
Conventional Mixed Aldol Condensation

Crossed aldol condensation has traditionally been carried out
by mixing two different carbonyl units under protic conditions
with general acids or bases as the triggers of the reaction.[1]

Development in this area has significantly expanded the scope
of directed aldol condensation. Its synthetic potential has
been particularly well-featured by those reactions that occurr
in an intramolecular manner, such as Robinson annulation[2]

and Dickemann condensation;[3] their analogous processes[4]

have also been found quite attractive. Unfortunately, because
of difficulties in directing the coupling intermolecularly, the
conventional aldol condensatiton has serious disadvantages:

1) It gives low selectivities including stereo-, regio- and
chemoselectivity involved in both enolization and
aldolization processes.

2) It cannot necessarily suppress dehydration; this leads to
a,b-unsaturated carbonyl compounds that can undergo
further side reactions, such as Michael addition with
enolates, to contaminate the reaction. This sometimes
leads to further oligomerization and/or polymerization.

3) The method often suffers from proton transfer from a
carbonyl compound to a reactive enolate; this results in
multiple functionalization. As a consequence, a desir-
able cross-coupling is significantly retarded or com-
pletely suppressed.

Stepwise Enolization ± Aldolization Sequence

To circumvent the above limitations and to satisfy demands
for control of aldol condensation, new methods with various
metal enolates have been utilized for the directed aldol
condensation. The general principle is represented in
Scheme 1, and involves a stepwise enolization ± aldolization
sequence under aprotic conditions.
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Scheme 1. Directed aldol condensation by a stepwise enolization ± aldoli-
zation sequence.

Such reactions are normally carried out by converting a
carbonyl compound to serve as a nucleophile to an enolate.
This nucleophile is then allowed to react with a second
carbonyl compound. More details on these and closely related
subjects have been discussed elsewhere.[5]

Aldol Condensation of a,b-Unsaturated Carbonyl
Compounds

There has also been continuous interest on another important
subject; this concerns the control of reactivity and selectivity
of conjugated carbonyl compounds as precursors of enolates.
Directed aldol condensation involving conjugated carbonyl
compounds that offer multiple sites for enolization and
subsequent alkylation (a vs. a' vs. g) is a challenging problem
yet to be solved. It is generally accepted that under kinetic

Directed Aldol Condensation

Susumu Saito and Hisashi Yamamoto*[a]

Abstract: The present article covers the progress in
directed aldol condensation, which can be divided into
three different classes. First, the mixed aldol condensa-
tion that uses general acids or bases under protic
conditions. Second, stepwise enolization ± aldolization
sequence that utilizes various metal enolates under
aprotic conditions. Third, a novel mixed aldol condensa-
tion that makes use of a bulky Lewis acid and a lithium
amide under aprotic conditions. The scope and limitation
of each of three aldol strategies is discussed.

Keywords: aldol reactions ´ CÿC coupling ´ cross-cou-
pling ´ enols

[a] Prof. Dr. H. Yamamoto, Dr. S. Saito
Graduate School of Engineering, Nagoya University, CREST
Japan Science and Technology Cooperation (JST), Furo-cho
Chikusa, Nagoya 464-8603 (Japan)
Fax: (�81) 52-789-3222
E-Mail : j45988a@nucc.cc.nagoya-u.ac.jp

CONCEPTS

Chem. Eur. J. 1999, 5, No. 7 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0507-1959 $ 17.50+.50/0 1959



CONCEPTS H. Yamamoto, S. Saito

� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0507-1960 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 71960

control cross-conjugated dienolates are the dominant species,
whereas extended dienolates are produced preferentially
under thermodynamic conditions, such as when MOtBu or
MH (M�Na, K) is used (Scheme 2).[6] Thus, the cross-
conjugated dienolates can be generated by treatment with

Scheme 2. Two possible dienolates generated from an a,b-unsaturated
ketone.

strong bases such as LDA (LDA� lithium diisopropylamide)
to afford predominantly a'-alkylation with a given electro-
phile. In contrast, the extended dienolates are invariably
prone to a-functionalization.

These chemical events were attributed to the more
pronounced electronic distribution at the a-carbon atom than
at the g-carbon atom;[7] the g-aldolization hence has little
precedence except in those reactions that proceed intra-
molecularly.[8] Despite the fact that the aldol process indicated
in Scheme 1 is potentially useful, it does not offer a way
around this problem. For example, although the extended
dienolates with zinc[9] or copper[10] as the counter metal
exhibit better g selectivities than those with lithium, the
regiochemical potential is usually disappointing. In some
instances, arylsulfonyl,[11] enamino,[12] or alkoxy[13] directing
groups have been incorporated into a conjugated carbonyl
substrate to achieve anomalous g functionalization (Figure 1).
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Figure 1. Specific substrates for directed g alkylation (!�alkylation site).

More recently, asymmetric g aldolization of an a,b-unsatu-
rated ester bound with a chiral pyrrolidine auxiliary at the b-
carbon atom was reported.[14] Syn lactones were formed with
high diastereo- and enantiomeric excess (de % and ee %,
respectively) on reaction with iPrCHO (Scheme 3).
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Scheme 3. g Aldolization with vinylogous urethane.

Presumably all of these ingenious methodologies basically
utilized the hypothesis that product stability will be more
significant if a late transition state can be involved under
conditions in which the degree of dienolate stabilization is
increased.[11] However, a lack of substrate generality in the
conventional g functionalizations has left much to be desired.

Directed Mixed Aldol Condensation between Two
Different Carbonyl Compounds.

Other efforts have been focused on a conceptually new,
directed mixed aldol condensation, which was recently
developed by our group.[15] Since the electronic and thermo-
dynamic factors are principally examined in the conventional
mixed aldol condensation, the incorporation of steric factors
into the reaction becomes of fundamental importance. One
alternative is to form complexes of two different carbonyl
compounds with a bulky Lewis acid (Figure 2). Lewis acids

O O

MLn

Figure 2. The use of the bulky Lewis acid/carbonyl complex in place of a
carbonyl compound itself.

generally form a relatively stable 1:1 complexes with various
carbonyl compounds under aprotic conditions with similar
effectiveness.[16] We first hypothesized that a steric environ-
ment applied in the Lewis acid ± base complexation would:

1) Kinetically adjust site-selective deprotonation with a
strong base in a system in which two different carbonyl
compounds, which offer multiple sites for enolization,
coexist.
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2) Kinetically stabilize the
resulting bulky enolates
by retarding the rate of
proton transfer or other
undesirable side reactions.

A second carbonyl com-
pound that serves as an electro-
phile can be activated electroni-
cally (but sterically deactivat-
ed) by complexation with a
bulky Lewis acid. This activa-
tion would allow rapid in situ
capture of an enolate inter-
mediate generated on deproto-
nation. Aluminum tris(2,6-di-
phenylphenoxide) [ATPH][17]

was the reagent of choice, since
it could effectively encapsulate
a number of a,b-unsaturated
carbonyl compounds.[18] Our in-
itial effort concerned a basic
system that has a single site for
deprotonation: the reaction be-
tween crotonaldehyde and benzaldehyde, both of which were
precomplexed with ATPH. With LDA as a deprotonating
agent, both deprotonation and subsequent aldolization pro-
ceeded exclusively at the g-carbon of crotonaldehyde
(Scheme 4).
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Scheme 4. Mixed aldol condensation between crotonaldehyde and ben-
zaldehyde with ATPH and LDA.

Fortunately, such a solution proved quite general and
contributed to resolving the basic dilemma of unfavorable
electron distributions in extended dienolates. For example,
crossed reactions between aldehyde and conjugated alde-
hyde,[15] conjugated ketone,[15] and conjugated ester,[19] and
conjugated ketone and conjugated ester proved successful
under similar reaction conditions affording g aldolization
(Figure 3). The characteristics of this transformation warrant
explanation:

1) Neither the a-carbon atom of aromatic ketones nor the
a'-carbon atom of a,b-unsaturated ketones was the
directed site for deprotonation (control of the deproto-
nation site).

2) Thus, deprotonation and the ensuing alkylation were
quite regioselective at a benzylic or allylic terminus
(control of the alkylation site). Of particular note is the

regioselective aldolization of highly conjugated esters
that have several possible sites for functionalization.

3) High E selectivity with respect to the g aldolization
(contol of the stereoselectivity).

The important prospects of the stereoselectivity of the
reaction at an allylic terminus that comprises methylene or
methine is now under scrutiny.

Closing Remarks

A starting point of the search for directed aldol condensation
was based on two different carbonyl compounds being mixed
together prior to treatment with a deprotonating agent under
protic conditions. Owing to substantial drawbacks encoun-
tered in this process, a sequential enolization ± aldolization
strategy was established under aprotic conditions to deter-
mine synthetic versatility in controlling crossed aldolization.
Since this second approach proved unsuccessful for directing
the g aldolization of a,b-unsaturated carbonyl compounds, a
novel variant for directed, mixed crossed aldol condensation
was explored with great success by the use of a combination of
ATPH and a strong base of LDA or LTMP (LTMP� lithium
2,2,6,6-tetramethylpiperidide). The directed aldol condensa-
tion described here is one of the possibilities available. Hence,
the search for a new and practical directed aldol condensation
remains a challenge in selective organic synthesis.

[1] a) A. T. Nielsen, in Organic Reactions (Eds.: A. C. Cope, R. Adams,
A. H. Blatt, V. Boekelheide, T. I. Cairns, D. J. Cram, H. O. House),
Wiley, New York, 1968, pp. 1; b) O. H. House, in Modern Synthetic
Reactions (Ed.: R. Breslow), W. A. Benjamin, Menlo Park, 1972,
chapter 10, pp. 629; c) C. H. Heathcock, in Comprehensive Organic
Synthesis, Vol. 2 (Eds.: B. M. Trost, I. Fleming), Pergamon, Oxford,
1991, pp. 133.

[2] E. C. du Feu, F. J. McQuilline, R. Robinson, J. Chem. Soc. 1937, 53.

CHO

CHO

CO2Me

O

CO2Me

COMe

MeO2C

O MeO2C
O

COMe
R

OH

CO2MeHO
R

CHO
Ph

OH

CHO

R

HO

O

R

OH CO2MePh

OH

ATPH

RCHO

RCHO
RCHO

PhCHO

RCHO PhCHO

LDA

LTMP
LDA

LDA

LDA LTMP

LTMP

Figure 3. Directed aldol condensation with ATPH.
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