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The asymmetric direct aldol reaction of nonpreactivated sub-
strates constitutes one of the most powerful tools in current
synthetic chemistry. In the last few years, chiral metal com-
plexes have been found to catalyze the direct aldol addition
of unmodified ketones to aldehydes with both high efficiency
and selectivity. However, many problems have to be over-
come in this still young field of chemistry. The most challeng-
ing aspect of this chemistry is the substrate limitation of
known catalysts. In this field, the asymmetric aldol-Tish-
chenko reaction can be regarded as a parallel methodology
that expands the scope of possible applications. In the aldol-
Tishchenko reaction, two aldehyde molecules undergo ad-
dition to form an aldol adduct, which is subsequently re-
duced by a third aldehyde to yield 1,3-diol monoesters

Introduction
The development of new methods for the synthesis of

complex natural and unnatural molecules remains an en-
during challenge in current organic chemistry. One of the
major efforts in this area has been the controlled construc-
tion of molecules bearing sequences of stereocenters.[1] A
wide variety of enantioselective chemical transformations
are now performed by using only catalytic amounts of chi-
ral promoters, which provides access to optically active
compounds in a highly economic fashion. Among tradi-
tional methodologies for generating chiral compounds, al-
dol-type reactions are classical and powerful methods for
their synthesis through carbon–carbon bond formation.[2]

The impressive achievements in asymmetric aldol reac-
tions made to date rely on the conversion of the donor sub-
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through a [3,3]-bond reorganization. With the use of alde-
hydes and ketones in the aldol-Tishchenko reaction, diols
with three adjacent stereogenic centers can be created in one
single operation. Thus, the reaction can be regarded as an
extremely atom efficient method for the construction of enan-
tiomerically enriched products that can serve as fundamental
building blocks in synthesis. Moreover, the aldol-Tishchenko
condensation is nowadays the most efficient methodology
available for the direct catalytic asymmetric aldol reaction of
methylene ketones. This article provides a synopsis of this
field and highlights some of the challenges that still remain.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

strate into a more reactive species such as silyl enol ethers
or ketene silyl acetals (Mukaiyama-type aldol reaction),[3]

which use no less then stoichiometric amounts of reagents
in separate steps.

Undoubtedly the most elegant and most economically
attractive way to introduce chirality into a molecule is
through the use of only a catalytic amount of a chiral con-
troller. To date, one of the most exciting applications of
this strategy is the direct aldol reaction of non-preactivated
carbonyl nucleophiles (Scheme 1, path a).[4] Thus, tremen-
dous effort has been devoted only recently to develop cata-
lytic asymmetric methodologies which combine high
chemo- and enantioselectivity with powerful atom econ-
omy[5] of the aldol reaction.[6]

Such transformations are realized in Nature where en-
zymes transform nonpreactivated substrates into more com-
plex molecules. Biochemical aldol reactions such as those
catalyzed by aldolases perfectly meet the atom economy
principle by employing unmodified carbonyl donors. Their
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Scheme 1. Enantioselective direct aldol condensation (a) versus
enantioselective aldol-Tishchenko reaction (b); carbonyl group re-
duction (c).

application is still, however, incipient in chemical practice
mostly because of their narrow substrate scope.[7]

The first report on the use of a metal-based chemical
catalyst for a direct enantioselective aldol reaction appeared
from Shibasaki and coworkers.[8] The catalyst design is
based on the general principle of two-center catalysis
(Scheme 2). The multifunctional catalyst LaLi3tris(binaphth-
oxide) (LLB-1) promotes the direct asymmetric aldol re-
action of aldehydes with unmodified ketones by activation
of both acceptor aldehyde and donor ketone. The syner-
gistic functions of the active metal sites make substrates
more reactive and control their positions in the transition
state, so that functional groups are proximal to each other.
Heterobimetallic complex 1 can be thus regarded as an en-
zyme mimic of the metal-containing aldolases of type II.[7a]

Scheme 2. Structure of Shibasaki’s bifunctional catalyst (S)-LLB.

The remarkable success of this concept[9] inspired many
scientists to devote more interest in this potentially advan-
tageous strategy. Thus, the direct aldol addition of alde-
hydes and unmodified ketones to aldehydes in a catalytic,
asymmetric manner with both metal-based catalysts[10] and
organocatalysts[11] has been intensively developed over the
last few years in many leading research groups.

From a practical perspective, however, there remains
much room for improvement in the available methodology
with respect to catalyst amount, stereoselectivity and sub-
strate scope.[6b] In this regard, the aldol-Tishchenko reac-
tion, defined as the domino condensation of aldehyde–
ketone–aldehyde, appears to be complimentary in its meth-
odology (Scheme 1, path b). While the aldol addition can
create up to two new stereogenic carbon atoms, three adja-
cent stereogenic centers can be obtained by means of the
aldol-Tishchenko reaction.
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In 1906, Tishchenko reported the dimerization of alde-
hydes to their corresponding esters in the presence of Al-
and Mg alkoxides.[12] Since then, this reaction has been used
as an efficient method for the preparation of dimeric es-
ters.[13] A complimentary transformation − the aldol-Tish-
chenko reaction[14] − has occupied a prominent position in
organic chemistry as a highly effective method for the coup-
ling of unactivated carbonyl compounds.[15]

The classic aldol-Tishchenko reaction is known to deliver
1,3-diol monoesters by the dimerization of aldehydes
(Scheme 3, R1 = H) having at least one α-hydrogen atom.
In the first step of the reaction, two aldehyde molecules are
condensed to the aldol product, which is further reduced
by a third aldehyde molecule to give 1,3-diol monoester A.
This, in turn, could isomerize through a 1,3-acyl migration.

Scheme 3. General scheme for the aldol-Tishchenko reaction.

Aldehydes and ketones also undergo tandem aldol-Tish-
chenko condensation with the simultaneous creation of
three adjacent stereogenic centers (Scheme 3, product C).

Formation of diols in the aldol reaction is a valuable out-
come that broadens the scope of the classic direct aldol
methodology to include the asymmetric synthesis of various
diol-type building blocks. The high selectivity of the aldol-
Tishchenko reaction is also promising for stereoselective
synthesis of anti-1,3-diols. Most of the methods use the
stereoselective reduction of the corresponding β-hydroxy
ketones, which is often the result of the aldol condensation
(Scheme 1, path a–c). In this regard, the tandem aldol-Tish-
chenko reaction seems to be the method of choice for rais-
ing the whole economy process (Scheme 1, path b versus a/
c).

Because of all the reasons discussed above, designing
these reactions in an enantioselective manner would be at-
tractive in terms of atom- and chiral economy, as they offer
unique one-step stereocontrol of contiguous chiral centers
in acyclic systems. Although the aldol-Tishchenko reaction
had its genesis in the late 1890s,[14] its enantioselective vari-
ant has not been recorded until recently. This situation is
now undergoing a highly significant change because of the
enormous interest in the synthesis of enantiomerically pure
compounds, but enantioselective direct condensation lead-
ing to 1,3-diols is still immature.[16]

The challenge of the asymmetric aldol-Tishchenko reac-
tion has to be seen in the context of the apparent high com-
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plexity of this process. Apart from the possibility of the
formation of different diastereoisomers, the main product
can be formed as O-1-ester A or O-3-ester B (Scheme 3).
Both A and B can be obtained with different ratios of
enantiomers, by assuming that their formation is not only
a result of 1,3-acyl migration. Finally, the problem with the
rational design of chiral ligands seems convoluted because
the optimal catalyst must activate both partners in the di-
rect aldol reaction as well as the resulting aldol in the
Evans-Tishchenko reduction step.

Excellent reviews exhaustively cover the growing progress
of the stereoselective aldol-Tishchenko reaction.[15,17] This
overview is intended to represent the most recent aspects of
the enantioselective variant of this methodology.

Asymmetric Aldol-Tishchenko Condensation of
Three Aldehydes

Aldol addition and the aldol-Tishchenko reaction are
two major possible pathways for the dimerization of enoliz-
able aldehydes. While the presence of a basic site in the
catalyst is necessary for enolization of the aldehyde and
subsequent aldol addition to another aldehyde, the Tishch-
enko reaction requires the presence of both acidic and basic
sites in the catalyst.[18]

Initially, the aldol-Tishchenko reaction was demon-
strated as a method for the coupling of three identical alde-
hydes (Scheme 4)[14c] catalyzed by either aluminium ate
complexes of the general formula Mg[Al(OR)4]2[19] or mag-
nesium- and calcium alkoxides.[20] Later, diastereoselective
homo- and cross aldol-Tishchenko reactions were initiated
by Sm-[21] and lithium[22] enolates.

Scheme 4. The homo aldol-Tishchenko reaction with enolizable al-
dehydes, promoted by metal alkoxides.

The mechanism of the classic aldol-Tishchenko reaction
includes a base-induced enolization of one carbonyl partner
and subsequent aldol addition to another aldehyde equiva-
lent to furnish a metal aldolate, which upon reaction with
a third aldehyde molecule forms a hemiacetal metal alk-
oxide. The plausible mechanism of the Tishchenko-re-
duction step was proposed independently in 1990 by
Heathcock[23] and Evans.[24] Its idea is based on the forma-
tion of a bicyclic activated complex in which the hemiacetal
hydrogen atom is transferred intramolecularly to the car-
bonyl moiety, eventually resulting in the reduction of the
carbonyl group and oxidation of the hemiacetal to the ester
moiety (Scheme 5).
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Scheme 5. Plausible mechanism of the catalytic aldol-Tishchenko
reaction.

The higher level of stereochemical control observed in
the reaction is supposed to be a result of the coordination
of the metal catalyst to both the carbonyl- and the hemiace-
tal oxygen atoms. The rate-determining step of this se-
quence is believed to be the latter Tishchenko reduction of
the hemiacetal metal alkoxide – the aldolization step is fast
and reversible. The major stereoisomeric product is formed
through the transition cyclic structure where all substituents
of the six-membered structure occupy equatorial positions.
The observation that stereocontrol in the aldol-Tishchenko
reaction appears to be the result of a highly organized,
metal-centered transition state encouraged the use of this
reaction in an enantioselective manner under the influence
of chiral ancillary ligands.

The use of chiral ligands in the asymmetric aldol-Tish-
chenko reaction was pioneered by Mäeorg et al.[25] Binaph-
tholate catalysts were used to gain insight into the stereo-
chemistry of the self-condensation of 2-methylpropanal.[26]

The shortest reaction time and the highest ees were ob-
tained with (S)-1,1�-binaphthalene-2-ol-2�-oxylithium (2) in
THF (Scheme 6). Several steps of this condensation were
found to be controlled by a homochiral catalyst, but with
only low enantioselectivities (ee � 30%). The application
of such a catalyst for this multistep condensation to prepare
enantiomerically pure compounds appeared to be limited
because of the various equilibrium reactions leading to op-
posite enantiomers.

Scheme 6. Self-condensation of 2-methylpropanal in the presence
of binaphtholate catalysts 2.

More recently Morken et al. discovered and developed
the first catalytic enantioselective aldol-Tishchenko reaction
of two different aldehydes.[27] The yttrium complex with
salen-type ligand 5 was found to catalyze the condensation
of 2-methylpropanal with various aromatic aldehydes. The
results obtained are depicted in Scheme 7.
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Scheme 7. Condensation of aromatic aldehydes with 2-methylpro-
panal, catalyzed by a yttrium–salen complex.

The reaction provided two regioisomeric esters in similar
enantiopurity, which suggests nonselective intramolecular
acyl migration after formation of aldol-Tishchenko adduct
6. The relation between ligand structure and reaction
enantioselectivity was also studied. Additional experiments
proved that, with the yttrium–salen catalyst, the Tishchenko
reduction step, which is slower than the retro-aldol reac-
tion, is the stereo-determining step.

The reactions presented above constitute the first pub-
lished examples of catalytic enantioselective aldol-Tishch-
enko reactions.

Condensation of Aldehydes to Ketones and
Ketone Aldols

The scope of the aldol-Tishchenko reaction can be wide-
spread with the use of aldehydes and ketones as suitable
substrates. As a result, 1,3-diol monoesters 9 and 10 can
be formed with the simultaneous creation of three adjacent
stereogenic centers from the bond reorganization of cyclic
Evans’ intermediate 8 (Scheme 8). To design this process in
an enantioselective manner would be attractive both in
terms of atom- and chiral economy as it offers stereocontrol
of three contiguous chiral centers in acyclic systems in one
unique step.

Scheme 8. Aldol-Tishchenko condensation of ethyl ketones with al-
dehydes.
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The importance of the catalytic asymmetric aldol-Tish-
chenko reaction of aldehydes with ketones comes from its
potent usefulness in the direct asymmetric condensation of
aldehydes with methylene ketones 7, which are perceived as
difficult substrates under classic direct aldol condensation
conditions. Thus, problems with the direct aldol condensa-
tion of ethyl ketones will be briefly presented.

Direct Aldol Condensation of Ethyl Ketones

Since the first artificial metal complex was documented
to be capable of promoting direct asymmetric aldol reac-
tions,[8] some other metal-based and purely organic mole-
cules were reported to activate unmodified donors under
catalytic conditions.[2] To date, the substrate scope for these
catalytic systems is, however, relatively narrow, and con-
tinuous effort is devoted to develop more general methodol-
ogies.

The direct aldol reaction between aldehydes and methyl-
ene ketones should provide a powerful tool for the forma-
tion of new carbon–carbon bonds and the construction of
two continuous chiral centers. In contrast to well-documen-
ted transformations of methyl ketones,[8,10a,10c,10d] their
methylene analogues, however, remain a formidable syn-
thetic challenge.[4a] Only some α-substituted methyl ketones,
particularly α-hydroxy ketones, work nicely in reactions
promoted by known polymetallic catalysts.[10b,10e,10h] Dia-
stereo- and enantioselective synthesis of aldols, starting
from methylene ketones (e.g. 3-pentanone), by means of the
direct catalytic asymmetric aldol reaction is still immature.
The bulkiness of methylene ketones was expected to make
it more difficult for the catalysts to abstract an α-hydrogen
from the donor. A strong tendency towards the retro-aldol
reaction creates another disadvantage for the direct aldol
reaction of ethyl ketones that is promoted by chiral polyme-
tallic complexes.

The initial study of this issue was presented by Shiba-
saki,[28] who reported the application of a strong basic La-
Li-11 complex that incorporates a Li alkoxide moiety. The
catalyst promoted the direct aldol reaction of 3-pentanone
with anti selectivity. However, the reported yields and ees
of the desired aldols were only modest (Scheme 9).

Scheme 9. Direct catalytic asymmetric aldol reactions of 3-penta-
none, promoted by the La-Li-11 complex.
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The most promising example of the asymmetric conden-

sation of 3-pentanone was reported by Mahrwald.[29] The
titanium-based catalyst obtained by combining racemic BI-
NOL, titanium(IV)alkoxide, and (R)-mandelic acid was
suitable for promoting the cross aldol reaction of 3-penta-
none and aldehydes. As depicted in Scheme 10, aldol ad-
ducts were obtained with syn selectively in moderate to
good yields and with good ees. The plausible structure of
the active catalytic species was also proposed.

Scheme 10. Direct catalytic asymmetric aldol reactions of 3-penta-
none, promoted by the rac-(BINOL)2Ti2(OiPr)3/(R)-13 complex.

Unfortunately, with (S)-mandelic acid, the opposite en-
antiomer (syn-14) of the aldol adducts was observed only
with low enantioselectivities (ee � 20%).[29a]

Despite the high demand for the development of a direct
aldol reaction of ethyl ketones, this problem still remains
largely uninvestigated. One possible solution to minimize
the retro-aldol reaction problem is the aldol-Tishchenko
condensation. Thus, by coupling an irreversible Tishchenko
reaction with a reversible aldol reaction of ethyl ketones,
this issue can be overcome.

Aldol-Tishchenko Condensation of Ketones and Aldehydes

The first example of a stereoselective aldol-Tishchenko
reaction of ketones with aldehydes was presented by
Heathcock et al. in 1990.[23] Isolated nickel ketone enolates
reacted with benzaldehyde to deliver products resulting
from the aldol-Tishchenko reaction. The configuration of
the resulting diol monoesters was established as 1,2-anti-
1,3-anti and was explained by plausible model 8 (Scheme 8)
in which all bulky substituents occupy an energetically pre-
ferred equatorial position.

Further, the stereoselective syntheses of 1,3-diols in the
aldol-Tishchenko condensation of aldehydes with ethyl
ketones were intensively studied.[21,22,30] Isomeric diol
monoesters 9 and 10 were isolated with a high degree of
the same 1,2-anti-1,3-anti stereoselectivity. In all cases, only
one of four possible diastereoisomers was predominantly
formed in the condensation of ketone or ketone metal-enol-
ate.
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Initial examples of the catalytic aldol-Tishchenko reac-
tions of unmodified ketones and aldehydes to yield 1,3-diol
monoesters were presented by Mahrwald,[30c] Fang,[21b] and
Morken[22] through the use of titanium complexes, samar-
ium iodide, and simple metal alkoxides, respectively.

The stereochemical potential of this process was demon-
strated recently when the aldol-Tishchenko condensation
was executed under asymmetric control. In 2004, Shiba-
saki[31] and we[32] independently presented the application
of the aldol-Tishchenko reaction in an attempt to overcome
the retro-aldol condensation problem in the direct asym-
metric condensation of ethyl ketones.

Shibasaki et al. demonstrated the usefulness of
La(OTf)3/(R)-BINOL/BuLi catalysts in the enantioselective
condensation of propiophenones to aromatic aldehydes.[31]

The Tishchenko stereotriads were isolated by these authors
with a high degree of enantioselectivity (Scheme 11).

Scheme 11. Direct catalytic asymmetric aldol-Tishchenko reaction
catalyzed by La(OTf)3/(R)-BINOL/BuLi.

Superior levels of asymmetric induction were realized af-
ter careful optimization of the reagents ratio. Thus, a ratio
of 1:3:5.6 for La(OTf)3/(R)-BINOL/BuLi was the best ratio
for a broad range of para-substituted ketones and aromatic
aldehydes. Under the optimized conditions, the direct cata-
lytic asymmetric aldol-Tishchenko reactions of a variety of
both aldehydes 15 and ketones 16 smoothly proceed to give
aldols and, after hydrolysis with NaOMe in MeOH, the
corresponding diols 17 were obtained in up to 96% isolated
yield and up to 95% ee. It is worth noting that the reaction
proceeded with the same efficiency even for propyl- and bu-
tyl ketones, and therefore, the asymmetric direct aldol-type
reaction of these substrates was achieved for the first time.

Application of propiophenone in the condensation
caused the desired Tishchenko product to be admixed with
the simple aldol product in a 1:1 ratio. Thus, the presented
catalytic system can be regarded as useful for activated aro-
matic donors only.

Further mechanistic studies proved that LiOTf promoted
a dynamic structural change of LLB to generate a novel
binuclear complex [La2Li4(binaphthoxide)5]. The results of
spectroscopic analysis and of the experiments involving the
concentration effects suggest that the active species has a
defined oligomeric structure.[33]

At around the same time, we reported the first example
of the aldol-Tishchenko reaction of aliphatic diethyl ketone
with aromatic aldehydes in the presence of a chiral lantha-
nide complex.[32] Simple combination of (S,S)-hydroben-
zoin, ytterbium triflate, and a tertiary amine promoted the
condensation reaction with moderate enantioselectivities
(Scheme 12).
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Scheme 12. Direct catalytic asymmetric aldol-Tishchenko reaction
of 3-pentanone with aromatic aldehydes.

Surprisingly, under elaborate conditions both regioisom-
eric esters were formed as opposite enantiomers, which indi-
cates that the formation of both products 19 and 20 is not
the result of a simple acyl migration.

Binding of the amine to the hydroxy group through a
hydrogen bond (type-18 structure) was supposed to be es-
sential for catalytic activity.[34] We presumed that the amino
group fixed to the molecule would exhibit catalytic activity
as well, and that such a defined architecture would form a
more efficient catalyst.[35] To realize this concept and make
use of the general principle of the two-center ligand, we
reported the synthesis of a catalyst composed of ytterbium
triflate and a bis(aminoester)-type ligand 21. Chiral hybrid
O,N-donor ligands were prepared by the condensation of
(S,S)-hydrobenzoin and amino acid moieties. A catalyst
loading of 5–10 mol-% was sufficient to obtain high yields
of Tishchenko stereotriads 19/20.

A systematic evaluation of RE(OTf)3 in the condensation
of benzaldehyde with 3-pentanone revealed a consistent in-
crease in enantioselectivity as a function of the lanthanide
atomic number – the highest ee of 24% was obtained with
Yb(OTf)3 (Scheme 13).

Scheme 13. Direct catalytic asymmetric aldol-Tishchenko reaction
of 3-pentanone with aromatic aldehydes, promoted by Yb(OTf)3/
21.

Recently we presented a more promising catalytic system
composed of syn-aminoalcohols as chiral ligands.[36] The
asymmetric direct aldol condensation of aromatic aldehydes
with ethyl- and propyl ketones, which is catalyzed by the
ephedrine-type amino alcohol–Yb(OTf)3 complex, yielded
the anti-1,3-diol monoesters with high diastereocontrol and
up to 86% enantioselectivity (Scheme 14).
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Scheme 14. Direct catalytic asymmetric aldol-Tishchenko reaction
catalyzed by Yb(OTf)3/(1R,2S)-22.

However, the catalytic activity of these catalysts is quite
low, and to achieve a good yield in a reasonable time, quite
large loadings of the catalyst (15–20 mol–%) is required.

Condensation of Aldehydes with Ketone Aldols

In 2001, Navalainen et al.[37] and Schneider et al.[38] inde-
pendently established the cross aldol-Tishchenko reaction
of ketone aldols with aldehydes with either an Al- or Zr-
based catalyst. Subsequently, Schneider reported the first
catalytic, enantioselective aldol-Tishchenko reaction that
employs Zr-TADDOLates as chiral catalysts.[39] Zr(OtBu)4

was shown to be the catalyst of choice in the condensation
process, and it catalyzed a rapid retro-aldol cleavage of 23
to furnish a ketone enolate in situ, which underwent the
aldol-Tishchenko reaction with aliphatic aldehydes. 1,3-
anti-Diol monoesters were typically obtained in good yields
and with complete diastereoselectivity. Up to 57% enantio-
meric excess was reached when TADDOL 24 was used as a
chiral ligand (Scheme 15).

Scheme 15. Zr-TADDOLAate catalyzed aldol-Tishchenko reac-
tions of ketone aldols 23 with aldehydes.

Control experiments proved that the enantioselectivity of
the overall reaction originates from the initial retro-aldol/
aldol step.
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Chandrasekhar demonstrated that although -proline −

a natural small amino acid metal-free catalyst − could pro-
mote such an asymmetric aldol transfer, the reaction inci-
dentally did not yield any aldol-Tishchenko product.[40]

Recently, Mahrwald presented the aldol-Tishchenko re-
action of aromatic aldehydes in the presence of titani-
um(IV)tert-butoxide and a chiral amino alcohol.[41] In the
condensation of 3-pentanone that is promoted by
Ti(OtBu)4 and an amino alcohol, the authors observed the
formation of ester 20 (Ar = Ph) and compounds produced
both by an aldol-Tishchenko reaction and by a second aldol
addition, i.e. 1,3,5-triol monoesters 28. These so-called ste-
reopentands were obtained with a high degree of stereose-
lectivity (Scheme 16).

Scheme 16. Direct catalytic asymmetric aldol-Tishchenko reaction
in the presence of Ti(OtBu)4 and cinchonine.

Further optimization studies revealed that by the use of
corresponding aldols 26 as starting compounds, instead of
separated aldehydes and diethyl ketone, the reaction re-
sulted in the clean and efficient formation of stereopenta-
nds.[42] Moreover, by employing cinchonine or cinchonidine
alkaloids as ligands, the stereopentands 28 were isolated
with an exceptional degree of diastereo- and enantio-
selectivity (Scheme 15).

Although this reaction requires stoichiometric addition
of the chiral catalyst, it is a noteworthy example of the
asymmetric Tishchenko condensation. Compounds with
five new adjacent stereocenters are created in one domino
reaction sequence with high enantioselectivity.

Summary and Outlook

The diastereoselective and enantioselective aldol-Tish-
chenko reaction has emerged recently as an efficient tool
for the control of the stereochemistry during the domino-
type reaction of three aldehydes or aldehyde–ketone–alde-
hyde to prepare 1,3-diols with up to three continuous chiral
centers in acyclic systems.

This reaction can be executed in an enantioselective man-
ner, as only one single diastereoisomer is formed during the
condensation in all cases. Indeed, asymmetric synthesis of
anti-1,3-diols by condensation of aldehydes and ketones to
aldehydes were realized with catalytic amounts of a chiral
promoter. Enantioselective methods, and in particular the
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use of chiral rare-earth-element complexes, have proven to
be the most selective and versatile so far. Enantioselective
direct couplings of unmodified ethyl ketones to aldehydes
by means of aldol-Tishchenko reactions have recently
emerged as viable and more promising alternatives to classi-
cal direct aldol condensations.

Inherent difficulties such as low catalyst efficiency and
important substrate dependency still limit a broad use of
this methodology as an everyday tool. Future directions in
the control of enantioselectivity and widening of substrate
scope might include further ligand design.
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liński, J. Chem. Soc., Perkin Trans. 1 1981, 3034–3040; c) S. H.
Choi, E. Yashima, Y. Okamoto, Macromolecules 1996, 29,
1880–1885.

[14] a) M. Brauchbar, L. Kohn, Monatsh. Chem. 1898, 19, 16–55;
b) F. M. A. Kirchbaum, Monatsh. Chem. 1904, 25, 249–266; c)
J. Peterson, H. Timotheus, U. Mäeorg, Proc. Estonian Acad.
Sci. Chem. 1997, 46, 93–101.

[15] For an excellent review see: R. Mahrwald, Curr. Org. Chem.
2003, 7, 1713–1723.

[16] S. E. Bode, M. Wolberg, M. Müller, Synthesis 2006, 4, 557–
588.

[17] R. Mahrwald, in: Modern Aldol Reactions (Ed.: R. Mahrwald),
Wiley-VCH, Weinheim 2004, pp. 327–343.

[18] Y.-S. Hon, C.-P. Chang, Tetrahedron 2005, 61, 5267–5275.
[19] a) M. S. Kulpinski, F. F. Nord, J. Org. Chem. 1943, 8, 256–270;

b) F. J. Villani, F. F. Nord, J. Am. Chem. Soc. 1947, 69, 2608–
2608.

[20] a) G. Casnati, A. Pochini, G. Salerno, R. Ungaro, Tetrahedron
Lett. 1974, 15, 959–962; b) A. Pochini, G. Salerno, R. Ungaro,
Synthesis 1975, 164–165; c) G. Casnati, A. Pochini, G. Salerno,
R. Ungaro, J. Chem. Soc., Perkin Trans. 1 1975, 1527–1531.

[21] a) A. Miyano, D. Tashiro, Y. Kawasaki, S. Sakaguchi, Y. Ishii,
Tetrahedron Lett. 1998, 39, 6901–6902; b) L. Lu, H.-Y. Chang,
J.-M. Fang, J. Org. Chem. 1999, 64, 843–853.

[22] C. M. Mascarenhas, M. O. Duffey, S.-Y. Liu, J. P. Morken, Org.
Lett. 1999, 1, 1427–1429.

[23] E. R. Burkhardt, R. G. Bergman, C. H. Heathcock, Organome-
tallics 1990, 9, 30–44.

[24] D. A. Evans, A. H. Hoveyda, J. Am. Chem. Soc. 1990, 112,
6447–6449.

www.eurjoc.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2006, 4779–47864786

[25] O. Loog, U. Mäeorg, Proc. Estonian Acad. Sci. Chem. 1998,
47, 193–195.

[26] O. Loog, U. Mäeorg, Tetrahedron: Asymmetry 1999, 10, 2411–
2415.

[27] C. M. Mascarenhas, S. P. Miller, P. S. White, J. P. Morken, An-
gew. Chem. Int. Ed. 2001, 40, 601–603.

[28] N. Yoshikawa, M. Shibasaki, Tetrahedron 2001, 57, 2569–2579.
[29] a) R. Mahrwald, Org. Lett. 2000, 2, 4011–4012; b) R.

Mahrwald, B. Ziemer, Tetrahedron Lett. 2002, 43, 4459–4461.
[30] a) D. P. Curran, R. L. Wolin, Synlett 1991, 317–318; b) Y. Hori-

uchi, M. Taniguchi, K. Oshima, K. Utimoto, Tetrahedron Lett.
1995, 36, 5353–5356; c) R. Mahrwald, B. Cosisella, Synthesis
1996, 1087–1089; d) A. Baramee, N. Chaichit, P. Intawee, C.
Thebtaranonth, Y. Thebtaranonth, J. Chem. Soc., Chem. Com-
mun. 1991, 1016–1017; e) P. M. Bodnar, J. T. Shaw, K. A. Woer-
pel, J. Org. Chem. 1997, 62, 5674–5675; f) F. Abu-Hasanayan,
A. Streitwieser, J. Org. Chem. 1998, 63, 2954–2960; g) C. Delas,
O. Blacque, C. Möise, J. Chem. Soc., Perkin Trans. 1 2000,
2265–2270.

[31] V. Gnanadesikan, Y. Horiuchi, T. Ohshima, M. Shibasaki, J.
Am. Chem. Soc. 2004, 126, 7782–7783.

[32] J. Mlynarski, M. Mitura, Tetrahedron Lett. 2004, 45, 7549–
7552.

[33] Y. Horiuchi, V. Gnanadesikan, T. Ohshima, H. Masu, K. Kata-
giri, Y. Sei, K. Yamaguchi, M. Shibasaki, Chem. Eur. J. 2005,
11, 5195–5204.

[34] Such structure was proved by Kobayashi for the binaphthol-
based catalytic system: a) S. Kobayashi, H. Ishitani, J. Am.
Chem. Soc. 1994, 116, 4083–4084; b) S. Kobayashi, H. Ishitani,
M. Araki, I. Hachiya, Tetrahedron Lett. 1994, 35, 6325–6328;
c) S. Kobayashi, M. Kawamura, J. Am. Chem. Soc. 1998, 120,
5840–5841.

[35] J. Mlynarski, J. Jankowska, B. Rakiel, Tetrahedron: Asymmetry
2005, 16, 1521–1526.

[36] J. Mlynarski, J. Jankowska, B. Rakiel, Chem. Commun. 2005,
4854–4856.

[37] a) I. Simpura, V. Navalainen, Tetrahedron Lett. 2001, 42, 3905–
3907; b) I. Simpura, V. Navalainen, Tetrahedron 2003, 59,
7535–7546.

[38] a) C. Schneider, M. Hansch, Chem. Commun. 2001, 1218–1219;
b) C. Schneider, M. Hansch, T. Weide, Chem. Eur. J. 2005, 11,
3010–3021.

[39] C. Schneider, M. Hansch, Synlett 2003, 837–840.
[40] S. Chandrasekhar, Ch. Narsihmulu, N. Ramakrishna Reddy, S.

Shameem Sultana, Chem. Commun. 2004, 2450–2451.
[41] K. Rohr, R. Herre, R. Mahrwald, Org. Lett. 2005, 7, 4499–

4501.
[42] Previously formation of rac-1,3,5-triol monoesters was ob-

served: ref.[30e] and M. Markert, R. Mahrwald, Synthesis 2004,
1429–1433.

Received: March 24, 2006
Published Online: July 3, 2006


