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23. Ester Enolates and the Claisen Condensation
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The aldol condensation is a powerful method for converting aldehydes and ketones into 𝝱-
hydroxycarbonyl compounds.

In Claisen condensation, attack of an ester enolate on a carbonyl group generates a new
carbon–carbon bond, 1,3-dicarbonyl compounds, more commonly known as 𝝱-dicarbonyl
compounds.

CHAPTER 23 Ester Enolates and the 
Claisen Condensation

 Synthesis of !-Dicarbonyl 
Compounds; Acyl Anion 
Equivalents

In Chapter 18, during our survey of car-
bonyl chemistry, we learned that many 
techniques developed by the synthetic 

organic chemist are in fact based on natural 
processes for the construction of carbon–
carbon bonds in biological systems. The 
aldol condensation (Sections 18-5 through 
18-7) is one such process, a powerful method 
for converting aldehydes and ketones into 
!-hydroxycarbonyl compounds. In this 
chapter we shall examine ! rst the related 
Claisen condensation, in which attack of an 
ester enolate on a carbonyl group generates 
a new carbon–carbon bond. We have already 
seen its use in the biosynthesis of long-chain carboxylic acids (Section 19-13). The products 
of Claisen condensations are 1,3-dicarbonyl compounds, more commonly known as 
!-dicarbonyl compounds, which are important for their versatility in synthesis.
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Another natural carbon–carbon bond-forming process that has been adapted for use by 
synthetic chemists involves thiamine, or vitamin B1, shown on p. 1058. Thiamine plays 
an essential role in several biochemical processes, including the biosynthesis of sugars, as 
we shall see in Chapter 24. Real Life 23-2 describes how thiamine also mediates sugar 
metabolism by converting pyruvic acid, a product of sugar metabolism, into acetyl 
CoA  (Section 19-13). The relevant carbon–carbon bond-forming process makes use of a 
new kind of nucleophile derived from aldehydes and ketones, an acyl anion equivalent.

The diketone 1,2-indanedione 
was developed by Professor 
Madeleine Joullié at the University 
of Pennsylvania for the detection 
of latent ! ngerprints on porous 
surfaces such as paper. The 
reactive carbonyl groups undergo 
condensation with traces of amino 
acids deposited by human touch, 
and the adducts exhibit " uore-
scence on exposure to light (as 
shown in the photo on the left, 
courtesy of Professor Joullié). This 
advance in forensic science was 
spectacularly successful in 
pinpointing the perpetrator in the 
assassination of the Israeli Minister 
of Tourism in 2001, who was shot 
to death in the Jerusalem Hyatt 
Hotel. Initial investigations led to a 
room, in which a newspaper pro-
duced clear ! ngermarks (see photo 
on the right, courtesy of the divi-
sion of identi! cation and forensic 
science of the Israel Police, with 
the help of Professor Joseph 
Almog, The Hebrew University of 
Jerusalem), which were success-
fully compared by the AFIS 
(Automated Fingerprint Identi! cation 
System) to point out the assassin.
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23-1 𝝱-Dicarbonyl compounds: Claisen condensations

Ester enolates undergo addition–elimination reactions with ester functions, furnishing 𝝱-
ketoesters. These transformations, known as Claisen condensations, are the ester analogs
of the aldol reaction.

Claisen condensations form 𝝱-dicarbonyl compounds

Ethyl acetate reacts with a stoichiometric amount of sodium ethoxide to give ethyl 3-
oxobutanoate (ethyl acetoacetate).
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These species illustrate how a normally electrophilic carbonyl carbon atom can be temporarily 
made nucleophilic and used to form a new carbon–carbon bond with the carbonyl carbon of 
another aldehyde or ketone molecule, giving !-hydroxyketones as the ultimate products.

23-1 !-DICARBONYL COMPOUNDS: CLAISEN CONDENSATIONS

Ester enolates undergo addition–elimination reactions with ester functions, furnishing 
"-ketoesters. These transformations, known as Claisen* condensations, are the ester analogs 
of the aldol reaction (Section 18-5).

Claisen condensations form !-dicarbonyl compounds
Ethyl acetate reacts with a stoichiometric amount of sodium ethoxide to give ethyl 3-oxobu-
tanoate (ethyl acetoacetate).
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Unlike the aldol condensation (Section 18-5), in which two molecules are joined with 
elimination of water, the Claisen condensation proceeds by expelling a molecule of alcohol. 
It is also not catalytic: As we shall see, its mechanism requires the presence of a little over 
a full equivalent of base in order for the starting materials to proceed to product.

Keys to success: The Claisen condensation works because 
hydrogens fl anked by two carbonyl groups are acidic
The mechanism of the Claisen condensation begins with deprotonation of the ester by 
ethoxide to form the ester enolate ion (step 1). This step is unfavorable because of the 
large difference in acidity between the !-hydrogens of the ester (pKa ! 25) and ethanol 
(pKa 5 15.9). The small equilibrium concentration of enolate thus formed adds to the 
carbonyl group of another ester molecule (step 2); loss of ethoxide completes an addition–
elimination sequence, giving ethyl 3-oxobutanoate (commonly described as a 3- or 
"-ketoester) (step 3).

Mechanism of the Claisen Condensation
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*This is the Claisen of the Claisen rearrangement (Section 22-7).
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ANIMATED MECHANISM: 
The Claisen condensation
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Unlike the aldol condensation, in which two molecules are joined with elimination of water,
the Claisen condensation proceeds by expelling a molecule of alcohol.

It is also not catalytic: its mechanism requires the presence of a little over a full equivalent
of base in order for the starting materials to proceed to product.

Keys to success: The Claisen condensation works because hydrogens flanked by two
carbonyl groups are acidic

The mechanism of the Claisen condensation begins with deprotonation of the ester by
ethoxide to form the ester enolate ion (step 1). This step is unfavorable because of the
large difference in acidity between the 𝞪-hydrogens of the ester (pKa ≈ 25) and ethanol
(pKa = 15.9).

The small equilibrium concentration of enolate thus formed adds to the carbonyl group of
another ester molecule (step 2); loss of ethoxide completes an addition–elimination
sequence, giving ethyl 3-oxobutanoate (a 3- or 𝝱-ketoester) (step 3).
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These species illustrate how a normally electrophilic carbonyl carbon atom can be temporarily 
made nucleophilic and used to form a new carbon–carbon bond with the carbonyl carbon of 
another aldehyde or ketone molecule, giving !-hydroxyketones as the ultimate products.
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Step 3. Elimination
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At this stage, however, the sequence is endothermic. Because each step is reversible, the 
overall equilibrium lies strongly on the side of the initial starting materials. It is the hydro-
gens at the center of the 3-ketoester that are the key to driving these equilibria forward. 
These hydrogens are unusually acidic, with a pKa ! 11, less than that of ethanol. The 
reason is the presence of the two adjacent, inductively electron-withdrawing carbonyl groups 
and the extensive delocalization of the negative charge of the anion resulting upon deprot-
onation. Thus, every molecule of 3-ketoester that forms in step 3 is acidic enough to react 
immediately with the coproduct ethoxide in step 4.

Step 4. Deprotonation of ketoester drives equilibrium
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Because this step depletes the mixture of the ethoxide necessary for step 1, the need for 
(a little more than) a stoichiometric equivalent of ethoxide base now becomes clear: It is 
to assure that enough base will be present to deprotonate all of the intermediate 3-ketoester, 
in this way pushing the overall equilibrium forward to the deprotonated ketoester.

With the equilibrium driven forward to the deprotonated condensation product, all that 
remains is to restore a proton to its central carbon by work-up with aqueous acid (step 5), 
thus completing the process.

Step 5. Protonation upon acidic aqueous work-up
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You will have noted that the conditions of the Claisen condensation, ester plus alkoxide 
in alcohol, are identical to those used in base-catalyzed transesteri! cations (Section 20-4). 
Why, then, did we not see condensation products in such ester exchanges? The answer is 
that transesteri! cation is much faster than the Claisen process (see step 1 above). Indeed, 
in order to avoid product mixtures, the latter always employs alkoxides that are identical to 
that in the ester function, in this way relegating transesteri! cation to a nonproductive back-
ground transformation.

Le Chatelier’s principle again: 
Step 4 depletes the ketoester 
from the reaction mixture, 
and steps 1 through 3 shift to 
replenish it.
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Because this step depletes the mixture of the ethoxide necessary for step 1, the need for (a
little more than) a stoichiometric equivalent of ethoxide base now becomes clear: It is to
assure that enough base will be present to deprotonate all of the intermediate 3-ketoester,
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With the equilibrium driven forward to the deprotonated condensation product, all that
remains is to restore a proton to its central carbon by work-up with aqueous acid (step 5),
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(a little more than) a stoichiometric equivalent of ethoxide base now becomes clear: It is 
to assure that enough base will be present to deprotonate all of the intermediate 3-ketoester, 
in this way pushing the overall equilibrium forward to the deprotonated ketoester.
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You will have noted that the conditions of the Claisen condensation, ester plus alkoxide 
in alcohol, are identical to those used in base-catalyzed transesteri! cations (Section 20-4). 
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At this stage, however, the sequence is endothermic. Because each step is reversible, the
overall equilibrium lies strongly on the side of the initial starting materials. It is the
hydrogens at the center of the 3-ketoester that are the key to driving these equilibria
forward.

These hydrogens are unusually acidic, with a pKa ≈ 11, less than that of ethanol. The
reason is the presence of the two adjacent, inductively electron-withdrawing carbonyl
groups and the extensive delocalization of the negative charge of the anion resulting upon
deprotonation.

Thus, every molecule of 3-ketoester that forms in step 3 is acidic enough to react
immediately with the coproduct ethoxide in step 4.
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Because this step depletes the mixture of the ethoxide necessary for step 1, the need for 
(a little more than) a stoichiometric equivalent of ethoxide base now becomes clear: It is 
to assure that enough base will be present to deprotonate all of the intermediate 3-ketoester, 
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You will have noted that the conditions of the Claisen condensation, ester plus alkoxide 
in alcohol, are identical to those used in base-catalyzed transesteri! cations (Section 20-4). 
Why, then, did we not see condensation products in such ester exchanges? The answer is 
that transesteri! cation is much faster than the Claisen process (see step 1 above). Indeed, 
in order to avoid product mixtures, the latter always employs alkoxides that are identical to 
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You will have noted that the conditions of the Claisen condensation, ester plus alkoxide in
alcohol, are identical to those used in base-catalyzed transesterifications. Why, then, did
we not see condensation products in such ester exchanges?

The answer is that transesterification is much faster than the Claisen process (step 1).
Indeed, in order to avoid product mixtures, the latter always employs alkoxides that are
identical to that in the ester function, in this way relegating transesterification to a
nonproductive background transformation.

The unusual acidity of the hydrogens in ethyl 3-oxobutanoate is general for all 𝝱-dicarbonyl
compounds and extends to other groups that are electron withdrawing by induction and
resonance.

The corresponding enolates and related carbanions are relatively nonbasic and, are useful
nucleophiles in organic synthesis.
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The phenomenon of the unusual acidity of the hydrogens in ethyl 3-oxobutanoate 
described above is general for all !-dicarbonyl compounds and extends to other groups that 
are electron withdrawing by induction and resonance. Table 23-1 lists pKa values of the 
central hydrogens of several such systems. In the adjacent margin are illustrative NMR data, 
showcasing their (and their attached carbons’) electron de! cient nature through relative 
deshielding. The corresponding enolates and related carbanions are relatively nonbasic and, 
as we shall see in subsequent sections, are useful nucleophiles in organic synthesis.

Retro-Claisen condensation: !-Ketoesters lacking central 
hydrogens are cleaved by alkoxide
Attempted Claisen condensation using an ester with only one "-hydrogen fails. As the reaction 
below shows, the product would be a 2,2-disubstituted 3-ketoester. Lacking a central hydrogen 
that may be removed by base to shift the overall equilibrium to product (as in step 4 above), 
the trial is doomed by the unfavorable thermodynamics of steps 1–3. It leads to a reversible 
“dead end,” and no Claisen condensation product is observed.

Failure of a Claisen Condensation—A Mechanistic “Dead End”
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Note lack of acidic hydrogens
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Although 2,2-disubstituted !-ketoesters cannot be formed directly using the Claisen con-
densation, we shall see in Section 23-2 that they can be synthesized in another way. What 
happens if such a ketoester is treated with alkoxide base? Complete reversal of the Claisen 
condensation ensues, giving two molecules of simple ester through a mechanism that is the 
exact reverse of the forward reaction. Having no central hydrogen for the base to remove, 
addition of alkoxide to the ketone carbonyl group occurs instead. The resulting tetrahedral 

Exercise 23-1

Give the products of Claisen condensation of (a) ethyl propanoate; (b) ethyl 3-methylbutanoate; 
(c) ethyl pentanoate. For each, the base is sodium ethoxide, the solvent ethanol.

13C and 1H NMR # values (ppm)
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Table 23-1 pKa Values for !-Dicarbonyl and Related Compounds

Name Structure pKa

2,4-Pentanedione 
 (Acetylacetone) 
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Ethyl 3-oxobutanoate 
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CH3CCH2COCH2CH3
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Propanedinitrile 
 (Malonodinitrile) NCCH2CN 13

Diethyl propanedioate 
 (Diethyl malonate) 
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The phenomenon of the unusual acidity of the hydrogens in ethyl 3-oxobutanoate 
described above is general for all !-dicarbonyl compounds and extends to other groups that 
are electron withdrawing by induction and resonance. Table 23-1 lists pKa values of the 
central hydrogens of several such systems. In the adjacent margin are illustrative NMR data, 
showcasing their (and their attached carbons’) electron de! cient nature through relative 
deshielding. The corresponding enolates and related carbanions are relatively nonbasic and, 
as we shall see in subsequent sections, are useful nucleophiles in organic synthesis.

Retro-Claisen condensation: !-Ketoesters lacking central 
hydrogens are cleaved by alkoxide
Attempted Claisen condensation using an ester with only one "-hydrogen fails. As the reaction 
below shows, the product would be a 2,2-disubstituted 3-ketoester. Lacking a central hydrogen 
that may be removed by base to shift the overall equilibrium to product (as in step 4 above), 
the trial is doomed by the unfavorable thermodynamics of steps 1–3. It leads to a reversible 
“dead end,” and no Claisen condensation product is observed.

Failure of a Claisen Condensation—A Mechanistic “Dead End”

Equilibrium lies
to the left

CH3CH2OH!

Note lack of acidic hydrogens

Ethyl 2-methylpropanoate Ethyl 2,2,4-trimethyl-3-oxopentanoate
(Not observed)

Na!"   OCH2CH3,
CH3CH2OH

ð"
"

ððO

"
"E HC
OCH2CH32 (CH3)2CH

B
"
"

AA
CH3H3C

ððO

"
"E HC
OCH2CH3(CH3)2CH C

B
ððO

E HC
B

Although 2,2-disubstituted !-ketoesters cannot be formed directly using the Claisen con-
densation, we shall see in Section 23-2 that they can be synthesized in another way. What 
happens if such a ketoester is treated with alkoxide base? Complete reversal of the Claisen 
condensation ensues, giving two molecules of simple ester through a mechanism that is the 
exact reverse of the forward reaction. Having no central hydrogen for the base to remove, 
addition of alkoxide to the ketone carbonyl group occurs instead. The resulting tetrahedral 

Exercise 23-1

Give the products of Claisen condensation of (a) ethyl propanoate; (b) ethyl 3-methylbutanoate; 
(c) ethyl pentanoate. For each, the base is sodium ethoxide, the solvent ethanol.

13C and 1H NMR # values (ppm)

NMR Chemical Shifts
of !-Dicarbonyls 

Compared to Their
Monocarbonyl Analogs 

AA

O

C

H H

45.2

2.40

AA

O

C

H H

58.5

3.61

O

AA
C

H H

36.3

2.27

O

O

AA

O

C

H H

50.1

3.45

O

O

Table 23-1 pKa Values for !-Dicarbonyl and Related Compounds

Name Structure pKa

2,4-Pentanedione 
 (Acetylacetone) 

B B
CH3CCH2CCH3

OO

 9

Methyl 2-cyanoacetate 
B

NCCH2COCH3

O

 9

Ethyl 3-oxobutanoate 
 (Ethyl acetoacetate) 

B B
CH3CCH2COCH2CH3

OO

 11
Propanedinitrile 
 (Malonodinitrile) NCCH2CN 13

Diethyl propanedioate 
 (Diethyl malonate) 

B B
CH3CH2OCCH2COCH2CH3

OO

 13
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Retro-Claisen condensation: 𝝱-Ketoesters lacking central hydrogens are cleaved by
alkoxide

Attempted Claisen condensation using an ester with only one 𝞪-hydrogen fails. As the
reaction below shows, the product would be a 2,2-disubstituted 3-ketoester.

Lacking a central hydrogen that may be removed by base to shift the overall equilibrium to
product (step 4), the trial is doomed by the unfavorable thermodynamics of steps 1–3.

It leads to a reversible “dead end,” and no Claisen condensation product is observed.

Although 2,2-disubstituted 𝝱-ketoesters cannot be formed directly using the Claisen
condensation, they can be synthesized in another way (Section 23-2).
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What happens if such a ketoester is treated with alkoxide base?

Complete reversal of the Claisen condensation ensues, giving two molecules of simple
ester through a mechanism that is the exact reverse of the forward reaction. Having no
central hydrogen for the base to remove, addition of alkoxide to the ketone carbonyl group
occurs instead.

The resulting tetrahedral intermediate fragments to release the enolate ion of the original
ester. This process, called retro-Claisen condensation, confirms the thermodynamic basis
for the failure of the Claisen condensation “dead end”.

1043C H A P T E R  2 3

intermediate fragments to release the enolate ion of the original ester. This process, called 
retro-Claisen condensation, con! rms the thermodynamic basis for the failure of the Claisen 
condensation “dead end” shown above.

Reversal of a Claisen Condensation (Retro-Claisen Condensation)

AA
CH3H3C

ððO

"
"E HC
OCH2CH3(CH3)2CH C

ððO

E HC
B

AA

AA

CH3H3C
"
"E HC
OCH2CH3(CH3)2CH CE HCCH3CH2O  !"šð"

CH3CH2O  "
"

CH3CH2OH "š
O

"

ð
ð" ððO

ððO

"
"E HC
OCH2CH3(CH3)2CH

B
ððO

E HC
(CH3)2CH

B

"
"K HC
OCH2CH3 "

"
OCH2CH3(CH3)2C

CH3CH2O  ! "šð"
A
Oððš "

!
CH3CH2OH "š

Exercise 23-2

Explain the following observation.

A
CH3

B
O

A
CH3

2 CH3COCOCOOCH3

B
O

CH3CCH2COOCH3 2 (CH3)2CHCOOCH3!

1. CH3O"Na!, CH3OH
2. H!, H2O 

Claisen condensations can have two different esters as reactants
Mixed Claisen condensations start with two different esters. Like crossed aldol condensa-
tions (Section 18-6), they are typically unselective and furnish product mixtures. However, 
a selective mixed condensation is possible when one of the reacting partners has no !-
hydrogens, as in ethyl benzoate.

A Selective Mixed Claisen Condensation

H
B
C

OCH2CH3

O

Ethyl benzoate

! CH3CH2COCH2CH3

B
O 1. CH3CH2O"Na!, CH3CH2OH

2. H!, H2O
C

C OCH2CH3

B
O

AA
H C

B
O

HE

H3C H

71%
Ethyl 2-methyl-3-oxo-
3-phenylpropanoate

No !-hydrogen:
cannot self-condense

Note: To minimize self-
condensation of ethyl 
propanoate, the benzoate 
ester is used in excess.

Exercise 23-3

Give all the Claisen condensation products that would result from treatment of a mixture of ethyl 
acetate and ethyl propanoate with sodium ethoxide in ethanol.

Exercise 23-4

Is the mixed Claisen condensation between ethyl formate and ethyl acetate likely to afford one 
major product? Explain and give the structure(s) of the product(s) you expect.

2 3 - 1  " - D i c a r b o n y l  C o m p o u n d s :  C l a i s e n  C o n d e n s a t i o n s
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Give all the Claisen condensation products that would result from treatment of a mixture of ethyl 
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Is the mixed Claisen condensation between ethyl formate and ethyl acetate likely to afford one 
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2 3 - 1  " - D i c a r b o n y l  C o m p o u n d s :  C l a i s e n  C o n d e n s a t i o n s

Exercise 23-2

Explain the following observation.
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Claisen condensations can have two different esters as reactants

Mixed Claisen condensations start with two different esters. Like crossed aldol
condensations, they are typically unselective and furnish product mixtures.

However, a selective mixed condensation is possible when one of the reacting partners has
no 𝞪-hydrogens, as in ethyl benzoate.
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Is the mixed Claisen condensation between ethyl formate and ethyl acetate likely to afford one 
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Intramolecular Claisen condensations result in cyclic compounds

The intramolecular version of the Claisen reaction, called the Dieckmann condensation,
produces cyclic 3-ketoesters.

As expected, it works best for the formation of five- and six-membered rings.
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Intramolecular Claisen condensations result in cyclic compounds
The intramolecular version of the Claisen reaction, called the Dieckmann* condensation,
produces cyclic 3-ketoesters. As expected (Section 9-6), it works best for the formation of 
! ve- and six-membered rings.

CH3CH2OCCH2CH2CH2CH2CH2COCH2CH3

B
O

B
O CO2CH2CH3

O

1. CH3CH2O!Na", CH3CH2OH
2. H", H2O

60%

Ethyl 2-oxocyclohexanecarboxylateDiethyl heptanedioate

O

O

O

O O

O

O

*Professor Walter Dieckmann (1869–1925), University of Munich, Germany.

Solved Exercise 23-5 Working with the Concepts: Predicting a Successful Claisen Condensation

Two cyclic products are possible from the Dieckmann (intramolecular Claisen) condensation shown below, but only one of them actually 
forms. Describe and explain brie" y the outcome of this reaction.

1. CH3CH2O!Na", CH3CH2OH
2. H", H2O

O

O O

O

Strategy
To draw the possible products, use the mechanistic pattern described throughout this section.

Solution
• Form a new carbon–carbon bond between the carbon atom ! to one of the ester carbonyl groups and the carbonyl carbon atom of the other. 

The products of the two possible options are shown below:

!
!

O

O

O

1. CH3CH2O!Na", CH3CH2OH
2. H", H2O

O O

OO

No !-hydrogen

!
!

O

O
H

O

1. CH3CH2O!Na", CH3CH2OH
2. H", H2O

O O

OO

• Notice that the product of the ! rst condensation lacks an acidic !-hydrogen between its two carbonyl groups. This molecule is not 
isolated under Claisen condensation conditions, because the equilibrium associated with its formation cannot be driven to completion 
by deprotonation (step 4 of the mechanism presented earlier in this section; see also “Failure of a Claisen Condensation”). Only the 
product of the second condensation process is obtained.

Model Building
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Solved Exercise 23-5

Two cyclic products are possible from the Dieckmann (intramolecular Claisen)
condensation shown below, but only one of them actually forms. Describe and explain
briefly the outcome of this reaction.
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Intramolecular Claisen condensations result in cyclic compounds
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produces cyclic 3-ketoesters. As expected (Section 9-6), it works best for the formation of 
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• Notice that the product of the ! rst condensation lacks an acidic !-hydrogen between its two carbonyl groups. This molecule is not 
isolated under Claisen condensation conditions, because the equilibrium associated with its formation cannot be driven to completion 
by deprotonation (step 4 of the mechanism presented earlier in this section; see also “Failure of a Claisen Condensation”). Only the 
product of the second condensation process is obtained.

Model Building
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Model Building
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Exercise 23-6

Formulate a mechanism for the following reaction.
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Ketones undergo mixed Claisen reactions
Ketones can participate in the Claisen condensation. Because they are more acidic than 
esters, they are deprotonated before the ester has a chance to undergo self-condensation. 
The products (after acidic work-up) may be !-diketones, !-ketoaldehydes, or other !-dicarbonyl 
compounds. The reaction can be carried out with a variety of ketones and esters both inter- 
and intramolecularly.

CH3CCH3CH3COCH2CH3

B
O

CH3CCH2CCH3

B
O

B
O

B
O 1. NaH, (CH3CH2)2O

2. H!, H2O
!

85%

OO

a b

2-Benzoylcyclohexanone

Exercise 23-6 Try it Yourself

Formulate a mechanism for the following reaction.

1. CH3CH2O"Na!,
    CH3CH2OH
2. H!, H2O

O

O

CH3CO2CH2CH3

CO2CH2CH3

CO2CH2CH3

CO2CH2CH3!

Diethyl 1,2-benzenedicarboxylate
(Diethyl phthalate) 60–80%

O

O
1,3-Cyclohexanedione

Exercise 23-7

1,3-Cyclohexanedione (margin) can be prepared by an intramolecular mixed Claisen condensation 
between the ketone carbonyl and ester functions of a single molecule. What is the structure of this 
substrate molecule?

Retrosynthetic analysis clarifi es the synthetic utility of the 
Claisen condensation
Having seen a variety of types of Claisen condensations, we can now ask how this process 
may be logically analyzed for synthetic use. Three facts are available to help us: (1) Claisen 
condensations always form 1,3-dicarbonyl compounds; (2) one of the reaction partners in 
a Claisen condensation must be an ester, whose alkoxide group is lost in the course of the 
condensation; and (3) the other reaction partner (the source of the nucleophilic enolate) 
must contain at least two acidic hydrogens on an "-carbon. In addition, if a mixed conden-
sation is being considered, one reaction partner should be incapable of self-condensation 
(e.g., it should lack "-hydrogens). If we are given the structure of a target molecule and 
wish to determine whether (and, if so, how) it can be made by a Claisen condensation, we 
must analyze it retrosynthetically with the preceding points in mind. For example, let us 
consider whether 2-benzoylcyclohexanone (margin) can be made by a Claisen condensation.

It is a 1,3-dicarbonyl compound, meeting the ! rst requirement. What bond forms in a 
Claisen condensation? By examining all the examples in this section, we ! nd that the new 
bond in the product always connects one of the carbonyl groups of the 1,3-dicarbonyl 
moiety to the carbon atom between them. Our target molecule contains two such bonds, 
which we label a and b. As we continue our analysis by disconnecting each of these stra-
tegic bonds in turn, we must employ the second point: The carbonyl group at which the 
new carbon–carbon bond forms starts out as part of an ester function. Thus, working back-
ward, we must imagine reattaching an alkoxy group to this carbonyl carbon. Thus:

OR
O O O OO

a

O

b
!

RO

Disconnect here
Reattach O OR hereO O

Disconnect here
Reattach O OR here

a b
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Ketones undergo mixed Claisen reactions

Ketones can participate in the Claisen condensation. Because they are more acidic than
esters, they are deprotonated before the ester has a chance to undergo self-condensation.

The products (after acidic work-up) may be 𝝱-diketones, 𝝱-ketoaldehydes, or other 𝝱-
dicarbonyl compounds.

The reaction can be carried out with a variety of ketones and esters both inter- and
intramolecularly.
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which we label a and b. As we continue our analysis by disconnecting each of these stra-
tegic bonds in turn, we must employ the second point: The carbonyl group at which the 
new carbon–carbon bond forms starts out as part of an ester function. Thus, working back-
ward, we must imagine reattaching an alkoxy group to this carbonyl carbon. Thus:
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Exercise 23-7

1,3-Cyclohexanedione can be prepared by an intramolecular mixed Claisen
condensation between the ketone carbonyl and ester functions of a single molecule.
What is the structure of this substrate molecule?
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Ketones undergo mixed Claisen reactions
Ketones can participate in the Claisen condensation. Because they are more acidic than 
esters, they are deprotonated before the ester has a chance to undergo self-condensation. 
The products (after acidic work-up) may be !-diketones, !-ketoaldehydes, or other !-dicarbonyl 
compounds. The reaction can be carried out with a variety of ketones and esters both inter- 
and intramolecularly.
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Claisen condensation
Having seen a variety of types of Claisen condensations, we can now ask how this process 
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condensations always form 1,3-dicarbonyl compounds; (2) one of the reaction partners in 
a Claisen condensation must be an ester, whose alkoxide group is lost in the course of the 
condensation; and (3) the other reaction partner (the source of the nucleophilic enolate) 
must contain at least two acidic hydrogens on an "-carbon. In addition, if a mixed conden-
sation is being considered, one reaction partner should be incapable of self-condensation 
(e.g., it should lack "-hydrogens). If we are given the structure of a target molecule and 
wish to determine whether (and, if so, how) it can be made by a Claisen condensation, we 
must analyze it retrosynthetically with the preceding points in mind. For example, let us 
consider whether 2-benzoylcyclohexanone (margin) can be made by a Claisen condensation.
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which we label a and b. As we continue our analysis by disconnecting each of these stra-
tegic bonds in turn, we must employ the second point: The carbonyl group at which the 
new carbon–carbon bond forms starts out as part of an ester function. Thus, working back-
ward, we must imagine reattaching an alkoxy group to this carbonyl carbon. Thus:
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Retrosynthetic analysis clarifies the synthetic utility of the Claisen condensation

Three facts are available to help us: (1) Claisen condensations always form 1,3-dicarbonyl
compounds; (2) one of the reaction partners in a Claisen condensation must be an ester,
whose alkoxide group is lost in the course of the condensation; and (3) the other reaction
partner (the source of the nucleophilic enolate) must contain at least two acidic hydrogens
on an 𝞪-carbon.

In addition, if a mixed condensation is being considered, one reaction partner should be
incapable of self-condensation (e.g., it should lack 𝞪-hydrogens).

If we are given the structure of a target molecule and wish to determine whether (and, if so,
how) it can be made by a Claisen condensation, we must analyze it retrosynthetically with
the preceding points in mind.

It is a 1,3-dicarbonyl compound, meeting the first requirement.
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What bond forms in a Claisen condensation? The new bond in the product always connects
one of the carbonyl groups of the 1,3-dicarbonyl moiety to the carbon atom between them.

The target molecule contains two such bonds, labeled a and b. The carbonyl group at which
the new carbon–carbon bond forms starts out as part of an ester function.

Disconnection of bond a reveals a ketoester, which undergoes intramolecular Claisen
condensation in the forward direction, whereas disconnection of bond b gives
cyclohexanone and a benzoic ester. Both condensations are quite feasible; however, the
second is preferable because it constructs the target from two smaller pieces:
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Disconnection of bond a reveals a ketoester, which undergoes intramolecular Claisen con-
densation in the forward direction, whereas disconnection of bond b gives cyclohexanone 
and a benzoic ester. Both condensations are quite feasible; however, the second is prefer-
able because it constructs the target from two smaller pieces:

1. CH3CH2O!Na",
    CH3CH2OH
2. H", H2O

O O

CH3CH2O

OO

"

Solved Exercise 23-8 Working with the Concepts: Claisen Retrosynthetic 
Analysis

Show a synthesis of 

O O

CCO2CH2CH3

B

 using a Claisen or a Dieckmann condensation.

Strategy
Begin by identifying the strategic bonds—the ones that may be made in a Claisen-type condensa-
tion. Once you have found them (there will be two), disconnect each one in turn and attach an 
alkoxy group to the separated carbonyl carbon. This procedure will give you the two possible 
starting points for the Claisen-based synthesis.

Solution
• The strategic bonds are those connecting the two carbonyl groups to the shared atom between 

them (arrows). Label them a and b.
• (1) Break each of these bonds, and (2) attach an ethoxy group to the carbonyl fragment (use an 

ethoxy group because the target molecule is an ethoxy ester). You should come up with some-
thing like this, which constitutes your retrosynthetic analysis:

O

a

b

O

!

CCO2CH2CH3

B

O
B

Disconnect
at a

OOCH2CH3 to separated carbonyl carbonsAttach
(arrows)

Disconnect
at b

O

CCO2CH2CH3

B

OO

CCO2CH2CH3

B
O

CH3CH2OC
B

CH3CH2OCCO2CH2CH3

OO O

CCO2CH2CH3

B

Remember WHIP

What

How

Information

Proceed

2 3 - 1  ! - D i c a r b o n y l  C o m p o u n d s :  C l a i s e n  C o n d e n s a t i o n s
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Solved Exercise 23-8

Show a synthesis of using a Claisen or a Dieckmann condensation.
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Exercise 23-9

Suggest syntheses of the following molecules by Claisen or Dieckmann condensations.

1048 E s t e r  E n o l a t e s  a n d  t h e  C l a i s e n  C o n d e n s a t i o nC H A P T E R  2 3

In Summary Claisen condensations are endothermic and therefore would not take place 
without a stoichiometric amount of base strong enough to deprotonate the resulting 3-
ketoester. Mixed Claisen condensations between two esters are nonselective, unless they 
are intramolecular (Dieckmann condensation) or one of the components is devoid of 
!-hydrogens. Ketones also participate in selective mixed Claisen reactions because they are 
more acidic than esters.

• At this stage you have identi! ed the two possible starting points. To complete the exercise, write 
the condensation reactions in the forward direction:

Synthesis a:

O O

CCO2CH2CH3

B

!

O

CCO2CH2CH3

B
O

CH3CH2OC
B 1. CH3CH2ONa,

    CH3CH2OH
2. H!, H2O

Synthesis b:

O O

CCO2CH2CH3

B

!

O
B

O

CH3CH2OCCO2CH2CH3

1. CH3CH2ONa,
    CH3CH2OH
2. H!, H2O

Synthesis a is a Dieckmann condensation featuring attack of the !-carbon of the ketone enolate 
on the ester carbonyl at the other end of the molecule. Synthesis b is a mixed Claisen condensation 
in which cyclohexanone enolate attacks one of the two ester groups of diethyl ethanedioate (diethyl 
oxalate).

Exercise 23-9 Try It Yourself

Suggest syntheses of the following molecules by Claisen or Dieckmann condensations.

(a) 

O

CH3CCH2CH
B

O
B

 (b) 

CO2CH2CH3

O

 (c) H3C

OO

23-2  !-DICARBONYL COMPOUNDS AS SYNTHETIC 
INTERMEDIATES

Having seen how to prepare "-dicarbonyl compounds, let us explore their synthetic utility. 
This section will show that the corresponding anions are readily alkylated and that 3-ketoesters 
are hydrolyzed to the corresponding acids, which can be decarboxylated to give ketones or 
new carboxylic acids. These transformations open up versatile synthetic routes to other 
functionalized molecules.

!-Dicarbonyl anions are nucleophilic
The unusually high acidity of the methylene hydrogens of "-ketocarbonyl compounds can 
be used to synthetic advantage. Their unusually low pKa values (ca. 9–13, see Table 23-1) 
allow alkoxide bases to remove a proton from this methylene group essentially quantita-
tively, giving an enolate ion that may be alkylated to produce substituted derivatives. For 
example, treatment of ethyl 3-oxobutanoate (ethyl acetoacetate) with NaOCH2CH3 effects 
complete deprotonation to the enolate, which reacts via the SN2 mechanism with iodomethane 

The simplest "-dicarbonyl 
compound, propanedial 
(malondialdehyde, MDA), is 
a natural by-product of both 
oxidative and photochemical 
degradation of biological 
molecules. It is also highly 
toxic (Section 22-9): MDA is 
damaging to the eye, and failure 
of natural processes to clear 
it from the retina is the root 
cause of age-related macular 
degeneration, a leading cause of 
blindness in the elderly.

Propanedial
(Malondialdehyde)

HH

O O

National Eye Institute/National 
Institutes of Health-Age-related 
Macular degeneration


