
characteristics of the conversion (84% —89%) and the
diastereo- [dr(anti:syn) = (87:13)—(90:10)] and enantiose-
lectivities (ee 91% —97%) are somewhat lower.240

The use of proline and pyrrolidine derivatives modified
by ionic fragments at position 2 of the heterocycle to
catalyze the aldol reaction usually provides less impressive
results. Thus in the presence of prolinamide 63 containing a
cationic fragment in the amide group, the reaction of
acetone (105a) with 4-nitrobenzaldehyde (106b) results
mainly in enone 211a. The regenerated catalyst 63 was
recycled seven times.??!

(0]
|
(ﬁ N 63 (30 mol.%)
B —
Me~ Me Solv, 20 °C, 23— 40 h
. NO»
105a (30 equiv.) 106b
T |
—
> Me +  Me
NO,» NO,»

107a (8% —26%) 211a (42% —92%)

Chinese researchers synthesized a series of chiral pyrro-
lidine derivatives containing fragments of imidazolium salts
and tested them in the aldol reaction between ketones 105
and aldehydes 106, which was carried out in excess ketone.
Among these catalysts, compound 72a (20 mol.%) com-
bined with AcOH (5 mol.%) was found to be most effective;
the reaction was carried out in the presence of a small
amount of water (1 equiv.).24!

P 1
+ 72a (20 mol.%)
R! R2? AcOH (5 mol.%), H>O (1 equiv.)
105 (10 equiv.)  106a,b
O‘ OH
—
X
Rl R?

107 [0% —99%, dr(anti : syn) = (1: 5)—(1.3 : 1.0)]
R! = H: R? = H, Me, Bu", OBn; R! = R? = H, Meg;
R!-R2 = (CHa), (n = 2—5); X = 2-NOs, 3-NO», 4-NO», 2-Cl, 2-Br,
4-OH, 4-Ph.

The diastereo- [dr(anti:syn) = (1:5)—(1.3:1.0)] and
enantioselectivity values (ee 5% —63%) for these transfor-
mations were relatively low, which was attributed >*! to the
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influence of the imidazolium cation. As with amide 63, a
considerable amount of o,B-enones 211 is formed in addi-
tion to aldols 107. However, catalyst 72a demonstrated high
stability under reaction conditions and was reused six times
with insignificant decrease in the activity.

The diastereo- and enantioselectivities of the reactions
of cyclohexanone (105b) with aromatic aldehydes 106a.,b
can be increased by using catalyst 72¢ containing the
phthalate anion as the counter-ion.?#?

(0]
| \
+ 72¢ (10 mol.%)
23-40 h
105b 106a.b

(‘) OH
—
X

107b [66% —94%, ee (anti) 50% —65%,
dr(anti : syn) = (60 : 40)—(70 : 30)]

X = 2-NO3, 3-NO, 4-NO>, 4-CN.

VIII. Conclusion

This review demonstrates that asymmetric organic catalysis,
in particular the catalysis of aldol reaction frequently
encountered in nature and widely used in the syntheses, is
a new promising and vigorously developing area of research
in modern organic chemistry. Under the action of organo-
catalysts, it is possible to synthesize complex chiral organic
compounds with high enantiomeric purity from readily
accessible achiral precursors under simple experimental
conditions. The organocatalytic aldol reaction can be per-
formed for diverse carbonyl compounds, including func-
tionally substituted ones, and activated carboxylic acid
derivatives able to form enamine intermediates with the
catalysts containing amino groups. The carbonyl groups
involved in the reaction can belong to either one molecule
(intramolecular reactions) and molecules of different com-
pounds (intermolecular reactions). In some cases, organo-
catalytic aldol reactions are integrated in a series of tandem
transformations taking place in the presence of the same
catalyst. The variation of the nature of the organocatalyst
allows one to control the reaction rates and regioselectiv-
ities, thus providing the formation of aldols of the desired
structure. Immobilized organocatalysts can find use in new
environmentally safe industrial chemical processes that
meet the requirements of ‘green chemistry’.

The material covered in this review mainly deals with
reactants and organocatalysts used in the asymmetric aldol
reactions. Highly important aspects concerning the role of
the medium and reaction conditions and its application for
the synthesis of natural and synthetic biologically active
compounds are almost not addressed. We plan to consider
these aspects in a separate review. In addition, the papers
published during the preparation of the manuscript for
publication have remained beyond the scope of Sections
1-VII; these include an excellent review 330 devoted to the
achievements of organocatalysis, papers that describe the
mechanistic features of proline-catalyzed intramolecular
aldol reactions,?3! the use of novel types of natural 3> and
synthetic,?33 in particular, immobilized 3> organocatalysts,

the organocatalytic synthesis of chiral 4-hydroxybenzothio-
pyrans 333 and some other.

Nevertheless, we hope that the performed analysis of
organocatalytic asymmetric aldol reactions will be of inter-
est for specialists in the field of organic synthesis and
catalysis, the chemistry of natural products and ‘green
chemistry’ and will stimulate the development of this
fascinating and challenging trend of research.

This work was performed with partial financial support
of the Russian Foundation for Basic Research (Project
Nos. 09-03-12164-ofi-m, 09-03-00384-a, 08-03-00659-a,
08-03-92505-NTsNIL-a, 08-03-91308-IND-a).
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