
Chemistry of the Alkaline Earth Metal
Enolates

Aldehydes, ketones, carboxylic esters, carboxylic amides, imines and N,N-disubstituted
hydrazones react as electrophiles at their sp2-hybridized carbon atoms. These compounds also
become nucleophiles, if they contain an H atom in the a-position relative to their C�O or
C�N bonds. This is because they can undergo tautomerization to the corresponding enol as
seen in Chapter 12. They are also C,H-acidic at this position, i.e., the H atom in the a-posi-
tion can be removed with a base (Figure 13.1). The deprotonation forms the conjugate bases
of these substrates, which are called enolates. The conjugate bases of imines and hydrazones
are called aza enolates. The reactions discussed in this chapter all proceed via enolates.

13.1  Basic Considerations

13.1.1 Notation and Structure of Enolates

In valence bond theory, every enolate can be described by two resonance forms. The negative
formal charge is located at a C atom in one of these resonance forms and at an O or an N atom
in the other resonance form. In the following, we refer to these resonance forms as the car-

banion and the enolate resonance forms, respectively. Only the enolate resonance form is
shown in Figure 13.1, because this resonance form has the higher weight according to reso-
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nance theory. The enolate resonance form places negative charge on the more electronegative
heteroatom (O or N). These heteroatoms stabilize the negative charge better than the less elec-
tronegative C atom in the carbanion resonance form.

In Figure 13.1, the enolate structures are shown with the charge on the heteroatom and with
the heteroatom in association with a metal ion. The metal ion stems from the reagent used in
the enolate formation. In the majority of the reactions in Chapter 13, the enolate is generated
by deprotonation of C,H acids. The commonly employed bases contain the metal ions Li�,
Na�, or K�. Therefore, in Chapter 13, we will consider the chemistry of lithium, sodium, and
potassium enolates.

It is known that the chemistry of enolates depends on the nature of the metal. Moreover,
the metals are an integral part of the structures of enolates. Lithium enolates are most fre-
quently employed, and in the solid state the lithium cations definitely are associated with the
heteroatoms rather than with the carbanionic C atoms. Presumably the same is true in solu-
tion. The bonding between the heteroatom and the lithium may be regarded as ionic or polar
covalent. However, the heteroatom is not the only bonding partner of the lithium cation irre-
spective of the nature of the bond between lithium and the heteroatom:
• Assuming ionic Li�O� or Li�NR� interactions, it may be appropriate to draw a parallel

between the structures of enolates and ionic crystals of the Li�O� or Li�NR� types. In
the latter structures, every lithium atom is coordinated by six neighboring anions.

• From the viewpoint of polar, yet covalent Li—O and Li—N bonds, lithium would be
unable to reach a valence electron octet in the absence of bonding partners besides the het-
eroatom. The lithium thus has to surround itself by other donors in much the same way as
has been seen in the case of the organolithium compounds (cf. Section 10.1).

Be this as it may, lithium attempts to bind to several bonding partners; the structural conse-
quences for the enolates of a ketone, an ester, and an amide are shown in Figure 13.2: In con-
trast to the usual notation, these enolates are not monomers at all! The heteroatom that carries
the negative charge in the enolate resonance form is an excellent bonding partner such that
several of these heteroatoms are connected to every lithium atom. Lithium enolates often
result in “tetramers” if they are crystallized in the absence of other lithium salts and in the
absence of other suitable neutral donors. The lithium enolate of tert-butyl methyl ketone, for
example, crystallizes from THF in the form shown in Figure 13.3.

“Tetramers” like the one in Figure 13.3 contain cube skeleta in which the corners are occu-
pied in an alternating fashion by lithium and enolate oxygen atoms. Every lithium atom is sur-
rounded by three enolate oxygen atoms, and vice versa. Every lithium atom binds a molecule
of THF as its fourth ligand. It is for this reason that the term “tetramer” was used in quotation
marks; the overall structure is a THF complex of the tetramer.

Figure 13.2 shows structures that contain two lithium enolates each. But again, these struc-
tures are not pure dimers. Both lithium atoms employ two of their coordination sites to bind
to an N atom of the bidentate ligand TMEDA (see Figure 13.2 for name and structure).

“Oligomeric” enolates along with the associated neutral ligands also are called aggre-
gates. Lithium enolates are likely to exist as aggregates not only in the solid state but also
in solution. The neutral ligands in these aggregates can be TMEDA, DMPU (structure in
Figure 2.17), HMPA (structure in Figure 2.17), THF and/or HN(iPr)2. Lithium enolates may
occur in such homoaggregates, but they also may be part of so-called mixed aggregates.
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The latter are aggregates that also contain other lithium compounds (e. g., LiHal, LiOR or
LDA).

It is not known whether lithium enolates exist in solution as homoaggregates or as mixed
aggregates, nor is it known whether lithium enolates react as aggregates or via other species
that might be present in low concentration. But it is certain that the reactivity of lithium eno-
lates is affected by the presence or absence of molecules that are capable of forming aggre-
gates. However, all these insights about aggregation do not preclude focusing on the enolate
monomers in discussions of the elemental aspects of enolate reactivity. Hence, in Chapter 13,
all reactions are formulated in a simplified and unified format considering monomeric eno-
lates. There also are enolates of metals other than Li, Na, or K, but these are not considered
in this book. In addition, there are some metal-free enolates, the ammonium enolates, which
can be generated in equilibrium reactions between amines and so-called active-methylene
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compounds. These are compounds that contain two geminal acceptor substituents with strong
–M effects.

Starting from b-ketoesters (Figure 13.4, see Figure 13.25 for a synthetic application), or b-
ketoaldehydes (Figure 13.5), ammonium enolates are formed with a stereostructure (E-eno-
lates) that differs from that of the corresponding alkaline earth metal enolates (Z-enolates). In
the latter, the lithium atom forms a bridge between the two negatively charged O atoms such
that a six-membered chelate results. In contrast, the ammonium ion cannot play such a role in
the ammonium enolate, and the more stable E-enolate is formed as the result of product devel-
opment or thermodynamic control. The negatively charged O atoms are at a greater distance
from each other in the E-enolate than in the Z-enolate. The greater distance between the
O atoms in the E-enolate reduces charge-charge and dipole-dipole repulsions.
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13.1.2 Preparation of Enolates by Deprotonation

Suitable Bases

According to Figure 13.1, carbon-bound H atoms are acidic if they are bound to carbon atoms
that are in the a-position with respect to an electron acceptor that can stabilize a negative
charge via resonance (–M effect). Carbon-bound H atoms are even more acidic if they are
located in the a-position of two such electron acceptors, which is the case in the so-called
active-methylene compounds. Enolates derived from active-methylene compounds require
three resonance forms for their description, and resonance forms A and B (Figure 13.6) are
the more important ones. Compounds that contain an H atom in the a-position with respect to
three electron acceptors are even more acidic than active-methylene compounds. However,
such compounds do not play a significant role in organic chemistry.

Table 13.1 lists the pKa values of C,H-acidic compounds with a variety of electron acceptors.
It shows that multiple substitution by a given acceptor enhances the acidity of the a-H atom
more than monosubstitution. Table 13.1 also shows that the nitro group is the most activating
substituent. One nitro group causes the same acidity of an a-H atom as do two carbonyl or
two ester groups. 

The acidifying effect of the remaining acceptor substituents of Table 13.1 decreases in the
order —C(�O)—H > —C(�O)—alkyl > –C(�O)—O-alkyl, and the amide group —C
(�O)–NR2 is even less effective. This ordering essentially reflects substituent effects on the
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Fig. 13.6. Enolate formation
of active-methylene com-
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stability of the C�O double bond in the respective C,H-acidic compound. The resonance sta-
bilization of these C�O double bonds drastically increases in the order R—C(�O)—H < R—
C(�O)—alkyl < R—C(�O)—O—alkyl < R—C(�O)—NR2 (cf. Table 6.1; see Section 9.1.1
for a comparison between the C�O double bonds in aldehydes and ketones).This resonance
stabilization is lost completely once the a-H atom has been removed by way of deprotonation
and the respective enolate has formed.

The equilibrium constant Keq of the respective deprotonation equilibrium shows whether a
base can deprotonate a C,H-acidic compound quantitatively, in part, or not at all:

Equation 13.1 shows that these equilibrium constants in turn depend on the acidity constants
of the two weak acids involved, that is, the acidity constant Ka,C,H acid of the C,H acid and the
acidity constant Ka,H-base of the conjugate acid (H-base) of the base (base�) employed. Equa-
tion 13.2 makes the same statement in terms of the corresponding pKa values. From this equa-
tion it follows:

1. A C,H acid is deprotonated quantitatively (or nearly so) by an equimolar amount of base
if the pKa value of the conjugate acid of the base employed is higher than the pKa value
of the C,H acid.

2. A C,H acid is deprotonated by an equimolar amount of base only to the extent of 10%,
1%, or 0.1%, and so on, if the pKa value of the conjugate acid of the base employed is
1, 2, 3, ... units lower than the pKa value of the C,H acid.

3. In cases of incomplete C,H acid deprotonation, an excess of base can be employed to
increase the enolate fraction. According to the principle of Le Chatelier, the base excess
increases the enolate fraction by a factor that equals the square root of the number of
mole equivalents of the base employed.

“For every rule, there is an exception!” or so they say. Sometimes this is also true in chem-
istry. It appears, for example, that the pKa values of carboxylic acid esters vary more widely
than is allowed or acknowledged by Table 13.1. This does not justify, though, the abandon-
ment of the above mentioned “rules of thumb” for estimating the position of the deproto-
nation equilibrium of C,H-acidic compounds. As it were, one structural effect on the
C,H acidity of carboxylic acid esters has so far been totally ignored, namely the effect of
the conformation that the substructure C–O–C�O adopts in relation to the highlighted 
bond (printed in boldface), i.e., which dihedral angle occurs between the C–O and the C=O
bond. 

(EWG) C1 or 2 H (EWG) C +1 or 2 H ba
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Using the pKa values of the ester pairs in Figure 13.7, this conformational effect on the
C,H acidity may be conceived as follows: if the dihedral angle between the C–O and the C�O
bond in the C–O–C�O substructure of carboxylic acid esters is 0°—that is, if this substruc-
ture displays the so-called s-cis-conformation—the pKa value of this ester is predicted by
Table 13.1 in the correct range. If in the same substructure C–O–C�O of a carboxylic acid
ester the dihedral angle between the C–O and the C�O bond measures 180°—i.e., if this ester
displays the so-called s-trans-conformation—its pKa value is underestimated in Table 13.1 by
several orders of magnitude. This is why phenylacetic ester (Formula C in Figure 13.7; 
dihedral angleC–O/C�O = 0°) is by 4 pK units less acidic than its lactone analog D (dihedral
angleC–O/C=O = 180°). The doubling of this conformational effect in comparison to malonic
acid dimethyl ester (Formula E in Figure 13.7; both dihedral anglesC–O/C�O = 0°) and 
Meldrum’s acid (F; both dihedral anglesC–O/C�O = 180°) explains why the former is less acidic
than the latter by almost 9 pK units. 
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The reason for this conformational effect has to do with the pronounced endothermic char-
acter of the transformation of s-cis- into s-trans-methyl acetate (ΔHR = + 8.5 kcal/mol; Fig-
ure 13.7). This is due to the partial dipole moments that occur in each of the conformers
involved because of the polarized C�O double bond or the asymmetric distribution of the
nonbonding electrons on the other oxygen atom. In the s-cis-conformer of methyl acetate and

all other s-cis-carboxylic acid esters these partial moments are antiparallel, i.e., they nearly
eliminate each other. However, in the s-trans-conformer of methyl acetate and all other s-

trans-carboxylic acid esters these partial dipole moments are aligned. Hence, repulsion occurs
between them, destabilizing the s-trans-ester conformer by 8–9 kcal/mol. In the enolate result-
ing from the deprotonation of a carboxylic acid ester, there are no similar large polar effects—
irrespective of the configuration of the enolate double bond. This means that only an s-trans-,
but not an s-cis-configured carboxylic acid ester will lose dipole/dipole repulsion when it
reacts as a C,H acid and is converted into the enolate. This is what renders s-trans-
configured esters more acidic than s-cis-configured esters.

With the pKa values of the conjugate acids of the most commonly used organic bases
(Table 13.3) and the pKa values of the C,H acids compiled in Table 13.1, the foregoing state-
ments lead to the following deductions (see also Table 13.2):
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• All aldehydes, ketones, and carboxylic esters can be deprotonated quantitatively to eno-
lates with lithium amides. The same substrates and alkoxides give only small amounts of
enolate in equilibrium reactions, but even these small amounts of enolate may be large
enough to allow for enolate reactions.

• For the quantitative deprotonation of nitroalkanes and active-methylene compounds, there
is no need to employ the “heavy artillery” of lithium amides. Rather, it suffices to employ
alkaline earth metal alkoxides or alkaline earth metal hydroxides. In addition, equilibrium
reactions between these C,H acids and amines form enough enolate to initiate enolate reac-
tions.

The foregoing classification is of fundamental significance for the understanding of enolate
chemistry. For every pair of C,H acid and base, one needs to know whether the combination
effects quantitative or partial enolate formation. If deprotonation is only partial, then the unre-
acted substrate may represent an electrophile that can react with the enolate nucleophile. In
such a case, it depends on the specific circumstances whether an enolate reacts with any
remaining substrate or whether it reacts only with an added different electrophile. The occur-
rence of a reaction between enolate and unreacted substrate is avoided if the C,H acid is depro-
tonated completely with a stoichiometric amount of a sufficiently strong base.

There is only one exception to the last statement in that aldehydes cannot be converted
quantitatively into aldehyde enolates. Any attempt to achieve a quantitative deprotonation of
an aldehyde—with a lithium amide, for example—necessarily leads to a situation in which
some aldehyde enolate is formed while some aldehyde substrate is still present, and these
species cannot coexist even at temperatures as low as that of dry ice. The aldehyde is such an
excellent electrophile that it reacts much faster with the enolate than it is deprotonated by the
base.

Table 13.4 allows for a comparison of the basicities of the strongest lithium-containing
bases. The basicities are measured by the heats of deprotonation liberated upon mixing the 
reference acid isopropanol with these bases. These heats of deprotonation reveal that organo-
lithium compounds are even stronger bases than lithium amides. Their basicities decrease
from tert-BuLi via sec-BuLi and n-BuLi to PhLi.

Considering these heats of deprotonation, one wonders whether organolithium compounds
should not be at least as suitable as lithium amides for effecting the deprotonation of carbonyl
and carboxyl compounds. However, this is usually not the case, since organolithium com-
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Tab. 13.3 Basicity of Typical Reagents Employed in the Generation of Enolates via Deprotonation
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pounds react almost always as nucleophiles rather than as bases. Organolithium compounds
thus would add to the carbonyl carbon (Section 10.5) or engage in a substitution reaction at
the carboxyl carbon (Section 6.5).

Obviously, only nonucleophilic bases can be employed for the formation of enolates from
carbonyl and carboxyl compounds. A base is nonnucleophilic if it is very bulky. The only non-
nucleophilic organolithium compounds that deprotonate carbonyl and carboxyl compounds
are mesityllithium (2,4,6-trimethylphenyllithium) and trityllithium (triphenylmethyllithium).
However, these bases do not have any significance for the generation of enolates because of
the difficulties associated with their preparation and with the separation of their conjugate
acid hydrocarbons.

Alkaline earth metal amides have a unique place in enolate chemistry in light of the pre-
ceding discussion. Yet, amides without steric demand—from NaNH2 to LiNEt2—also are 
usually not suitable for the formation of enolates, since their nucleophilicities exceed their
basicities. On the other hand, the amides LTMP, LDA, and LiHMDS (structures in Fig-
ure 4.18) are so bulky that they can never act as nucleophiles and always deprotonate C,H
acids to the respective enolates.

Table 13.4 also shows that the deprotonation of isopropanol with LiHMDS is less than half
as exothermic as the deprotonations with LDA or LTMP. Hence, LiHMDS is a much weaker
base than the other two amides. This is due to the ability of the SiMe3 groups of LiHMDS to
stabilize the negative charge in the a-position at the N atom. The mechanism of this stabi-
lization might be the same as in the case of the isoelectronic triphenylphosphonium center in
P ylides (Figure 11.1), that is, a combination of an inductive effect and anomeric effect.
Because of its relatively low basicity, LiHMDS is employed for the preparation of enolates pri-
marily when it is important to achieve high chemoselectivity.

Schwesinger’s “P5 base” is as basic as the strongest amide bases and also non-nucleophilic.
Figure 13.8 suggests that the index “5” represents the five phosphorus atoms of this base and
that there might be analogous “P2”, “P3” and “P4 bases.” And indeed, there are. They are all
collected under the generic term “Schwesinger bases.” But regarding basicity, the “P5 base” is
entitled to leadership: at 34–35, the pKa value of its conjugate acid is quite similar to the
pKa value of diisopropylamine, the conjugate acid of LDA! This is due to the extraordinarily
good stabilization of the positive charge in the conjugate acid of the “P5 base”: there are 12
all-octet resonance forms that contribute to this stabilization (Figure 13.8) . The “P5 base” pro-
vides access to metal-free enolates and thus to a chemistry which, in particular cases, differs
markedly from the chemistry of metal enolates. 

Side Note 13.2.
Neutral, but Superbasic:

Schwesinger Bases!
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Tab. 13.4 Thermochemistry of Selected Acid/Base Reactions: Deprotonation Enthalpies (kcal/mol) for
Deprotonations of iPrOH with Various Organolithium Compounds and Lithium Amides

tert
sek
n

-BuLi
-BuLi

-BuLi
PhLi

–56.2
–52.8
–50.0
–42.3

LTMP
LDA
LiHMDS

–30.4
–28.6
–12.1
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The basicity of LDA is so high that it is even possible to generate bisenolates from b-dike-
tones and b-ketoesters (Figure 13.9). Even carboxylates can be deprotonated at the a-carbon
if the strongest organic bases are employed (Figure 13.10). However, the twofold deproton -
ation of phenylacetic acid by ethylmagnesium bromide is not commonly used. This reaction
is mentioned in Figure 13.10 only because the resulting enolate A acts as the nucleophile in
the Ivanov reaction in Figure 13.45. The double deprotonation of malonic acid monoethyl
ester actually requires only magnesium ethoxide, which may conveniently be generated in situ.
Of course, this is due to the fact that the resulting B is not a true carboxylate enolate, but a
carboxylate-substituted ester enolate. An example of the synthetic use of this enolate is given
in Figure 13.65 (middle).

Regiocontrol in the Formation of Lithium Enolates

Only one enolate can be generated from aldehydes or their aza analogs, from symmetric
ketones or their aza analogs, or from carboxylic esters or carboxylic amides. For the moment
we are ignoring the possibility that two stereoisomers, E- and Z-enolates, may occur for each of
these enolates. On the other hand, constitutionally isomeric (regioisomeric) enolates may be
derived from unsymmetrical ketones and from their aza analogs if they contain acidic H atoms

B

E

E

t

t

O

O

O

O

O

O

OH

O

Mg, EtOH, Δ

– H  , – HOEt2

via
MgOEt

H

H

H

EtO

O

O

O

Mg2

EtO

O

O

O

Mg2

O

O Li

H
O Li

O Li

OO

O MgBrOH

H

PP hh

O MgBr

O MgBr

Ph

LDA

– N( Pr)i 2H

EtMgBrEtMgBr

– EtH– EtH A

H

ONa O

alkyl (aryl) alkyl (aryl)

Na O

Na ONa O

O Li

O Li

H
Otert-Bu

O

Otert-Bu

LDA

LDA

– N( Pr)i 2H

– N( Pr)i 2H
Fig. 13.9. Formation of

bisenolates.

Fig. 13.10. Formation of
 carboxylate enolates

 (“carboxylic acid dianions”) 
by reaction of carboxylic acid

salts with strong bases.



at the Ca and Ca, centers. From certain unsymmetrical ketones or their aza analogs one or
sometimes even both of these enolates can be generated regioselectively (see also Fig-
ure 13.35).

For example, 2-phenylcyclohexanone can be deprotonated regioselectively with LDA (Fig-
ure 13.11). This reaction is most successful at –78 °C in THF because the reaction is irre-
versible under these conditions as long as a small excess of LDA is employed. Hence, the reac-
tion is kinetically controlled and proceeds via the most stable transition state. The standard
transition state of all enolate formations from C,H acids with LDA is thought to be cyclic, six-
membered, and preferentially in the chair conformation (A and B in Figure 13.11). To be as
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and a¢-positions. Enolate D is formed in THF at –78 °C with LDA irrespective of whether a substoichiometric
amount or an excess of LDA is used. However, if one employs slightly less than the stoichiometric amount of
LDA (so that a trace of the neutral ketone is present), then, upon warming, the initially formed enolate D
isomerizes quantitatively to enolate C with its more highly substituted C�C double bond. It should be noted
that LDA removes an axially oriented a-H from the cyclohexanone; this is because only then does the result-
ing lone pair of electrons receive optimum stabilization by the adjacent C�O bond. With the kinetically pre-
ferred deprotonation leading to the enolate D the axial a¢-H is transferred to the base (via transition state
B), but not the equatorial a¢-H (via transition state iso-B.)



stable as possible, this transition state should not feature any steric hindrance that can be
avoided. In particular, the transition state should not contain any substituent in the six-mem-
bered ring that is parallel with the pseudo-axially oriented amide N-isopropyl group. Such a
substituent would suffer from 1,3-diaxial repulsion because of its interaction with the iso-
propyl group. It follows that transition state A of Figure 13.11 is less stable than transition
state B. The enolate formation thus proceeds selectively via transition state B and results in
the kinetic enolate D.

The C�C double bond of D is not conjugated to the phenyl ring. It is therefore less stable
than the regioisomeric enolate C, which benefits from such a conjugation. In this context, C
is called the thermodynamic enolate. Because C is more stable than D, C can be generated
from the kinetic enolate D as soon as the opportunity for isomerization is provided. The oppor-
tunity for isomerization arises if a weak acid is present that allows for the protonation of the
enolate to the ketone. This can be accomplished by allowing the presence of a trace of unre-
acted substrate ketone, which happens if one treats the substrate ketone with a slightly less
than stoichiometric amount of LDA. Under these conditions, at temperatures above –78 °C,
the remaining substrate ketone reacts with the kinetic enolate D to yield the thermodynamic
enolate C and newly formed substrate ketone. This occurs fast enough to effect a quantitative
isomerization of D into C.

We thus reach the following interesting result. Depending on the reaction conditions, both
the kinetic and the thermodynamic enolates of 2-phenylcyclohexanone can be generated with
perfect regiocontrol. The same is true for many ketones that carry a different number of alkyl

groups at the Ca and Ca' centers, but not always to the same extent. 2-Methylcyclohexanone,
for example, reacts with LDA at –78 °C to yield a 99:1 mixture of kinetic and thermodynamic
enolates. Under equilibrium conditions, however, a ratio of only 80:20 of the thermodynamic
and the kinetic enolate, respectively, is obtained. A much more noticeable stabilization is pro-
vided by the same methyl group in the corresponding magnesium enolate. Thus, the thermo-
dynamic enolate is produced “exclusively” if under equilibrium conditions 2-methylcyclo-
hexanone is deprotonated with (iPr2N)MgBr (Figure 13.23).

One structural aspect of the preferred transition state B (Figure 13.11) of the deprotonation of
2-phenylcyclohexanone has so far been ignored because it did not have any relation with the
topic “Regiocontrol in the Formation of Lithium Enolates” discussed in that section. Yet, it
shall be explicitly addressed because familiarity with this aspect will in the following subsec-
tion “Stereocontrol in the Formation of Lithium Enolates” allow us to understand why the
deprotonation of carboxylic acid esters with LDA in THF containing DMPU or HMPT will
lead to a “Z”-enolate (see Figure 13.17). Also, in the transition state B of Figure 13.11 the
cyclohexanone depicted is deprotonated diastereoselectively: The LDA selectively abstracts
the H atom that is in trans-position to the phenyl substituent and thus pseudo-axially oriented.
This is due to the bonding situation in the resulting enolate D and, in particular, to the fact that
in this transition state rehybridization from sp3 to sp2 begins with the carbon atom that will
become the enolate carbon. 

At the beginning of the reaction, an sp3 AO originating from this carbon atom is bound to
the hydrogen atom Htrans. At the end of the reaction, the 2pz AO, which originates with the
C atom under scrutiny via deprotonation, must overlap with the p* MO of the adjacent C�O

Side Note 13.3.
Cyclohexanone Confor-

mations and C,H Acidity
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double bond, since it is only because of this “C-H/p* C�O overlap” that the enolate D can be

formed. In the transition state B of the formation of D, the latter overlap is needed and requires
the sp3 → 2pz AO to be as perpendicular as possible to the double bond plane of the adjacent
carbonyl group. The dihedral angle between the Cenolate–Htrans bond and the C�O double bond
in the phenylcyclohexanone of Figure 13.11 is about 117°, since the corresponding dihedral
angle between the Cenolate–Hpseudo-axial bond and the C�O double bond in the cyclohexanone
itself exactly measures these 117° (Figure 13.12). In contrast, the dihedral angle between the
Cenolate–Hcis and the C�O double bond in the phenylcyclohexanone of Figure 13.11 must be
around 8°, since the corresponding dihedral angle between the Cenolate–Hpseudo-equatorial bond and
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the C�O double bond of cyclohexanone again measures precisely 8° (Figure 13.12). The
dihedral angle of 117° sufficiently approaches the optimal dihedral angle of 90°, and 8° is suf-
ficiently remote so that the LDA reacts with the Cenolate–Htrans bond of 2-phenylcyclohexanone
while leaving its Cenolate–Hcis bond intact.

From the point of view of conformation cyclohexanones are more flexible than cyclohex-
anes. Therefore it cannot be generally assumed that hydrogen atoms in the a- position of
cyclohexanones can be abstracted as protons only if they are pseudo-axially oriented. Accord-
ingly, it is incorrect to say that removing them is never possible if their orientation is pseudo-
equatorial. This situation is illustrated in Figure 13.12. The most favorable transition state
(shown in the second line) corresponds (see above) to the pseudo-axial deprotonation, just as
expected. The most stable transition state of the pseudo-equatorial deprotonation (shown in
line 3), though, is higher in energy by only 2.8 kcal/mol and may—in the presence of suitable
substituents, including bridging substituents—definitely become competitive. 

An unsymmetrical ketone may even lead to the generation of one enolate in a selective fash-
ion if the lack of symmetry is caused by the substitution patterns in the b- rather than a-posi-
tions. The difference in the b-positions may be due to the number or the kind of substituents
there. This point is emphasized in Figure 13.13 with cyclohexanones that contain one (D) or
two (A) b-substituents. In this case, deprotonation occurs preferentially on the side opposite
to the location of the extra substituent; that is, the sterically less hindered acidic H atom reacts.

In the discussion of Figure 13.11, we mentioned that LDA abstracts acidic H atoms from
the a-position of C,H-acidic compounds via a cyclic and six-membered transition state and
that the carbonyl group is an integral part of this six-membered ring. This emphasis explains
why the deprotonation of conjugated ketones with LDA yields the kinetic enolate (A in Fig-
ure 13.14) in a regioselective fashion instead of the thermodynamic enolate (B in Fig-
ure 13.14).

Stereocontrol in the Formation of Lithium Enolates

We have seen that LDA forms enolates of carbonyl compounds, carboxylic esters, and car-
boxylic amides via cyclic and six-membered transition states with the chair conformation.
This geometry of the transition state for enolate formation has consequences if a stereogenic
C�C double bond is generated.
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Li O
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Fig. 13.13. Regioselective
generation of ketone enolates

II: the effects of different sub-
stituents in the b- and b¢-posi-

tions (for the regioselective
preparation of enolates C and

F, see Figures 13.19 and 13.20,
respectively).



The reaction of unhindered aliphatic ketones with LDA yields more E- than Z-enolates. On
the other hand, the Z-enolate is formed selectively if either a bulky aliphatic or a conjugating
aromatic group is the inert group attached to the carbonyl carbon. Figure 13.15 shows how
this Z-selectivity results from the differing steric demands in the potentially available transi-
tion states for deprotonation. The point is made using the example of an ethyl ketone with a
sterically demanding substituent. Transition state A is so strongly destabilized by the 1,2-inter-
action indicated that deprotonation occurs exclusively via transition state B in spite of the
repulsive 1,3-interaction in the latter.

Unhindered aliphatic ketones selectively yield E-enolates if they are deprotonated by a
lithium amide via a transition state structure of type A of Figure 13.15. This occurs, for ex -
ample, when the B-type transition state is destabilized because of the use of a base that is even
more sterically demanding than LDA such as, for example, LTMP (for structure, see Fig-
ure 4.18). For example, diethyl ketone and LTMP form the E-enolate with ds = 87:13.
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Deprotonation of a-alkylated acetic acid esters (e. g., the propionic acid ester of Fig-
ure 13.16) with LDA at –78 °C selectively yields the “E”-enolates. The quotation marks indi-
cate that this application of the term is based on an extension of the E/Z-nomenclature: here,
the Cahn–Ingold–Prelog priority of the O�Li� substituent is considered to be higher than the
priority of the OR group. The deprotonation of the ester shown in Figure 13.16 occurs via the
strain-free transition state A. The alternative transition state B is destabilized by a 1,3-diaxial
interaction.

“Z”-Enolates also are accessible from the same propionic acid esters with the same high
stereoselectivity (Figure 13.17). This is a complete reversal of stereoselectivity in comparison
to the deprotonation shown in Figure 13.16. This reversal is solely due to the change in sol-
vent from THF to a mixture of  THF and DMPU. The stereocontrol is again the result of kinetic
control. In this solvent, the lithium of LDA coordinates with the oxygen atom of DMPU.
Given the large excess of DMPU each lithium atom binds several equivalents of this ligand.
Almost surely, in this way the lithium atom is fully coordinatively saturated by DMPU. Hence,
in a mixture of THF and DMPU, LDA occurs as a “solvent-separated ion pair”. This is why
the deprotonation in Figure 13.17 proceeds via an acyclic transition state. We may assume that
the active base is the metal-free diisopropylamide anion of the above-mentioned solvent-sep-
arated ion pair. From these general conditions, we can derive structure A for the transition
state of the “Z”-selective ester deprotonation. Its conformation corresponds to the most favor-
able transition state B of the gas-phase deprotonation of propionaldehyde, which also leads to
the formation of a “Z”-enolate. The stereostructure of both transition states A and B benefits
from the C-H/p* C�O overlap. The importance of the C-H/p* C�O overlap for the rapid depro-
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tonation of cyclohexanones was emphasized in connection with the discussion of Fig-
ure 13.12. 

The generation of amide enolates by the reaction of carboxylic amides and LDA at –78 °C
occurs with complete stereoselectivity and yields the “Z”-enolate (Figure 13.18). This is just
the opposite selectivity than in the case of the generation of ester enolates under the same con-
ditions (Figure 13.16). The NR2 group of an amide is branched and therefore sterically more
demanding than the OR group of an ester. Hence, in the transition state for deprotonation, the
NR2 group of an amide requires more space than the OR group of an ester. Consequently, the
propionic acid amide of Figure 13.18 as well as all other carboxylic amides cannot react via
transition states A. Unlike transition state A of the analogous ester deprotonation (Fig-
ure 13.16), the 1,2-interaction would be prohibitively high. Therefore, carboxylic amides are
deprotonated via B-type transition state structures in spite of the repulsive 1,3-interaction.
Remember, it is due to this repulsive 1,3-interaction that these kinds of transition state struc-
tures (B in Figure 13.16) are not involved in the deprotonation of esters.
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13.1.3  Other Methods for the Generation of Enolates

Figures 13.13 and 13.14 demonstrate that deprotonation might afford certain enolates with
only one regioselectivity. However, there might be other reaction paths that lead to the other
regioisomer (Figures 13.19–13.21).

One of these alternative synthetic paths consists of the addition of Gilman cuprates (for
preparation, see Figure 10.43) to a,b-unsaturated ketones. In the discussion of this addition
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mechanism (Figure 10.46), it was pointed out that the enolates formed are associated with
CuR. It is assumed that mixed aggregates are formed. As it turns out, the enolate fragments
contained in such aggregates are significantly less reactive than CuR-free enolates. It is pos-
sible, however, to convert these CuR-containing enolates into the CuR-free lithium enolates.
This conversion typically starts with the reaction between the CuR-containing enolate and
Me3SiCl to form a silyl enol ether such as B (Figure 13.19). The silyl enol ether reacts with
MeLi via the silicate complex A (pentacoordinated Si center) to provide the Cu-free enolate.

Another way of obtaining enolates is the Birch reduction of a,b-unsaturated ketones (Fig-
ure 13.20, top; mechanism: in analogy to Figure 17.53). The transformation of a,b-unsatu-
rated ketones into enolates using L-Selectride® proceeds via a different mechanism, namely
the 1,4-addition of a hydride ion, with the result being indistinguishable, though, from the
above (Figure 13.20, bottom). 

Accordingly, trimethylsilyl enol ethers are enolate precursors (Figure 13.19). Fortunately,
they can be prepared in many ways. For instance, silyl enol ethers are produced in the silyla-
tion of ammonium enolates. Such ammonium enolates can be generated at higher temperature
by partial deprotonation of ketones with triethylamine (Figure 13.21). The incompleteness of
this reaction makes this deprotonation reversible. Therefore, the regioselectivity of such
deprotonations is subject to thermodynamic control and assures the preferential formation of
the more stable enolate. Consequently, upon heating with Me3SiCl and NEt3, a,b-unsaturated
ketones are deprotonated to give 1,3-dienolates A with the O� substituent in the 1-position.



This enolate is more stable than the isomeric 1,3-enolate in which the O� substituent is in the
2-position; three resonance forms can be written for the former enolate while only two can be
written for the latter. Me3SiCl then reacts with the dienolate A at the oxygen atom. The dienol
silyl ether C is obtained in this way. Silyl ether C reacts with MeLi—in analogy to the reac-
tion B → A shown in Figure 13.19—via the silicate complex B to give the desired enolate.
Note that the product enolate is not accessible by treatment of cyclohexanone with LDA (Fig-
ure 13.14).

13.1.4 Survey of Reactions between Electrophiles and Enolates 
and the Issue of Ambidoselectivity

Enolates and aza enolates are so-called ambident nucleophiles. This term describes nucle-
ophiles with two nucleophilic centers that are in conjugation with each other. In principle,
enolates and aza enolates can react with electrophiles either at the heteroatom or at the car-
banionic C atom. Ambidoselectivity occurs if one of these alternative modes of reaction dom-
inates.

Most enolates exhibit an ambidoselectivity toward electrophiles that depends on the elec-
trophile and not on the substrate. The extent of the ambidoselectivity almost always is com-
plete:
1) Only very few electrophiles react at the enolate oxygen of the enolates of aldehydes,

ketones, esters, and amides, and these few electrophiles are
• silyl chlorides (examples in Figures 13.19, 13.21, and 13.22)

• Derivatives of sulfonic acids such as the N-phenylbisimide of trifluoromethane-sulfonic
acid (examples: Figure 13.23, Side Note 13.3 and Figure 16.2). Note that alkenyl tri-
flates are obtained in this way and these are the substrates of a variety of Pd-mediated
C,C-coupling reactions (Chapter 16).

• Derivatives of chlorophosphonic acid such as chlorophosphonic acid diamide (for
example, see Figure 13.24) or chlorophosphonic acid esters (Figure 13.25).

2) Essentially all other electrophiles react with the enolate carbon of the enolates of aldehy-
des, ketones, esters, and amides (important examples are listed in Table 13.5).
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Fig. 13.22. O-Silylation of an
ester enolate to give a silyl

ketene acetal. (The formation
of the silicate complex in

step 1 of the reaction is plausi-
ble but has not yet been

proven.)
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13.2  Alkylation of Quantitatively Prepared Enolates
and Aza-enolates; Chain-Elongating Syntheses
of Carbonyl Compounds and Carboxylic Acid
Derivatives

All the reactions discussed in this section are SN2 reactions with respect to the alkylating
reagent. The most suitable alkylating reagents for enolates and aza enolates are therefore the
most reactive alkylating reagents (Section 2.4.4), that is, Mel, Rprim—X, and especially
H2C�CH—CH2—X and Ar—CH2—X (X = Hal, OTs, OMs). Isopropyl bromide and iodide
also can alkylate enolates in some instances. Analogous compounds Rsec—X and Rtert—X
either do not react with enolates at all or react via E2 eliminations to afford alkenes.

13.2.1  Chain-Elongating Syntheses of Carbonyl Compounds

Acetoacetic Ester Synthesis of Methyl Ketones

An acetoacetic ester is an active-methylene compound and it can be deprotonated (Table 13.1)
with one equivalent of NaOEt in EtOH to the sodium enolate A (Figure 13.26). As is depicted
in Figure 13.26, A is monoalkylated by butyl bromide. This is possible even though the buty-
lated sodium enolate B is already present while the reaction is still under way. The sodium
enolate B is formed in an equilibrium reaction between not-yet-butylated enolate A and the
butylation product C. B represents a nucleophilic alternative to unreacted enolate A. However,
the butylated enolate B is sterically more demanding than the nonbutylated enolate A. The
first butylation of A is thus faster than the second butylation reaction, that is, the butylation
of B. This reactivity difference is not large enough to cause 100% monobutylation and 0%
dibutylation. Still, the main product is the product of monobutylation C. Distillation is
required to separate the monobutylation product from the dibutylation product and from unre-
acted substrate.
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The butylated b-ketoester C of Figure 13.26 is not the final synthetic target of the ace-

toacetic ester synthesis of methyl ketones. In that context, the b-ketoester C is converted into
the corresponding b-ketocarboxylic acid via acid-catalyzed hydrolysis (Figure 13.27; for the
mechanism, see Figure 6.22). This b-ketocarboxylic acid is then heated either in the same pot
or after isolation to effect decarboxylation. The b-ketocarboxylic acid decarboxylates via a
cyclic six-membered transition state in which three valence electron pairs are shifted at the
same time. The reaction product is an enol, which isomerizes immediately to a ketone (to
phenyl methyl ketone in the specific example shown). 

Other b-ketoesters can be converted into other ketones under the reaction conditions of the
acetoacetic ester synthesis and with the same kinds of reactions as are shown in Figures 13.26
and 13.27. Two examples are provided in Figures 13.28 and 13.29. These b-ketoesters also are
first converted into sodium enolates by reaction with NaOEt in EtOH, and the enolates are
then reacted with alkylating reagents. The reaction shown in Figure 13.28 employs a b-
ketoester that can be synthesized by a Claisen condensation (see Figure 13.57). The alkylat-
ing reagent employed in Figure 13.28 is bifunctional and reacts at both its reactive centers,
thereby cross-linking two originally separate b-ketoester molecules. The new bis(b-ketoester)
is hydrolyzed to afford a bis(b-ketocarboxylic acid), a twofold decarboxylation of which
occurs subsequently according to the mechanism depicted in Figure 13.27. The reaction
sequence of Figure 13.28 represents the synthesis of a diketone and illustrates the value of the
acetoacetic ester synthesis to access a variety of alkyl ketones.

b-Ketoesters derived from cyclic five- or six-membered ketones are conveniently accessi-
ble via the Dieckmann condensation (for example, see Figure 13.58). Such b-ketoesters can
be converted into cyclic ketones under the reaction conditions of the acetoacetic ester synthe-
sis. Step 1 in Figure 13.29 shows how such a b-ketoester is allylated at its activated position.
The allylation product A could be converted into the alkylated ketone B via a sequence com-
prising hydrolysis and decarboxylation. There exists, however, an alternative to achieve the
special transformation of b-keto methyl esters ketones. It is shown in Figure 13.29. This alter-
native is based on the knowledge that good nucleophiles like the iodide ion or the phenyl -
thiolate ion undergo an SN2 reaction at the methyl group of the b-ketoester. The reaction is
carried out at temperatures above 100 °C. The b-ketocarboxylate leaving group decarboxy-
lates immediately under these conditions, producing the enolate of the desired ketone. This
enolate is protonated to the ketone either by acidic contaminants of the solvent or later, dur-
ing aqueous workup.
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Alkylation of Ketone Enolates

Ester-substituted ketone enolates are stabilized, and these enolates can be alkylated (ace-
toacetic ester synthesis). Alkylation is, however, also possible for enolates that are not stabi-
lized. In the case of the stabilized enolates, the alkylated ketones are formed in two or three
steps, while the nonstabilized enolates afford the alkylated ketones in one step. However, the
preparation of nonstabilized ketone enolates requires more aggressive reagents than the ones
employed in the acetoacetic ester synthesis.

Figure 13.30 shows that even sterically hindered ketone enolates can be alkylated. The car-
bon atom in the b-position relative to the carbonyl carbon of an a,b-dialkylated a,b-unsatu-
rated ketone can be converted into a quaternary C atom via 1,4-addition of an Gilman cuprate
(for conceivable mechanisms, see Figure 10.46). As can be seen, a subsequent alkylation
allows for the construction of another quaternary C atom in the a-position even though it is
immediately adjacent to the quaternary center generated initially in the b-position.

Diastereoselective alkylations of enolates may occur if the enolate is chiral, i.e., surrounded
by diastereotopic half-spaces. This was discussed in Section 3.4.1. In general, it is difficult to
predict the preferred side of reaction of the alkylating reagent on such enolates. For cyclic eno-
lates the situation is relatively simple, because these enolates always react from the less-hin-
dered side. Hence, for the methylation of the enolate in Figure 13.31, the reaction with methyl
iodide occurs equatorially, that is, from the side that is opposite to the axially oriented methyl
group at the bridgehead.

Bisenolates such as compound A derived from the acetoacetic ester in Figure 13.32 react
with one equivalent of alkylating reagent in a regioselective fashion to give the enolate C. This
could be the result of product development control, since the isomeric alkylation product

O O O

Me I

Li · MeCu

Me CuLi2
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Fig. 13.30. 1,4-Addition plus
enolate alkylation—a one-pot
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would be less stable. The enolate C resembles the nucleophile of the acetoacetic ester synthe-
sis (Figure 13.26) and can be alkylated likewise. One can employ different alkylating reagents
in the first and second alkylations to obtain a b-ketoester B with two new substituents. This
product may feature a substitution pattern that could not be constructed via a Claisen con-
densation (Figures 13.57 and 13.59), as is true for the example presented in Figure 13.32.

Alkylation of Lithiated Aldimines and Lithiated Hydrazones

The quantitative conversion of aldehydes into enolates with lithium amides hardly ever suc-
ceeds because an aldol reaction (cf. Section 13.1.2) occurs while the deprotonation with LDA
is in progress. Aldol additions also occur upon conversion of a small fraction of the aldehyde
into the enolate with a weak base (Section 13.3.1). Hence, it is generally impossible to alky-
late an aldehyde without the simultaneous occurrence of an aldol addition. There is only one
exception: certain a-branched aldehydes can be deprotonated to their enolates in equilibrium
reactions, and these enolates can be reacted with alkylating reagents to obtain tertiary alde-
hydes.

Since very few aldehydes can be converted into an a-alkylated aldehyde directly, there are
some “detours” available. Figure 13.33 shows such a detour for the conversion of an aldehyde
(without a-branching) into an a-alkylated aldehyde. First, the aldehyde is reacted with a pri-
mary amine—cyclohexyl amine is frequently used—to form the corresponding aldimine.
Aldimines can be deprotonated with LDA or sec-BuLi to give azaenolates. The success of the
deprotonation with sec-BuLi demonstrates that aldimines are much weaker electrophiles than
aldehydes: sec-BuLi would immediately add to an aldehyde. 

The obviously low electrophilicity of the C�N double bonds of aldimines precludes the
addition of the azaenolate to remaining aldimine in the course of aldimine deprotonation. The
aldimine enolate is obtained quantitatively and then reacted with the alkylating reagent. This
step results cleanly in the desired product, again because of the low electrophilicity of imines:
as the alkylation progresses, azaenolate and the alkylation product coexist without reacting
with each other, no aldol-type reaction, no proton transfer. All the azaenolate is thus converted
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into the alkylated aldimine. In step 3 of the sequence of Figure 13.33, the imine is subjected
to an acid-catalyzed hydrolysis, and the alkylated aldehyde results.

The formation of the alkylated aldimine in Figure 13.33 involves the generation of a stereo  -
center, yet without stereocontrol. The aldehyde derived from this aldimine consequently is
obtained as a racemate. Figure 13.34 shows how a variation of this procedure allows for the
enantioselective generation of the same aldehyde.

The “aldimine” of Figure 13.34 is a chiral and enantiomerically pure aldehydrazone C.
This hydrazone is obtained by condensation of the aldehyde to be alkylated, and an enan-
tiomerically pure hydrazine A, the S-proline derivative S-aminoprolinol methyl ether
(SAMP). The hydrazone C derived from aldehyde A is called the SAMP hydrazone, and the
entire reaction sequence of Figure 13.34 is the Enders SAMP alkylation. The reaction of the
aldehydrazone C with LDA results in the chemoselective formation of an azaenolate D, as in
the case of the analogous aldimine A of Figure 13.33. The C�C double bond of the azaeno-
late D is trans-configured. This selectivity is reminiscent of the E-preference in the deproto-
nation of sterically unhindered aliphatic ketones to ketone enolates and, in fact, the origin is
the same: both deprotonations occur via six-membered ring transition states with chair con-
formations. The transition state structure with the least steric interactions is preferred in both
cases. It is the one that features the C atom in the b-position of the C,H acid in the pseudo-
equatorial orientation.

The N—Li bond of azaenolate D lies outside the plane of the enolate. The structure cre-
ated via chelation is a rigid polycyclic species. In this structure, the 4 and 5 carbons of the
pyrollidine ring block one side of the azaenolate, resulting in facial selectivity during alkyla-
tion. The alkylation product E is formed preferentially with the S-configuration shown. Only
traces of the R-configured product are formed. 

The main and trace products are diastereoisomers, which can be completely separated by
using chromatography. The separation affords a diastereomerically and enantiomerically pure
SAMP hydrazone E.
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AFig. 13.33. a-Alkylation of
an aldehyde via an imine

derivative.



In the third step of the reaction sequence depicted in Figure 13.34, the hydrazone E is con-
verted into the desired sterically homogeneous aldehyde. This transformation can be achieved,
for example, by ozonolysis of the C�N double bond. One of the products of ozonolysis is the
desired enantiomerically pure a-butylated butanal. The other product of the ozonolysis also is
valuable, since it is the nitroso derivative B of reagent A. The N�O group of B can be reduced
to give an amino group to regenerate A from B. The possibility of recycling valuable chiral
auxiliaries greatly enhances the attractiveness of any method for asymmetric synthesis.

The strategy of Figure 13.34 also is suitable for the synthesis of enantiomerically pure
a-alkylated ketones. Figure 13.35 shows a procedure for the synthesis of the S-configured
6-methyl-2-cyclohexenone. The desired S-configuration is achieved with the help of a so-
called RAMP hydrazone C, which is a derivative of the R-aminoprolinol methyl ether A. In
step 2 of the RAMP procedure, hydrazone C is deprotonated with LDA to give the azaeno-
late D. This deprotonation occurs with the same regioselectivity as the formation of the
kinetic enolate A in the reaction of cyclohexenone with LDA. The common regioselectivi-
ties have the same origin. Deprotonations with LDA prefer cyclic transition state structures
that are six-membered rings and include the heteroatom of the acidifying C�X double bond
(X = O, N).
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As with the azaenolate of Figure 13.34, the azaenolate D in Figure 13.35 contains a chelate.
As before a preferred conformation of the azaenolate and a rigid structure results in high
diastereoselectivity during alkylation. The kethydrazone E is formed with high diastereo-
selectivity and, after chromatographic separation, it is obtained in 100% stereochemically
pure form.

To complete the reaction sequence of Figure 13.35, the desired alkylated ketone needs to
be released from the kethydrazone. Ozonolysis cannot be used in the present case. Ozonoly-
sis would cleave not only the C�N double bond but also the C�C double bond. Another
method must therefore be chosen. The kethydrazone is alkylated to give an iminium ion. The
iminium ion is much more easily hydrolyzed than the hydrazone itself, and mild hydrolysis
yields the desired S-enantiomer of 6-methyl-2-cyclohexenone. The other product of hydroly-
sis is a RAMP derivative. This RAMP derivative carries a methyl group at the N atom and can-
not be recycled to the enantiomerically pure chiral auxiliary A that was employed initially.
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13.2.2  Chain-Elongating Syntheses of Carboxylic Acid Derivatives

Malonic Ester Synthesis of Substituted Acetic Acids

Malonic ester syntheses are the classical analog of acetoacetic ester syntheses of methyl
ketones. Neither case requires the use of an amide base for the enolate formation, and in both
cases alkoxides suffice to deprotonate the substrate completely. Malonic esters are active-
methylene compounds just like acetoacetic ester and its derivatives.

One equivalent of NaOEt in EtOH deprotonates diethyl malonate completely to give the
sodium enolate A (Figure 13.36). This enolate is monoalkylated upon addition of an alkylat-
ing reagent such as BuBr, and a substituted malonic ester C is formed. During the alkylation
reaction, the substituted malonic ester C reacts to a certain extent with some of the enolate A,
resulting in the butylated enolate B and unsubstituted neutral malonic ester. It is for this rea-
son that the reaction mixture contains two nucleophiles—the original enolate A and the buty-
lated enolate B. The alkylation of A with butyl bromide is much faster than that of B, since A
is less sterically hindered than B. The main product is therefore the product of monoalkyla-
tion. Distillation can be used to separate the main product from small amounts of the product
of dialkylation.

The butylated malonic ester C of Figure 13.36 is not the actual synthetic target of the malonic

ester synthesis of substituted acetic acids. Instead, C is subjected to further transformations as
shown in Figure 13.37. Ester C first is hydrolyzed with acid catalysis to afford the corre-
sponding alkylated malonic acid (for the mechanism, see Figure 6.22). The alkylated malonic
acid then is heated either directly in the hydrolysis mixture or after it has been isolated. This
heating leads to decarboxylation. The mechanism of this decarboxylation resembles the mech-
anism of the decarboxylation of b-ketocarboxylic acids (see Figure 13.27), and it involves a
cyclic, six-membered ring transition state in which three valence electron pairs are shifted at
the same time. The primary products of this decomposition are carbon dioxide and the enol of
the carboxylic acid. The enol immediately tautomerizes to give the carboxylic acid. This car-
boxylic acid—an alkylated acetic acid—represents the typical final product of a malonic ester
synthesis.

Both acidic H atoms of a malonic ester can be replaced by alkyl groups. These dialkylated
malonic esters are formed by successively removing the acidic protons with sodium alkoxide
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and treatment of the enolates with an alkylating reagent. The subsequent hydrolysis and decar-
boxylation of these dialkylated malonic esters affords a,a-dialkylated acetic acids as another
class of products accessible via the malonic ester synthesis.

If one employs monofunctional alkylating reagents in the alkylation of malonic esters, one
obtains dialkylated acetic acids in which the two a-alkyl groups are not connected with each
other. On the other hand, if one employs a difunctional alkylating reagent, the dialkylated
acetic acid synthesized is a cycloalkane carboxylic acid. This is the case when the second alky-
lation occurs in an intramolecular instead of an intermolecular fashion. Over 100 years ago,
Perkin employed this principle and succeeded at the synthesis of cyclopropane carboxylic acid
(Figure 13.38), the first cyclopropane derivative ever made. Until that time, the synthesis of a
cyclopropane was thought to be impossible because of its high Baeyer strain (“angular
strain”).

Figure 13.39 shows that malonic ester syntheses can also lead to acetic acid derivatives
with a heteroatom in the a-position. The benzylation of (acetamido)malonic acid diethyl ester



(A) produces the disubstituted malonic ester B. Hydrobromic acid hydrolyzes the ester func-
tions of B—which, upon heating, is followed by the usual decarboxylation—as well as the
acetamido group. The reaction product is the hydrobromide C of the a-amino acid phenyl -
alanine. 

Alkylation of Ester Enolates

Ester enolates are generated by the reaction between an ester and LDA at –78 °C in THF, eno-
late formation usually being “E”-selective (Figure 13.16). The “Z”-enolate is obtained in
analogous deprotonations of esters that carry an alkoxy group in the a-position relative to the
C�O double bond (Figure 13.40). Product development control is the reason for the latter
stereochemical outcome: the “Z”-enolate and the lithium form an energetically favored five-
membered chelate ring.

Many ester enolates can be alkylated, and this is irrespective of whether they are “E”- or
“Z”-configured. The example of Figure 13.40 shows the butylation of a “Z”-configured a-
oxygenated ester enolate. The butylated ester B is both a benzyl ester and benzyl ether. The
two benzylic C—O bonds in this compound can be removed subsequently by way of
hydrogenolysis (see Figure 17.51). Overall, this reaction sequence represents a method that
allows for the elongation of alkylating agents to a-hydroxycarboxylic acids A.

Diastereoselective Alkylation of Chiral Ester and Amide Enolates: Generation 
of Enantiomerically Pure Carboxylic Acids with Chiral Centers in the a-Position

The alkylation of an achiral ester enolate to give an a-alkylated carboxylic ester can generate
a new stereocenter. If so, this stereocenter is formed without stereocontrol. For such a sub-
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strate, the two half-spaces above and below the enolate plane are enantiotopic. Consequently,
the reaction of an achiral alkylating reagent occurs from both faces with the same rate con-
stant (cf. discussion of Section 3.4.1). Thus, one obtains the alkylated ester as a racemic mix-
ture. In the alkylation of an achiral amide enolate, the outcome is entirely analogous: the
resulting a-alkylated amide either is achiral or a racemate.

The situation changes when chiral ester enolates or chiral amide enolates are alkylated.
There, the half-spaces on the two sides of the enolate planes of the substrates are
diastereotopic, and alkylating reagents can react from one of the sides selectively (see discus-
sion in Section 3.4.1). Stereogenic alkylations of such enolates therefore may take place
diastereoselectively.

Side Note 13.4 presents the diastereoselective alkylation of a very special ester enolate in
which one can easily understand what the stereocontrol observed is based upon. However,
only very specific carboxylic acid derivatives are made accessible by those alkylations. Much
more broadly applicable diastereoselective alkylations of chiral ester or amide enolates will be
introduced in Figures 13.42 and 13.43. Figure 13.42 shows alkylations of a propionic acid
ester—derived from an enantiomerically pure chiral alcohol—via the “E”- and “Z”-enolate.
Figure 13.43 illustrates alkylations of two propionic acid amides, where in each case the
N atom is part of an enantiomerically pure heterocycle, proceeding via the respective Z-con-
figured amide enolates.

Compound A (Figure 13.41) was introduced in Section 9.2.2 as “a kind of O,O acetal.” Here
you will see how asymmetric synthesis may take advantage of the fact that the “acetal” car-
bon atom of this compound is a stereocenter that uniformly displays the absolute configura-
tion given here. In the reaction with the base LDA, the compound A acts as an ester, i.e., it
undergoes deprotonation to the ester enolate B. If the latter is alkylated, the bulky tert-butyl

Side Note 13.4.
An Enolate Alkylation

with “Self-Reproduction
of Chirality”
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residue at the “acetal” carbon atom ensures that the alkylating agent exclusively approaches
the enolate from the opposite side of the molecule. This is why the alkylation products C are
obtained with high diastereoselectivity. They may then be hydrolyzed to yield the enan-
tiomerically pure a-hydroxy carboxylic acid D (or be reduced to the enantiomerically pure
1,2-diols E). 

The lactic acid, which initiates the reaction sequence S-lactic acid → “acetal” A → eno-
late B → “acetal” C → R hydroxycarboxylic acid D, has a stereocenter with a well-defined
absolute configuration that is destroyed in the enolate intermediate B, but finally restored in
the hydroxycarboxylic acid C. This is why the principle concerning the stereochemistry of the
key step (“acetal” A → enolate B → “acetal” C) is referred to as the “self-reproduction of chi-
rality.”

Both enantiomers of camphor are commercially available. One of the camphor enantiomers
can be converted into the enantiomerically pure, chiral alcohol contained in the propionic acid
ester A in five steps. Ester A is employed in the Helmchen synthesis of Figure 13.42. The
enantiomer of this ester can be obtained from the other camphor isomer. Each of these esters
can be alkylated with high diastereoselectivity, as shown in Figure 13.42 for two alkylations
of ester A. The highest selectivities are achieved if the ester is deprotonated at –78 °C with
lithium cyclohexyl isopropyl amide. This reagent is an amide base with a somewhat higher
steric demand than LDA. The deprotonation with this reagent is a stereogenic reaction just like
the LDA deprotonation of the propionic acid esters of Figures 13.16 and 13.17, and the same
stereoselectivities result: in pure THF propionic acid ester A yields the “E”-enolate with high
diastereoselectivity (Figure 13.42, left). In THF/HMPA mixtures, on the other hand, the reac-
tion of the same propionic acid ester A with the same base occurs with complete reversal of
stereochemistry, i.e., yields the “Z”-enolate (Figure 13.42, right). Accordingly, THF/HMPA
mixtures have the same effect on the stereoselectivity of ester enolate formation as we dis-
cussed for THF/DMPU mixtures in the context of Figure 13.17. Fortunately, in this case the
HMPA (carcinogenic) can be replaced by DMPU (not carcinogenic). This option was not
known at the time when the investigations described in Figure 13.42 were carried out.

The chiral alcohol group in Figure 13.42 was chosen to differentiate as much as possible
between the half-spaces on both sides of the enolate plane. One half-space should be left
entirely unhindered while the other should be blocked as completely as possible. The reaction
of the alkylating reagent then occurs preferentially, and in the ideal case exclusively, from the
unhindered half-space. The stereostructures of the two ester enolates of Figure 13.42 therefore
model the enolate moieties of the (early!) transition states of these alkylations. The part of the
transition state structure that contains the alkylating reagent is not shown.

It is assumed that the preferred conformation of the substructure C�C—O—C of the “E”-
configured ester enolate in the preferred transition state of the alkylation is that depicted in
the center of the left-hand column of Figure 13.42. In the projection shown, the alkylating
reagent reacts with the enolate from the front side for the reasons just stated. The reaction
occurs with a diastereoselectivity of 97:3. Chromatography allows for the complete separation
of the main diastereoisomer from the minor diastereoisomer. Reduction of the main
diastereoisomer (for the mechanism, see Section 17.4.3) affords the alcohol B, a derivative of
S-a-benzyl propionic acid, with 100% ee. Hydrolysis of the benzylated esters without iso-
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merization is impossible, however, so that optically active a-benzylpropionic acids cannot be
obtained in this way. The center of the right-hand column of Figure 13.42 shows the assumed
stereostructure of the substructure C�C—O—C of the “Z”-configured ester enolate in the
preferred transition state of the alkylation. In the chosen projection, the alkylating reagent
again reacts from the front side. With a diastereoselectivity of 95:5, the benzylated ester that
was the minor product in the alkylation of the “E”-configured ester enolate is now formed as
the main product. Again, chromatography allows one to separate the minor from the major
diastereoisomer. The main product is then reduced without any isomerization to afford the
alcohol ent-B with an ee value of 100%.

Why are the benzylated esters of Figure 13.42 not obtained with higher diastereoselectiv-
ities than 95 or 97%, respectively? One possible reason lies in the failure of both the “E”- and
the “Z”-enolate to form with perfect stereocontrol. Small contaminations of these enolates by
just 5 or 3% of the corresponding enolate with the opposite configuration would explain the
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observed amounts of the minor diastereoisomers, even if every enolate were alkylated with
100% diastereoselectivity.

Only chiral propionic acid amides can be alkylated with still higher diastereoselectivity
than chiral propionic acid esters. This is because according to Figure 13.18, the selectivity for
the formation of a “Z”-configured amide enolate is higher than the selectivities that can be
achieved in the conversion of esters to the “E”- and “Z”-enolates. The alkylation of the “Z”-
configured lithium enolates of the two enantiomerically pure propionic acid amides in the
Evans synthesis of Figure 13.43 proceeds with particularly high diastereoselectivity. These
amide enolates contain an oxazolidinone ring, and the presence of this ring causes conforma-
tional rigidity of the enolates: lithium bridges between the enolate oxygen and the carbonyl
O atom of the heterocycle to form a six-membered ring.

Both oxazolidinones in Figure 13.43 are selected such that the substituent marked by a red
circle occupies one of the two half-spaces of the enolate. The oxazolidinone to the left in Fig-
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ure 13.43 can be prepared from S-valine in two steps. The isopropyl group ensures that the
most stable transition state for the alkylation of the “Z-enolate 1” involves reaction of the alky-
lating reagent from the front side (with respect to the selected projection). The alkylating
agent thus reacts preferentially from the side opposite to the isopropyl group. Similar consid-
erations apply to the most stable transition state structure of the alkylation of the oxazolidi-
none “Z-enolate 2” in Figure 13.43. This transition state results from the backside reaction of
the alkylating agent (again with regard to the projection drawn). But again, this is a reaction
from that side of the molecule that is opposite to the substituent marked by the red circle.

The alkylations of the oxazolidinone-containing amide enolate of Figure 13.43 occur with
diastereoselectivities of 93:7 and > 99:1, respectively. The hydrogen peroxide-accelerated
alkaline hydrolysis of these compounds occurs with complete retention of the previously
established configuration at the a-stereocenter. To date, the Evans synthesis offers the most
versatile access to enantiomerically pure a-alkylated carboxylic acids.

13.3  Hydroxyalkylation of Enolates with Carbonyl
Compounds (“Aldol Addition”): Synthesis 
of b-Hydroxyketones and b-Hydroxyesters

An “aldol addition” involves the addition of the a-C atom of a carbonyl compound, a car-
boxylic acid, a carboxylic ester, or a carboxylic amide to the C�O double bond of an alde-
hyde or a ketone. The products of aldol- additions are b-hydroxylcarbonyl compounds
(aldols), b-hydroxycarboxylic acids, b-hydroxycarboxylic esters, or b-hydroxycarboxylic
amides.

13.3.1  Driving Force of Aldol Additions and Survey of Reaction Products

The addition of an alkaline earth metal enolate A to a carbonyl compound is always an exer-
gonic process irrespective of whether the enolate is derived from a ketone, an ester, or an
amide and whether the carbonyl compound is an aldehyde or a ketone (Figure 13.44, top). One
of the reasons for this exergonicity lies in the fact that the alkaline earth metal ion is part of a
chelate in the alkoxide B of the aldol addition product. The driving forces for the additions of
alkaline earth metal enolates of esters and amides to carbonyl compounds are further
increased because the aldol adducts B are resonance-stabilized, whereas the enolates are not.

Table 13.6 shows the various aldol adducts that can be obtained if one reacts a quantita-
tively formed ester enolate or a quantitatively formed (kinetic) ketone enolate with three rep-
resentative carbonyl compounds. Crossed aldol adducts are adducts that result from the addi-
tion of the enolate of one carbonyl compound to the C�O double bond of a second carbonyl
compound (center column in Table 13.6).

558 13 Chemistry of the Alkaline Earth Metal Enolates



In principle it also is possible to obtain the b-hydroxycarbonyl compounds directly in neu-
tral form rather than in form of their alkoxides (Figure 13.44, bottom). This is accomplished
by the reaction of one carbonyl compound or of a mixture of two carbonyl compounds with a
catalytic amount of MOH or MOR. Aldehyde enolates and ketone enolates are then formed in
small amounts (see the Rule of  Thumb at the beginning of Section 13.1.2). These enolates add
to the C�O double bond of the starting substrate molecules or, if a mixture of carbonyl com-
pounds is employed, they add to the C�O double bond of the more reactive of the carbonyl
compounds. The alkoxides B of the aldol adducts are formed initially but are converted imme-
diately and quantitatively into the aldols by way of protonation.

This base-catalyzed aldol addition is an equilibrium reaction, and all steps of this reaction
are reversible. The free enthalpy of reaction ΔGr° of such aldol reactions is close to zero. In
fact, ΔGr° is negative only if there are “many H atoms” among the substituents R1, R2, and R3

of the two reacting components (structures in Figure 13.44, bottom). Otherwise, the formation
of the aldol adduct is endergonic because of the destabilization due to the van-der-Waals
repulsion between these substituents. A base-catalyzed aldol addition between two ketones,
therefore, is never observed.

Esters and amides are much weaker C,H acids than aldehydes and ketones. Neither the
ester nor the amide is deprotonated to any significant extent if a base such as MOH or MOR

55913.3 Hydroxyalkylation of Enolates with Carbonyl Compounds (“Aldol Addition”)
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is added to a mixture of these esters or amides with a carbonyl compound. Hence, neither
esters nor amides afford aldol adducts in base-catalyzed reactions.

13.3.2  Stereocontrol

The preparation of aldol adducts may occur with simple diastereoselectivity. A definition of
the term was given in Section 11.1.3. In a slightly different formulation, simple diastereose-
lectivity means that a single relative configuration is established at two neighboring C atoms
that become stereocenters for the following reasons: (1) Both C atoms were sp2-hybridized in
the reactants; one was part of a nonhomotopic C�X double bond and the other was part of a
nonhomotopic C�Y double bond. (2) The formation of a s-bond between these C atoms
causes them to be sp3-hybridized in the reaction product.

The simple diastereoselectivity of aldol reactions was first studied in detail for the Ivanov
reaction (Figure 13.45). The Ivanov reaction consists of the addition of a carboxylate enolate
to an aldehyde. In the example of Figure 13.45, the diastereomer of the b-hydroxycarboxylic
acid product that is referred to as the anti-diastereomer is formed in a threefold excess in com-
parison to the syn-diastereoisomer. Zimmerman and Traxler suggested a transition state model
to explain this selectivity, and their transition state model now is referred to as the Zimmer-
man–Traxler model (Figure 13.46). This model has been applied ever since with good suc-
cess to explain the simple diastereoselectivities of a great variety of aldol reactions.

The key idea of the Zimmerman–Traxler model is that aldol additions proceed via six-
membered ring transition state structures. In these transition states, the metal (a magnesium
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cation in the case of the Ivanov reaction) coordinates both to the enolate oxygen and to the
O atom of the carbonyl compound. By way of this coordination, the metal ion guides the
approach of the electrophilic carbonyl carbon to the nucleophilic enolate carbon. The
approach of the carbonyl and enolate carbons occurs in a transition state structure with a chair
conformation. C—C bond formation is fastest in the transition state with the maximum num-
ber of pseudo-equatorially oriented and therefore sterically unhindered substituents.

The application of the Zimmerman–Traxler model to the specific case of the Ivanov reac-
tion of Figure 13.45 is illustrated in Figure 13.46. The reaction proceeds preferentially through
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transition state B and its mirror image ent-B and results in the formation of a racemic mixture
of the enantiomers A and ent-A of the main diastereoisomer. Both phenyl groups are pseudo-
equatorial in these transition states. All other transition state structures are less stable because
they contain at least one phenyl group in a pseudo-axial orientation. For example, the phenyl
group of the enolate is in a pseudoaxial position in transition state C and its mirror image ent-
C. In transition state D and its mirror image ent-D, the phenyl groups of the benzaldehyde
occupy pseudo-axial positions. The latter transition state structures are therefore just as dis -
favored as the pair C and ent-C. In fact, the syn-configured minor product of the Ivanov reac-
tion, a racemic mixture of enantiomers E and ent-E, must be formed via the transition states
C and ent-C or via D and ent-D, but it is not known which path is actually taken.

The anti adducts A/ent-A also could, in principle, result via the pair of transition states that
contain both phenyl groups in pseudo-axial positions. This reaction path might contribute a
small amount of the anti adduct, but this is rather improbable.

Lithium enolates of ketones and esters also add to aldehydes by way of Zimmerman–
Traxler transition states. However, the Li—O bond is weaker and longer than the Mg—O
bond. The lithium-containing transition state structures thus are less compact than those con-
taining Mg. Therefore, in a Li-containing Zimmerman–Traxler transition state, a pseudo-axial
and thus unfavorably positioned aldehyde substituent suffers only a weak gauche interaction
with the skeleton of the six-membered ring. In fact, this destabilization generally is too small
to render such a transition state structure inaccessible. Hence, the addition of lithium enolates
to aldehydes only occurs with high diastereoselectivity if the aldehyde substituent does not
assume a pseudo-axial position as the consequence of another destabilizing interaction.

Heathcock identified such a destabilizing interaction in the 1,3-diaxial interaction of the
aldehyde substituent with a substituent at the C atom to which the enolate oxygen is attached.
In spite of the relatively long Li—O distance, this 1,3-interaction can be sufficiently strong if
the substituent of the aldehyde is extremely bulky. In that case, and only in that case, the alde-
hyde group is forced into the pseudo-equatorial orientation also in a lithium-containing Zim-
merman–Traxler transition state. If, in addition, the lithium enolate of the aldehyde contains
a homogeneously configured C�C(—O�) double bond, a highly diastereoselective aldol
addition of a lithium enolate occurs. Two configurationally homogeneous lithium enolates
with suitably bulky substituents are the Z-configured ketone enolate of Figure 13.47 with its
Me2C(OSiMe3) group and the “E”-configured ester enolate of Figure 13.48 with its (2,6-di-
tert-butyl-4-methoxyphenyl)oxy group.

The ketone enolate A of Figure 13.47 is generated in a Z-selective fashion (as we saw in
Figure 13.15). The bulky and branched enolate substituent destabilizes the Zimmerman–
Traxler transition state C by way of the discussed 1,3-diaxial interaction, while the transition
state structure B is not affected. Hence, the aldol addition of enolate A occurs almost exclu-
sively via transition state B, and the syn-configured aldol adducts D (Figure 13.47) are formed
with a near-perfect simple diastereoselectivity. The acidic workup converts the initially
formed trimethysilyloxy-substituted aldol adducts into the hydroxylated aldol adducts.

It is for good reason that the bulky ketone substituent of enolate A contains a Me3SiO
group, which is carried on into the syn-configured aldol adduct: its acid-catalyzed hydrolysis
affords an OH group in the a-position of the C�O double bond. Such an a-hydroxycarbonyl
compound can be oxidatively cleaved with sodium periodate to afford a carboxylic acid (cf.
Section 9.1.1). The mechanism of this oxidation is described later in connection with Fig-
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ure 17.23. It involves the oxidation of the corresponding hydrate of the carbonyl compound.
The hydrate of the a-hydroxycarbonyl compound is formed in an equilibrium reaction. This
oxidation converts the syn-configured aldol adduct D—which contains a synthetically less
useful ketone substituent—into a synthetically more valuable syn-configured b-hydroxycar-
boxylic acid, E.

The aldol addition of Figure 13.47 can also be carried out in such a fashion that the crude
silyl ether-containing aldol adducts are treated directly with periodic acid without prior aque-
ous workup. In that case, the silyl ether and a-hydroxyketone cleavages both occur in one
operation.
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Anti-configured b-hydroxycarboxylic acids are accessible via the reaction sequence
depicted in Figure 13.48. The ester enolate A is generated by using LDA in THF with the usual
“E”-selectivity (see Figure 13.16). The enolate contains a phenyl group with two ortho-
attached tert-butyl groups. A phenyl substituent with such a substitution pattern must be
twisted out of the plane of the enolate. This is true also in the Zimmerman–Traxler transition
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states B and C. One of the tert-butyl groups ends up directly on top of the chair structure.
Being forced into this position above the ring, the tert-butyl group necessarily repels the non-
hydrogen substituent of the aldehyde in transition state structure C. The associated destabi-
lization of C does not occur in the diastereomeric transition state B. The aldol addition of Fig-
ure 13.48 thus proceeds exclusively via B, and perfect simple diastereoselectivity results.

The reaction mixture of Figure 13.48 is worked up such that it yields the b-acetoxycar-
boxylic acid esters D instead of the b-hydroxycarboxylic acid esters. These products are
obtained with diastereoselectivities ds > 98:2; and this is independent of the nature of the alde-
hyde employed. The acetoxyesters D are prepared instead of the hydroxyesters because the lat-
ter would not survive the ester cleavage still to come. The problem is that this ester group can-
not be taken off by way of hydrolysis because it is so bulky. However, it can be removed via
oxidation with ceric ammonium nitrate, a quinone being the leaving group. The resulting b-
hydroxycarboxylic acids E retain the high anti-stereochemistry established in C.

13.4  Condensation of Enolates with Carbonyl 
Compounds: Synthesis of Michael Acceptors

13.4.1  Aldol Condensations

An aldol reaction is a reaction between two carbonyl compounds in which one carbonyl com-
pound plays the role of a nucleophile while the other carbonyl compound acts as an elec-
trophile. The term “aldol reaction” covers two types of reactions, aldol additions (see Sec-
tion 13.3) and aldol condensations. The aldol reactions that lead to b-hydroxycarbonyl
compounds belong to the class of aldol additions. Aldol condensations start from the same
substrates but result in a,b-unsaturated carbonyl compounds (Figure 13.49).

Aldol reactions often proceed as aldol condensations if the participating aldehyde or
ketone enolates C are formed only in equilibrium reactions, i.e., incompletely (Figure 13.49).
Under these reaction conditions an aldol addition occurs first: it leads to the formation of D
proceeding by way of the mechanism shown in Figure 13.44 (bottom). Then an E1cb elimina-
tion takes place: in an equilibrium reaction, aldol D forms a small amount of enolate E, which
eliminates NaOH or KOH.

If a stereogenic double bond is established by this E1cb elimination, one usually observes
a trans- or an E-selectivity. This experimental finding could have two origins: (1) product
development control (Section 4.1.3), if the stereoselectivity occurs under kinetic control, or
(2) thermodynamic control. Thermodynamic control comes into play if the cis,trans- or E,Z-
isomeric condensation products can be interconverted via a reversible 1,4-addition of NaOH
or KOH. In the trans- or E-isomer of an a,b-unsaturated carbonyl compound the formyl or
acyl group may lie unimpeded in the plane of the C�C double bond. This geometry allows
one to take full advantage of the resonance stabilization �C�C—C�O ↔ �C—C�C—O��.

56513.4 Condensation of Enolates with Carbonyl Compounds: Synthesis of Michael Acceptors
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On the other hand, in the cis- or Z-isomer of an a,b-unsaturated carbonyl compound the
formyl or acyl group interferes to such an extent with the substituent at the other end of the
C�C double bond that a planar geometry is no longer possible and the resonance stabiliza-
tion consequently is reduced.

As with MOH- or MOH-catalyzed aldol additions (M = Na or K; Figure 13.44), MOH- or
MOH-catalyzed aldol condensations (M = Na or K) can be carried out only with aldehyde or
ketone enolates, not with ester or amide enolates. The reason for this is the same as discussed
before, namely, that ester and amides are less acidic than carbonyl compounds and the
amounts of enolate they form with the bases mentioned are much too small.

According to Figure 13.44, ketones often do not engage in base-catalyzed aldol additions

because of a lack of driving force. Hence, ketones also are less suitable electrophiles than
aldehydes in aldol condensations. However, for ketones, too, the elimination step is irre-
versible and they can therefore form a,b-unsaturated carbonyl compounds. It is not always
possible to isolate the a,b-unsaturated carbonyl compounds thus formed. If the C-b atom is
not sterically hindered, these products can act as electrophiles and add any residual ketone
enolate; the a,b-unsaturated carbonyl compound acts as a Michael acceptor in this case (Sec-
tion 13.6.1).

A broad spectrum of a,b-unsaturated carbonyl compounds becomes accessible in this way
because a great variety of aldehydes is suited for aldol condensation. Table 13.7 exemplifies
the broad scope by way of the reactions of an aldehyde enolate (center) and of the enolate of
an unsymmetrical ketone (right). The right column of Table 13.7 also shows that the regio -
selectivity of the aldol condensation of the ketone is not easy to predict. Subtle substituent
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Tab. 13.7 Representative a,b-Unsaturated Carbonyl Compounds Generated by Aldol Condensations of Car-
bonyl Compounds with Selected Aldehydes (M� = Na� or K�)
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effects decide whether in a given case the thermodynamic enolate A or the kinetic enolate B
(present in much smaller amounts) is responsible for the reaction. The thermodynamic eno-
late leads to the aldol addition, while the kinetic enolate leads to the aldol condensation.

Only one of the aldol condensations of Table 13.7 (top, center) concerns the reaction of a
carbonyl compound with itself. In all other reactions of Table 13.7, the a,b-unsaturated car-
bonyl compounds are formed by two different carbonyl compounds. Such aldol condensations
are referred to as crossed aldol condensations (cf. the discussion of crossed aldol additions
in Section 13.3.1).

Of course, it is the goal of a crossed aldol condensation to produce a single a,b-unsatu-
rated carbonyl compound. One has to keep in mind that crossed aldol condensations may
result in up to four constitutionally isomeric condensation products (starting from two alde-
hydes or an aldehyde and a symmetric ketone) or even in eight constitutional isomers (start-
ing with an aldehyde and an unsymetrical ketone). These maximum numbers of structural iso-
mers result if both starting materials
• can react as electrophiles and as nucleophiles
• can react with molecules of their own kind as well as with other molecules. The product

variety is further increased if
• unsymmetrical ketones can react via two regioisomeric enolates.

Crossed aldol condensations occur with chemoselectivity only if some of the foregoing options
cannot be realized. The following possibilities exist.

1) Ketones generally react only as nucleophiles in crossed aldol additions because the
addition of an enolate to their C�O double bond is thermodynamically disadvanta-
geous (Figure 13.44).

2) Benzaldehyde, cinnamic aldehyde, and their derivatives do not contain any a-H atoms;
therefore, they can participate in crossed aldol additions only as electrophiles.

3) Formaldehyde also does not contain an a-H atom. However, formaldehyde is such a
reactive electrophile that it tends to undergo multiple aldol additions instead of a sim-
ple aldol condensation. This type of reaction is exploited in the pentaerythritol synthe-
sis.

These guidelines allow one to understand the following observations concerning crossed aldol
condensations that proceed via the mechanism shown in Figure 13.49.
1) Crossed aldol condensations between benzaldehyde or cinnamic aldehyde or their deriva-

tives ketones pose no chemoselectivity problems. The least sterically hindered ketone, ace-
tone, may condense with benzaldehyde, cinnamic aldehyde, and their derivatives with both
enolizable positions if an excess of the aldehyde is employed.

2) Crossed aldol condensations between aliphatic aldehydes and ketones succeed only in two
steps via the corresponding crossed aldol adducts. The latter can be obtained by adding the
aldehyde dropwise to a mixture of the ketone and base. The aldol adducts subsequently
must be dehydrated with acid catalysis.

3) Crossed aldol condensations between aliphatic aldehydes on the one hand and benzalde-

hyde or cinnamic aldehyde or their derivatives on the other also are possible. The reaction
components can even be mixed together. The aldol adducts are formed without chemo-

Chemoselectivity 
of Crossed Aldol

 Condensations
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Side Note 13.5.
Aldol Condensations 
of Ester Enolates

56913.4 Condensation of Enolates with Carbonyl Compounds: Synthesis of Michael Acceptors

selectivity, as a mixture of isomers, but their formation is reversible. The E1cb elimination
to an a,b-unsaturated carbonyl compound is fast only if the newly created C�C double
bond is conjugated to an aromatic system or to another C�C double bond already present
in the substrate. This effect is due to product development control. All the starting materi-
als thus react in this way via the most reactive aldol adduct.

4) Chemoselective crossed aldol condensations between two different C,H-acidic aldehydes

are impossible. There is only a single exception, and that is the intramolecular aldol con-
densation of an unsymmetrical dialdehyde.

Ester enolates and aldehydes normally undergo aldol additions, as illustrated in the example
of Figure 13.48, but not aldol condensations. Of course, these aldol adducts can subsequently
be dehydratized to furnish aldol condensates. This Side Note, however, is intended to show
that certain ester enolates may also undergo aldol condensations in a single step upon reac-
tion with certain aldehydes. 

Figure 13.50 outlines how esters in general (not shown) and especially lactones (shown)
can be prepared for a one-step aldol condensation with an aldehyde: they are exposed to a
mixed (“crossed”) Claisen condensation with formic acid methyl ester (cf. Figure 13.59, first
line). Like all Claisen condensations (Section 13.5.1), this also first leads to the formation of
the enolate of the acylated ester. Unlike other Claisen condensations, this enolate is isolated.
Resonance form B identifies it as a formylated ester- or lactone enolate and resonance form
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B′ as an ester- or lactone-substituted aldehyde enolate. Such enolates undergo condensations
with all kinds of aldehydes, including paraformaldehyde. An adduct E is formed initially, acy-
lating itself as soon as it is heated. The reaction could proceed intramolecularly via the tetra-
hedral intermediate D or intermolecularly as a retro-Claisen condensation. In both cases, the
result is an acyloxy-substituted ester enolate. In the example given in Figure 13.50, this is the
formyloxy-substituted lactone enolate C. As in the second step of an E1cb elimination, C elim-
inates the sodium salt of a carboxylic acid. The a,b-unsaturated ester (in Figure 13.50: the
a,b-unsaturated lactone) remains as the aldol condensation product derived from the initial
ester (here, a lactone) and the added aldehyde (here, paraformaldehyde). 

Figure 13.51 shows a trick that allows the reaction of lactones with formaldehyde to yield
the corresponding aldol condensation product in a single step. These lactones are first car-
boxylated with (methoxymagnesium)monomethyl carbonate. Figure 13.63 shows how this
leads to the carboxylated lactone B shown here. The fact that only lactones can be activated in
this manner is due to their elevated C,H acidity compared to normal esters (cf. Figure 13.7).
In the second reaction of Figure 13.51, a change probably occurs from enolate to enol chem-
istry, since next a Mannich reaction (see Figures 12.14, 12.15) takes place to furnish the lac-
tone D. This lactone is an amino acid and, like all amino acids, occurs as a zwitterion (For-
mula C). Upon heating, this zwitterion undergoes fragmentation—just like the pyridinium
carboxylate in the last step of a decarboxylating Knoevenagel condensation (F → G, Fig-
ure 13.56) or like the sulfinate ion in the last step of the Julia–Kocienski olefination (E → F,
Figure 11.23). Thus, the a-methylene lactone E is formed.
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13.4.2  Knoevenagel Reaction

A Knoevenagel reaction is a condensation reaction between an active-methylene compound
(or the comparably C,H-acidic nitromethane) and a carbonyl compound. The product of a
Knoevenagel reaction is an alkene that contains two geminal acceptor groups (B in Fig-
ure 13.52) or one nitro group (B in Figure 13.53).

Knoevenagel reactions are carried out in mildly basic media—in the presence of piperidine,
for example—or in neutral solution—catalyzed by piperidinium acetate, for example. The
basicity of piperidine or of acetate ions, respectively, suffices to generate a sufficiently high
equilibrium concentration of the ammonium enolate of the active-methylene compound (A in
Figure 13.52) or to generate a sufficiently high equilibrium concentration of the ammonium
nitronate of the nitroalkane (A in Figure 13.53). The rather high acidity of the nitroalkanes
(Table 13.1) alternatively allows the formation of nitroalkenes by way of reaction of nitroalka-
nes with aldehydes in the presence of basic aluminum oxide powder as base.

The enolate A or the nitronate A, respectively, initially adds to the C�O double bond of
the aldehyde or the ketone. The primary product in both cases is an alkoxide, D, which con-
tains a fairly strong C,H acid, namely, of an active-methylene compound or of a nitroalkane,
respectively. Hence, intermediate D is protonated at the alkoxide oxygen and the C-b atom is
deprotonated to about the same extent as in the case of the respective starting materials. An
OH-substituted enolate C is formed (Figures 13.52 and 13.53), which then undergoes an
E1cb elimination, leading to the condensation product B. The Knoevenagel condensation and
the aldol condensation have in common that both reactions consist of a sequence of an eno-
late hydroxyalkylation and an E1cb elimination.
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The Knoevenagel reaction can be employed for the synthesis of a wide variety of conden-
sation products—as shown in Figure 13.54—because the carbonyl component as well as the
active-methylene component can be varied.

Malonic acid itself can react with aldehydes in the presence of piperidine by way of a 
Knoevenagel condensation. A decarboxylation occurs after the condensation, and this decar-
boxylation cannot be avoided. Figure 13.55 shows how the overall reaction can be employed
for the synthesis of cinnamic or sorbic acid. This reaction sequence occurs under much milder
conditions than the Perkin synthesis of cinnamic acids. (The Perkin synthesis consists of the
condensation of aromatic aldehydes with acetic acid anhydride in the presence of sodium
acetate.)

Mechanistic details about the decarboxylating Knoevenagel condensations between mal-
onic acid and the unsaturated aldehydes of Figure 13.55 are given in Figure 13.56. There is no
problem in assuming that the respective aldehyde itself is the electrophile in this Knoevenagel
reaction. But it is also possible that the piperidinium salt derived thereof acts as the elec-
trophile. This is why a question mark hovers above the first step of the mechanism in Fig-
ure 13.56. There is also a question as to the exact nature of the nucleophile. Certainly the
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nucleophile has to be a species with an enolate carbon. The conceivable candidates include the
malonic acid enolate D (malonic acid “monoanion”) or the malonic acid “dianion”. The mal-
onic acid “trianion” cannot be generated by bases that are as weak as piperidine or pyridine.
The nucleophilicity of the resulting enolates increases greatly in this order, while their con-
centrations in the corresponding deprotonation equilibria decrease drastically. The combined

effect of nucleophilicity and abundance determines which nucleophile initiates the Knoeve-
nagel condensation. It is therefore important to know the concentrations of the various
species.

It can be assumed that the small amount of piperidine in the reaction mixture is completely
protonated by malonic acid because piperidine is more basic than pyridine. Hence, only the
less basic pyridine is available for the formation of the malonic acid enolate D from free mal-
onic acid and for the formation of the malonic acid “dianion” from the malonic acid mono-
carboxylate C. The pKa value of malonic acid with regard to its C,H acidity should be close
to the pKa value of malonic acid diethyl ester (pKa = 13.3). The pKa value of malonic acid
monocarboxylate C with regard to its C,H acidity should be larger by at least a factor 10.
Hence, the concentration of the malonic acid enolate D in the reaction mixture must be by
many orders of magnitude higher than that of any malonic acid “dianion.” Due to the advan-
tages associated with this enormous concentration D could be the actual nucleophile in 
Knoevenagel condensations. 

On this basis, Figure 13.56 presents a plausible mechanism for the transformations
depicted in Figure 13.55. This mechanism is based on the assumption that the malonic acid
enolate D initially reacts with benzaldehyde or crotonaldehyde just as the enolates of the
active-methylene compounds. Thus, the malonic acid enolate and its unsaturated aldehydic
reaction partners should first react to furnish the alkylidene malonic acids B. If pyridine were
added to B in an equilibrium reaction (in terms of a Michael addition), the pyridinium-substi-
tuted malonic acid enolate E would be formed. This should undergo exergonic proton trans-
fer to give the pyridinium carboxylate F. This zwitterion F could undergo fragmentation in the
same way as described for the zwitterion C in Figure 13.51 to furnish the a,b-unsaturated car-
boxylic acids G as well as pyridine and carbon dioxide.
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13.5  Acylation of Enolates

13.5.1 Acylation of Ester Enolates

A Claisen condensation is the acylation of an ester enolate by the corresponding ester. By
deprotonating an ester with MOR, only a small concentration of the ester enolate is generated
and this enolate is in equilibrium with the ester (cf. Table 13.1). The mechanism of the Claisen
condensation is illustrated in detail in Figure 13.57 for the example of the condensation of
ethyl butyrate. Both the deprotonation of the ester to give enolate A and the subsequent acy-
lation of the latter are reversible. This acylation occurs via a tetrahedral intermediate (B in Fig-
ure 13.57) just like the acylations of other nucleophiles (Chapter 6). The equilibrium between
two molecules of ethyl butyrate and one molecule each of the condensation product C and
ethanol does not lie completely on the side of the products. In fact, Claisen condensations go
to completion only
• if a stoichiometric amount of alkoxide is present, or
• if a stoichiometric amount of alkoxide can be generated from the one equivalent of alco-

hol liberated in the course of the Claisen condensation and a stoichiometric amount of Na
or NaH.

57513.5 Acylation of Enolates
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What is the effect of the stoichiometric amount of strong base that allows the Claisen con-
densation to proceed to completion? The b-ketoester C, which occurs in the equilibrium, is an
active-methylene compound and rather C,H-acidic. Therefore, its reaction with the alkoxide
to form the ester-substituted enolate D occurs with considerable driving force. This driving
force is strong enough to render the deprotonation step C → D essentially irreversible. Con-
sequently, the overall condensation also becomes irreversible. In this way, all the substrate is
eventually converted into enolate D. The neutral b-ketoester can be isolated after addition of
one equivalent of aqueous acid during workup.

Intramolecular Claisen condensations, called Dieckmann condensations, are ring-closing
reactions that yield 2-cyclopentanone carboxylic esters (Figure 13.58) or 2-cyclohexanone
carboxylic esters. The mechanism of the Dieckmann condensation is, of course, identical to
the mechanism of the Claisen condensation (Figure 13.57). To ensure that the Dieckmann con-
densation goes to completion, the presence of a stoichiometric amount of base is required. As
before, the neutral b-ketoester (B in Figure 13.58) is formed in a reversible reaction under
basic conditions. However, the back-reaction of the b-ketoester B to the diester is avoided by
deprotonation to the substituted enolate A. This enolate is the thermodynamic sink to which
all the substrate eventually is converted. The b-ketoester B is regenerated in neutral form again
during workup with aqueous acid.

Acylations of ester enolates with different esters are called crossed Claisen condensations
and are carried out—just like normal Claisen condensations-in the presence of a stoichiomet-
ric amount of alkoxide, Na, or NaH. Crossed Claisen condensations can in principle lead to
four products. In order that only a single product is formed in a crossed Claisen condensation,
the esters employed need to be suitably differentiated: one of the esters must be prone to eno-
late formation, while the other must possess a high propensity to form a tetrahedral interme-
diate (see example in Figure 13.59).

The use of an ester without acidic a-H atoms ensures that this ester can act only as the elec-
trophile in a crossed Claisen condensation. Moreover, this nonenolizable ester must be at least

Fig. 13.58. Mechanism of a
Dieckmann condensation. The

Dieckmann condensation is 
an intramolecular Claisen

 condensation.



as electrophilic as the other ester. This is because the larger fraction of the latter is present in
its nondeprotonated form; that is, it represents a possible electrophile, too, capable of forming
a tetrahedral intermediate upon reacton with an enolate.

Accordingly, crossed Claisen condensations occur without any problems if the acylating
agent is a better electrophile than the other, nondeprotonated ester. This is the case, for ex-
ample, if the acylating agent is an oxalic ester (with an electronically activated carboxyl car-
bon) or a formic ester (the least sterically hindered carboxyl carbon).

Crossed Claisen condensations can be chemoselective even when the nonenolizable ester
is not a better electrophile than the enolizable ester. This can be accomplished by a suitable
choice of reaction conditions. The nonenolizable ester is mixed with the base and the enoliz-
able ester is added slowly to that mixture. The enolate of the enolizable ester then reacts
mostly with the nonenolizable ester for statistical reasons; it reacts much less with the noneno-
lized form of the enolizable ester, which is present only in rather small concentration. Car-
bonic acid esters and benzoic acid esters are nonenolizable esters of the kind just described.

Under different reaction conditions, esters other than the ones shown in Figure 13.59 can
be employed for the acylation of ester enolates. In such a case, one quantitatively deprotonates
two equivalents of an ester with LDA or a similar amide base. This is exemplified by the upper
part of Figure 13.60, starting from two equivalents of acetic acid tert-butylester. Then 1.0
equivalent of the ester serving as the acylating agent is added. In the example given in Fig-
ure 13.60 (top). this may be any carboxylic acid methyl ester. The acylation product is a b-
ketoester B, and thus a stronger C,H acid than the conjugate acid of the ester enolate
employed. Therefore, the initially formed b-ketoester B reacts immediately in an acid/base
reaction with the second equivalent of the ester enolate. The b-ketoester B protonates this ester
enolate, consumes it completely and thereby is itself converted into the conjugate base, i.e.,
the enolate C. The b-ketoester B is reconstituted upon acidic workup.

In some acylations it may even be necessary to employ three equivalents of the ester eno-
late. The example at the bottom of Figure 13.60 is such a case: with its free OH group the acy-
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lating b-hydroxyester D protonates the first equivalent of the enolate of the acetic acid tert-
butyl ester to furnish tert-butyl acetate. The second equivalent of the ester enolate undergoes
a crossed Claisen condensation with the anion of the b-hydroxyester D that is present at this
point. The resulting b-ketoester F protonates the third equivalent of the tert-butyl acetate ester
enolate thereby forming its conjugate base, the enolate G. Only upon acidic workup does the
latter afford the neutral Claisen condensation product, the d-hydroxy-b-ketoester E. 

A procedure that may be used to carboxylate lactone enolates is described in Figure 13.63. 

13.5.2  Acylation of Ketone Enolates

Remember what we discussed in the context of Figure 13.44: ketones usually do not undergo
aldol additions if they are deprotonated to only a small extent by an alkaline earth metal alkox-
ide or hydroxide. The driving force behind that reaction simply is too weak. In fact, only a very
few ketones can react with themselves in the presence of alkaline earth metal alkoxides or
alkaline earth metal hydroxides. And if they do, they engage in an aldol condensation.
Cyclopentanone and acetophenone, for example, show this reactivity.

The relative inertness of ketone enolates toward ketones makes it possible to react non-
quantitatively obtained ketone enolates with esters instead of with ketones. These esters—and
reactive esters in particular—then act as acylating reagents.

In contrast to ketones, aldehydes easily undergo a base-catalyzed aldol reaction (Fig-
ure 13.44), and this reaction may even progress to an aldol condensation (Section 13.4.1). It
is therefore not possible to acylate aldehyde enolates that are present only in equilibrium con-
centrations. Any such enolates would be lost completely to an aldol reaction.

Oxalic esters (for electronic reasons) and formic esters (because of their low steric hin-
drance) are reactive esters that can acylate ketone enolates formed with NaOR in equilibrium
reactions. Formic esters acylate ketones to provide formyl ketones (for example, see Fig-
ure 13.61). It should be noted that under the reaction conditions the conjugate base of the
active-methylene formyl ketone is formed. The neutral formyl ketone is regenerated upon
acidic workup.

Most other carboxylic acid derivatives can acylate only ketone enolates that are formed
quantitatively. In these reactions, the acylation product is a b-diketone, i.e., an active-methy-
lene compound. As a consequence it is so acidic that it will be deprotonated quantitatively.
This deprotonation will be effected by the ketone enolate. Therefore, a complete acylation of
this type can be achieved only if two equivalents of the ketone enolate are reacted with one
equivalent of the acylating agent. Of course, proceeding in that manner would mean an unac-
ceptable waste in the case of a valuable ketone.
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The following protocol requires no more than the stoichiometric amount of a ketone eno-
late to achieve a complete acylation. An ester is added dropwise to a 1:1 mixture of one
equivalent each of the ketone enolate and LDA. The acidic proton of the b-diketone, which
is formed, then is abstracted by the excess equivalent of LDA rather than by the ketone eno-
late.

The protocol described also can be used for the acylation of ketone enolates with carbonic
acid derivatives (Figure 13.62). Especially good acylating agents are cyanocarbonic acid
methyl ester (Mander’s reagent, Figure 13.62, top) and dialkyl pyrocarbonates (bottom). Usu-
ally it is not possible to use dimethyl carbonate for the acylation of ketone enolates because
dimethyl carbonate is a weaker electrophile than cyanocarbonic acid methyl ester or diethyl
pyrocarbonates.

A carbonic acid derivative which, surprisingly, also proves to be suitable for the acylation of
ketone enolates, is Stiles’ reagent, i.e., (methoxymagnesium) monomethyl carbonate. In Sec-
tion 8.2, you saw how this reagent can be obtained. Ketone enolates are carboxylated by Stiles’
reagent to furnish a b-keto carboxylic acid, as shown by the reaction equation below. As this
keto acid is initially obtained as the (methoxymagnesium) carboxylate, such an acylation can
easily proceed without the extra equivalents of enolate or base mentioned above. 
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The reaction of the b-keto carboxylic acid resulting from the acidic workup of this carboxy-
lation with diazomethane affords the corresponding b-ketoester (method: Figure 2.33).

Incidentally, lactones are also sufficiently C,H-acidic to be carboxylated by (methoxy-
magnesium) monomethyl carbonate. Figure 13.63 illustrates how this approach can be used to
form an a-carboxylated lactone B and what the reaction mechanism might look like. An a-
carboxylated lactone can react either with diazomethane to give an a-(methoxycarbonylated)
lactone (not shown), or undergo a tandem reaction (consisting of Mannich reaction and frag-
mentation) to yield an a-methylene lactone (see Figure 13.51). 

Weinreb amides are acylating agents that react according to the general mechanism out-
lined in Figure 6.4. Thus, the acylation product is not released from the tetrahedral intermedi-
ate as long as nucleophile is still present. Accordingly, the acylation of a ketone enolate by a
Weinreb amide does not immediately result in the formation of the b-ketocarbonyl compound.
Instead, the reaction proceeds just as an addition reaction and a tetrahedral intermediate is
formed stoichiometrically (e. g., C in Figure 13.64). This tetrahedral intermediate is not an
active-methylene compound but a donor-substituted (O� substituent!) ketone. This interme-
diate therefore cannot act as a C,H acid with the ketone enolate or, in the present case, not even
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with the bis(ketone enolate) B. For reasons discussed in the context of Figure 6.42, the tetra-
hedral intermediate C is stable until it is protonated upon aqueous workup. Only then is the
acylation product formed.

13.5.3 Acylation of the Enolates of Active-Methylene Compounds

When the enolate of an active-methylene compound undergoes acylation with a carboxylic
acid chloride, an “active-methyne” compound is formed initially (Figure 13.65, 13.66). If the
electron acceptors therein are solely acyl- or (alkoxycarbonyl) groups, the substructure men-
tioned suffers from steric hindrance and substantial electrostatic repulsion forces. “Active-
methyne” compounds with such a substitution pattern will react to alleviate this destabiliza-
tion. 

This can occur through loss of an acyl- or (alkoxycarbonyl) group and formation of an
active-methylene compound. Figure 13.65 shows three variants of how this principle can be
exploited to synthesize b-ketoesters from acid chlorides. Naturally, the destabilization of
“active-methyne” compounds is also removed if two of the three acyl- or (alkoxycarbonyl)
groups are eliminated, leaving behind a compound with just one C�O double bond. Fig-
ure 13.66 presents two methods for the chain-elongating synthesis of ketones from carboxylic
acid chlorides that are based on this principle.

The “active-methyne” compounds, which derive from the acylation of the enolates of
active-methylene compounds with carboxylic acid chlorides, eliminate the extra acceptor(s)
in an additional step or immediately in situ. The defunctionalizations involved include one or
two decaboxylations depending on the nature of the reactants and subsequent processing steps
(Figures 13.66 and 13.67)
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13.6  Michael Additions of Enolates

13.6.1  Simple Michael Additions

A Michael addition consists of the addition of the enolate of an active-methylene compound,
the anion of a nitroalkane, or a ketone enolate to an acceptor-substituted alkene. Such Michael
additions can occur in the presence of catalytic amounts of hydroxide or alkoxide. The mech-
anism of the Michael addition is shown in Figure 13.67. The addition step of the reaction ini-
tially leads to the conjugate base of the reaction product. Protonation subsequently gives the
product in its neutral and more stable form. The Michael addition is named after the Ameri-
can chemist Arthur Michael.

Acceptor-substituted alkenes that are employed as substrates in Michael additions include
a,b-unsaturated ketones (for example, see Figure 13.68), a,b-unsaturated esters (Fig-
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ure 13.69), and a,b-unsaturated nitriles (Figure 13.70). The corresponding reaction products
are bifunctional compounds with C�O and/or C�N bonds in positions 1 and 5. Analogous
reaction conditions allow Michael additions to vinyl sulfones or nitroalkenes. These reac-
tions lead to sulfones and nitro compounds that carry a C�O and/or a C�N bond at the
C4 carbon.
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Beyond the scope discussed so far, Michael additions also include additions of stoichio-
metrically generated enolates of ketones, SAMP or RAMP hydrazones, or esters to the C�C
double bond of a,b-unsaturated ketones and a,b-unsaturated esters. These Michael additions
convert one kind of enolate into another. The driving force stems from the C—C bond for-
mation, not from differential stabilities of the enolates. It is important that the addition of the
preformed enolate to the Michael acceptor is faster than the addition of the resulting enolate
to another molecule of the Michael acceptor. If that reactivity order were not true, an anionic
polymerization of the Michael acceptor would occur. In many Michael additions, however, the
enolate created is more hindered sterically than the enolate employed as the starting material,
and in these cases Michael additions are possible without polymerization.

13.6.2  Tandem Reactions Consisting of Michael Addition 
and Consecutive Reactions

If a Michael addition of an enolate forms a ketone enolate as the primary reaction product,
this enolate will be almost completely protonated to give the respective ketone. The reaction
medium is of course still basic, since it still contains OH� or RO� ions. The Michael adduct,
a ketone, is therefore reversibly deprotonated to a small extent.

This deprotonation may reform the ketone enolate that was the intermediate en route to the
Michael adduct. However, the regioisomeric ketone enolate also can be formed. Fig-
ures 13.71–13.74 show such enolate isomerizations B → D, which proceed via the interme-
diacy of a neutral Michael adduct C. This neutral adduct is a 1,5-diketone in Figure 13.71, a
d-ketoaldehyde in Figure 13.72, and a d-ketoester in Figure 13.73.

The new enolate carbon is located in position 6 of intermediate D. In this numbering
scheme, position 1 is the C�O double bond of the keto group (Figures 13.71, 13.72), the alde-
hyde group (Figure 13.73), or the ester group (Figure 13.74). Because of the distance between
the enolate position and the C�O double bond, a bond might form between C1 and C6:
• Enolate D of Figure 13.71 can undergo an aldol reaction with the C�O double bond of the

ketone. The bicyclic compound A is formed as the condensation product. It is often poss-
ible to combine the formation and the consecutive reaction of a Michael adduct in a one-
pot reaction. The overall reaction then is an annulation of a cyclohexenone to an enolizable
ketone. The reaction sequence of Figure 13.71 is the Robinson annulation, an extraordi-
narily important synthesis of six-membered rings.
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• The enolate D in Figure 13.72 also undergoes an aldol condensation with a ketonic C�O
double bond, furnishing the bicycle A as the condensation product. Here also, the forma-
tion and further reaction of the Michael adduct C can be combined in a one-pot reaction.
As in the immediately preceding and following example, the final product is a cyclo-
hexenone, but not one that would have been derived from an annulation. Despite the dif-
ferent number of C atoms that the respective reactants contribute to the resulting six-ring
skeleton, a reaction like the one presented in Figure 13.72 is sometimes referred to as
a 3+3 Robinson annulation and thus distinguishes this one from the 2+4 Robinson annu-
lations shown in Figure 13.71.
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• Enolate D of Figure 13.73 undergoes an aldol condensation with the C�O double bond.
The enone A is the condensation product. This reaction represents a six-membered ring
synthesis even though it is not a six-ring annulation.

• Enolate D of Figure 13.74 is acylated by the ester following the usual mechanism. The
bicyclic compound A is a product, which contains a new six-membered ring that has been
annulated to an existing ring.

OEtO

O O

O

EtO O

O

OOO

O

EtO O

EEE

E

ttt

t

OOO

O

O

EtO O

O

EtO O

NaOEt, EtOH, Δ

A

B C D

(– NaOEt)
OEt

OEt+ H

via

+

1 1

5 6

Na Na

O

O O

O

O

O

O

O

O

A

B C D

(– PhCH NMe OH )2 3

OH

OH+ H

via

+

1 1

5
6

PhCH NMe OH2 3

PhCH NMe2 3 PhCH NMe2 3

Fig. 13.73. Tandem reaction
III, consisting of Michael addi-

tion and aldol condensation.

Fig. 13.74. Tandem reaction,
consisting of a Michael addi-
tion and an enolate acylation

(the major tautomer of the
reaction product is not shown).



References

13.1
D. Seebach, “Structure and Reactivity of Lithium Enolates. From Pinacolone to Selective C-Alkylations

of Peptides. Difficulties and Opportunities Afforded by Complex Structures,” Angew. Chem. Int. Ed.

Engl. 1988, 27, 1624–1654. 

L. M. Jackman, J. Bortiatynski, “Structures of Lithium Enolates and Phenolates in Solution,” in Advances

in Carbanion Chemistry (V. Snieckus, Ed.), Vol. 1, 45, Jai Press Inc, Greenwich, 1992.

G. Boche, “The Structure of Lithium Compounds of Sulfones, Sulfoximides, Sulfoxides, Thioethers and

1,3-Dithianes, Nitriles, Nitro Compounds and Hydrazones,” Angew. Chem. Int. Ed. Engl. 1989, 28,

277–297. 

R. Schwesinger, “Starke ungeladene Stickstoff-Basen,” Nachr. Chem. Techn. Lab. 1990, 38, 1214–1226.

H. B. Mekelburger, C. S. Wilcox, “Formation of Enolates,” in Comprehensive Organic Synthesis (B. M.

Trost, I. Fleming, Eds.), Vol. 2, 99, Pergamon Press, Oxford, U. K., 1991.

C. H. Heathcock, “Modern Enolate Chemistry: Regio- and Stereoselective Formation of Enolates and the

Consequence of Enolate Configuration on Subsequent Reactions,” in Modern Synthetic Methods

(R. Scheffold, Ed.), Vol. 6, 1, Verlag Helvetica Chimica Acta, Basel, Switzerland, 1992.

I. Kuwajima, E. Nakamura, “Reactive Enolates from Enol Silyl Ethers”, Acc. Chem. Res. 1985, 18, 181. 

D. Cahard, P. Duhamel, “Alkoxide-Mediated Preparation of Enolates from Silyl Enol Ethers and Enol

Acetates – From Discovery to Synthetic Applications,” Eur. J. Org. Chem. 2001, 1023–1031.

13.2
A. C. Cope, H. L. Holmes, H. O. House, “The Alkylation of Esters and Nitriles,” Org. React. 1957, 9,

107–331.

G. Frater, “Alkylation of Ester Enolates”, in Stereoselective Synthesis (Houben-Weyl) 4th ed. 1996, (G.

Helmchen, R. W. Hoffmann, J. Mulzer, E. Schaumann, Eds.), 1996, Vol. E21 (Workbench Edition), 2,

723–790, Georg Thieme Verlag, Stuttgart.

H.-E. Högberg, “Alkylation of Amide Enolates”, in Stereoselective Synthesis (Houben-Weyl) 4th ed. 1996,

(G. Helmchen, R. W. Hoffmann, J. Mulzer, E. Schaumann, Eds.), 1996, Vol. E21 (Workbench Edition),

2, 791–915, Georg Thieme Verlag, Stuttgart.

D. Caine, “Alkylations of Enols and Enolates,” in Comprehensive Organic Synthesis (B. M. Trost, I. Flem-

ing, Eds.), Vol. 3, 1, Pergamon Press, Oxford, 1991.

T. Norin, “Alkylation of Ketone Enolates,” in Stereoselective Synthesis (Houben-Weyl) 4th ed. 1996, 

(G. Helmchen, R. W. Hoffmann, J. Mulzer, E. Schaumann, Eds.), 1996, Vol. E 21 (Workbench Edition),

2, 697–722, Georg Thieme Verlag, Stuttgart.

P. Fey, “Alkylation of Azaenolates from Imines,” in Stereoselective Synthesis (Houben-Weyl) 4th ed. 1996,

(G. Helmchen, R. W. Hoffmann, J. Mulzer, E. Schaumann, Eds.), 1996, Vol. E 21 (Workbench Edition),

2, 973–993, Georg Thieme Verlag, Stuttgart.

P. Fey, “Alkylation of Azaenolates from Hydrazones,” in Stereoselective Synthesis (Houben-Weyl) 4th ed.

1996, (G. Helmchen, R. W. Hoffmann, J. Mulzer, E. Schaumann, Eds.), 1996, Vol. E 21 (Workbench

Edition), 2, 994–1015, Georg Thieme Verlag, Stuttgart.

N. Petragnani, M. Yonashiro, “The Reactions of Dianions of Carboxylic Acids and Ester Enolates”, Syn-

thesis 1982, 521.

S. Gil, M. Parra, “Dienediolates of Carboxylic Acids in Synthesis. Recent Advances,” Curr. Org. Chem.

2002, 6, 283–302.

D. A. Evans, “Studies in Asymmetric Synthesis – The Development of Practical Chiral Enolate Syn-

thons”, Aldrichimica Acta 1982, 15, 23. 

D. A. Evans, “Stereoselective Alkylation Reactions of Chiral Metal Enolates,” in Asymmetric Synthesis –

Stereodifferentiating Reactions, Part B (J. D. Morrison, Ed.), Vol. 3, 1, AP, New York, 1984.

C. Spino, “Chiral Enolate Equivalents. A Review”, Org. Prep. Proced. Int. 2003, 35, 1–140.

589References



D. Enders, L. Wortmann, R. Peters, “Recovery of Carbonyl Compounds from N,N-Dialkylhydrazones,”

Acc. Chem. Res. 2000, 33, 157–169. 

A. Job, C. F. Janeck, W. Bettray, R. Peters, D. Enders, “The SAMP/RAMP-Hydrazone Methodology in

Asymmetric Synthesis,” Tetrahedron 2002, 58, 2253–2329.

D. Seebach, A. R. Sting, M. Hoffmann, “Self-Regeneration of Stereocenters (SRS – Applications, Limi-

tations, and Abandonment of a Synthetic Principle,” Angew. Chem. Int. Ed. Engl. 1997, 35, 2708–2748.

J. E. McMurry, “Ester Cleavages via SN2-Type Dealkylation,” Org. React. 1976, 24, 187–224.

13.3
D. A. Evans, J. V. Nelson, T. R. Taber, “Stereoselective Aldol Condensations,” Top. Stereochem. 1982, 13,

1. 

C. H. Heathcock, “The Aldol Addition Reaction,” in Asymmetric Synthesis – Stereodifferentiating Reac-

tions, Part B (J. D. Morrison, Ed.), Vol. 3, 111, AP, New York, 1984.

M. Braun, “Recent Developments in Stereoselective Aldol Reactions”, in Advances in Carbanion Chem-

istry (V. Snieckus, Ed.), Vol. 1, 177, Jai Press Inc, Greenwich, CT, 1992.

M. Braun, “Simple Diastereoselection and Transition State Models of Aldol Additions”, in Stereoselec-

tive Synthesis (Houben-Weyl) 4th ed. 1996, (G. Helmchen, R. W. Hoffmann, J. Mulzer, E. Schaumann,

Eds.), 1996, Vol. E 21 (Workbench Edition), 3, 1603–1666, Georg Thieme Verlag, Stuttgart.

C. H. Heathcock, “The Aldol Reaction: Group I and Group II Enolates,” in Comprehensive Organic Syn-

thesis (B. M. Trost, I. Fleming, Eds.), Vol. 2, 181, Pergamon Press, Oxford, 1991.

C. H. Heathcock, “Modern Enolate Chemistry: Regio- and Stereoselective Formation of Enolates and the

Consequence of Enolate Configuration on Subsequent Reactions,” in Modern Synthetic Methods

(R. Scheffold, Ed.), Vol. 6, 1, Verlag Helvetica Chimica Acta, Basel, Switzerland, 1992.

C. Palomo, M. Oiarbide, J. M. Garcia, “The Aldol Addition Reaction: An Old Transformation at Constant

Rebirth”, Chem. Eur. J. 2002, 8, 36–44.

13.4
A. T. Nielsen, W. J. Houlihan, “The Aldol Condensation”, Org. React. 1968, 15, 1–438.

G. Jones, “The Knoevenagel Condensation”, Org. React. 1967, 15, 204–599.

L. F. Tietze, U. Beifuss, “The Knoevenagel Reaction”, in Comprehensive Organic Synthesis (B. M. Trost,

I. Fleming, Eds.), Vol. 2, 341, Pergamon Press, Oxford, 1991.

M. Braun, “Syntheses with Aliphatic Nitro Compounds”, in Organic Synthesis Highlights (J. Mulzer, H.-

J. Altenbach, M. Braun, K. Krohn, H.-U. Reißig, Eds.), VCH, Weinheim, New York, 1991, 25–32.

13.5
B. R. Davis, P. J. Garratt, “Acylation of Esters, Ketones and Nitriles,” in Comprehensive Organic Synthe-

sis (B. M. Trost, I. Fleming, Eds.), Vol. 2, 795, Pergamon Press, Oxford, 1991.

T. H. Black, “Recent Progress in the Control of Carbon Versus Oxygen Acylation of Enolate Anions”,

Org. Prep. Proced. Int. 1988, 21, 179–217.

C. R. Hauser, B. E. Hudson, Jr., “The Acetoacetic Ester Condensation and Certain Related Reactions”,

Org. React. 1942, 1, 266–302.

W. S. Johnson, “The Formation of Cyclic Ketones by Intramolecular Acylation,” Org. React. 1944, 2,

114–177.

J. P. Schaefer, J. J. Bloomfield, “The Dieckmann Condensation”, Org. React. 1967, 15, 1–203.

C. R. Hauser, F. W. Swamer, J. T. Adams, “The Acylation of Ketones to Form b-Diketones or b-Keto Alde-

hydes”, Org. React. 1954, 8, 59–196.

V. Kel’in, “Recent Advances in the Synthesis of 1,3-Diketones,” Curr. Org. Chem. 2003, 7, 1691–1711.

S. Benetti, R. Romagnoli, C. De Risi, G. Spalluto, V. Zanirato, “Mastering b-Keto Esters,” Chem. Rev.

1995, 95, 1065–1115.

590 13 Chemistry of the Alkaline Earth Metal Enolates



13.6
Y. Yamamoto, S. G. Pyne, D. Schinzer, B. L. Feringa, J. F. G. A. Jansen, “Formation of C–C Bonds by

Reactions Involving Olefinic Double Bonds – Addition to a,b-Unsaturated Carbonyl Compounds

(Michael-Type Additions),” in Methoden Org. Chem. (Houben-Weyl) 4th ed. 1952–, Stereoselective

Synthesis (G. Helmchen, R. W. Hoffmann, J. Mulzer, E. Schaumann, Eds.), Vol. E21b, 2041, Georg

Thieme Verlag, Stuttgart, 1995.

P. Perlmutter, “Conjugate Addition Reactions in Organic Synthesis,” Pergamon Press, Oxford, U. K.,

1992.

A. Bernardi, “Stereoselective Conjugate Addition of Enolates to a,b-Unsaturated Carbonyl Compounds”,

Gazz. Chim. Ital. 1995, 125, 539–547.

R. D. Little, M. R. Masjedizadeh, O. Wallquist (in part), J. I. McLoughlin (in part), “The Intramolecular

Michael Reaction,” Org. React. 1995, 47, 315–552.

M. J. Chapdelaine, M. Hulce, “Tandem Vicinal Difunctionalization: b-Addition to a,b-Unsaturated 

Carbonyl Substrates Followed by a-Functionalization,” Org. React. 1990, 38, 225–653.

D. A. Oare, C. H. Heathcock, “Stereochemistry of the Base-Promoted Michael Addition Reaction”, Top.

Stereochem. 1989, 19, 227–407.

E. D. Bergmann, D. Ginsburg, R. Pappo, “The Michael Reaction”, Org. React. 1959, 10, 179– 555.

R. D. Little, M. R. Masjedizadeh, “The Intramolecular Michael Reaction,” Org. React. (N. Y.) 1995, 47,

315. 

J. A. Bacigaluppo, M. I. Colombo, M. D. Preite, J. Zinczuk, E. A. Ruveda, “The Michael-Aldol Conden-

sation Approach to the Construction of Key Intermediates in the Synthesis of Terpenoid Natural Prod-

ucts,” Pure Appl. Chem. 1996, 68, 683. 

J. H. Brewster, E. L. Eliel, “Carbon-Carbon Alkylations with Amines and Ammonium Salts”, Org. React.

1953, 7, 99–197 [covers Michael Additions Starting from b-(Dialkylamino) ketones, -esters or

Nitriles].

B. L. Feringa, J. F. G. A. Jansen, “Addition of Enolates and Azaenolates to a,b-Unsaturated Carbonyl

Compounds”, in Stereoselective Synthesis (Houben-Weyl) 4th ed. 1996, (G. Helmchen, R. W. Hoff-

mann, J. Mulzer, E. Schaumann, Eds.), 1996, Vol. E21 (Workbench Edition), 4, 2104–2156, Georg

Thieme Verlag, Stuttgart.

W. Nagata, M. Yoshioka, “Hydrocyanation of Conjugated Carbonyl Compounds,” Org. React. 1977, 25,

255–476.

S. Arseniyadis, K. S. Kyler, D. S. Watt, “Addition and Substitution Reactions of Nitrile-Stabilized 

Carbanions”, Org. React. 1984, 31, 1–364.

H. L. Bruson, “Cyanoethylation,” Org. React. 1949, 5, 79–135. 

F. F. Fleming, Q. Wang, “Unsaturated Nitriles: Conjugate Additions of Carbon Nucleophiles to a Recal-

citrant Class of Acceptors,” Chem. Rev. 2003, 103, 2035–2077.

M. Ihara, K. Fukumoto, “Syntheses of Polycyclic Natural Products Employing the Intramolecular Double

Michael Reaction,” Angew. Chem. Int. Ed. Engl. 1993, 32, 1010–1022. 

E. V. Gorobets, M. S. Miftakhov, F. A. Valeev, “Tandem Transformations Initiated and Determined by the

Michael Reaction,” Russ. Chem. Rev. 2000, 69, 1001–1019.

A. Berkessel, “Formation of C-O Bonds by Conjugate Addition of O-Nucleophiles”, in Stereoselective

Synthesis (Houben-Weyl) 4th ed. 1996, (G. Helmchen, R. W. Hoffmann, J. Mulzer, E. Schaumann,

Eds.), 1996, Vol. E21 (Workbench Edition), 8, 4818–4856, Georg Thieme Verlag, Stuttgart.

R. Schwesinger, J. Willaredt, “Epoxidation of Nucleophilic C–C Double Bonds”, in Stereoselective Syn-

thesis (Houben-Weyl) 4th ed. 1996, (G. Helmchen, R. W. Hoffmann, J. Mulzer, E. Schaumann, Eds.),

1996, Vol. E21 (Workbench Edition), 8, 4600–4648, Georg Thieme Verlag, Stuttgart.

M. Schäfer, K. Drauz, M. Schwarm, “Formation of C-N Bonds by Conjugate Addition of N-Nu -

cleophiles”, in Stereoselective Synthesis (Houben-Weyl) 4th ed. 1996, (G. Helmchen, R. W. Hoffmann,

J. Mulzer, E. Schaumann, Eds.), 1996, Vol. E21 (Workbench Edition), 9, 5588–5642, Georg Thieme

Verlag, Stuttgart.

591References



Further Reading

J. R. Johnson, “The Perkin Reaction and Related Reactions,” Org. React. 1942, 1, 210–265.

H. E. Carter, “Azlactones”, Org. React. 1946, 3, 198–239.

M. S. Newman, B. J. Magerlein, “The Darzens Glycidic Ester Condensation,” Org. React. 1949, 5, 413–

440. 

W. S. Johnson, G. H. Daub, “The Stobbe Condensation,” Org. React. 1951, 6, 1–73.

R. R. Phillips, “The Japp-Klingemann Reaction,” Org. React. 1959, 10, 143–178.

S. J. Parmerter, “The Coupling of Diazonium Salts with Aliphatic Carbon Atoms,” Org. React. 1959, 10,

1–142.

D. B. Collum, “Solution Structures of Lithium Dialkylamides and Related N-lithiated Species: Results

from 6Li-15N Double Labeling Experiments”, Acc. Chem. Res. 1993, 26, 227–234.

P. Brownbridge, “Silyl Enol Ethers in Synthesis”, Synthesis 1983, 85. 

J. M. Poirier, “Synthesis and Reactions of Functionalized Silyl Enol Ethers,” Org. Prep. Proced. Int. 1988,

20, 317–369.

H. E. Zimmerman, “Kinetic Protonation of Enols, Enolates, Analogues. The Stereochemistry of Ketoni-

sation,” Acc. Chem. Res. 1987, 20, 263. 

S. Hünig, “Formation of C–H Bonds by Protonation of Carbanions and Polar Double Bonds”, in Stereo -

selective Synthesis (Houben-Weyl) 4th ed. 1996, (G. Helmchen, R. W. Hoffmann, J. Mulzer, E. Schau-

mann, Eds.), 1996, Vol. E21 (Workbench Edition), 7, 3851–3912, Georg Thieme Verlag, Stuttgart.

C. Fehr, “Enantioselective Protonation of Enolates and Enols”, Angew. Chem. Int. Ed. Engl. 1996, 35,

2566–2587.

F. A. Davis, B.-C. Chen, “Formation of C-O Bonds by Oxygenation of Enolates,” in Stereoselective Syn-

thesis (Houben-Weyl) 4th ed. 1996, (G. Helmchen, R. W. Hoffmann, J. Mulzer, E. Schaumann, Eds.),

1996, Vol. E21 (Workbench Edition), 8, 4497–4518, Georg Thieme Verlag, Stuttgart.

P. Fey, W. Hartwig, “Formation of C-C Bonds by Addition to Carbonyl Groups (C=O) – Azaenolates or

Nitronates,” in Methoden Org. Chem. (Houben-Weyl) 4th ed. 1952–, Stereoselective Synthesis (G.

Helmchen, R. W. Hoffmann, J. Mulzer, E. Schaumann, Eds.), Vol. E21b, 1749, Georg Thieme Verlag,

Stuttgart, 1995.

K. Krohn, “Stereoselective Reactions of Cyclic Enolates”, in Organic Synthesis Highlights (J. Mulzer, 

H.-J. Altenbach, M. Braun, K. Krohn, H.-U. Reißig, Eds.), VCH, Weinheim, New York, etc., 1991, 

9–13.

K. F. Podraza, “Regiospecific Alkylation of Cyclohexenones. A Review”, Org. Prep. Proced. Int. 1991,

23, 217–235.

S. K. Taylor, “Reactions of Epoxides with Ester, Ketone and Amide Enolates”, Tetrahedron 2000, 56,

1149–1163. 

T. M. Harris, C. M. Harris, “The a-Alkylation and a-Arylation of Dianions of b-Dicarbonyl Com-

pounds”, Org. React. 1969, 17, 155–212.

C. M. Thompson, D. L. C. Green, “Recent Aadvances in Dianion Chemistry,” Tetrahedron 1991, 47,

4223–4285.

B. M. Kim, S. F. Williams, S. Masamune, “The Aldol Reaction: Group III Enolates”, in Comprehensive

Organic Synthesis (B. M. Trost, I. Fleming, Eds.), Vol. 2, 239, Pergamon Press, Oxford, 1991.

M. Sawamura, Y. Ito, “Asymmetric Carbon-Carbon Bond Forming Reactions: Asymmetric Aldol Reac-

tions,” in Catalytic Asymmetric Synthesis (I. Ojima, Ed.), 367, VCH, New York, 1993.

A. S. Franklin, I. Paterson, “Recent Developments in Asymmetric Aldol Methodology,” Contemporary

Organic Synthesis 1994, 1, 317. 

C. J. Cowden, I. Paterson, “Asymmetric Aldol Reactions Using Boron Enolates,” Org. Prep. Proced. Int.

1997, 51, 1–200.

E. M. Carreira, “Aldol Reaction: Methodology and Stereochemistry,” in Modern Carbonyl Chemistry,

Ed.: J. Otera, Wiley-VCH, Weinheim, 2000, 227–248.

592 13 Chemistry of the Alkaline Earth Metal Enolates



I. Paterson C. J. Cowden, D. J. Wallace, “Stereoselektive Aldol Reactions in the Synthesis of Polyketide

Natural Products,” in Modern Carbonyl Chemistry, Ed.: J. Otera, Wiley-VCH, Weinheim, 2000, 249–

297.

G. Casiraghi, F. Zanardi, G. Appendino, G. Rassu, “The Vinylogous Aldol Reaction: A Valuable, Yet

Understated Carbon-Carbon Bond-Forming Maneuver”, Chem. Rev. 2000, 100, 1929–1972. 

M. Sawamura, Y. Ito, “Asymmetric Aldol Reactions-Discovery and Development”, in Catalytic Asym-

metric Synthesis, Ed.: I. Ojima, Wiley-VCH, New York, 2nd ed., 2000, 493–512.

E. M. Carreira, “Recent Advances in Asymmetric Aldol Addition Reactions”, in Catalytic Asymmetric

Synthesis, Hrsg.: I. Ojima, Wiley-VCH, New York, 2nd ed., 2000, 513–542.

T. D. Machajewski, C.-H. Wong, R. A. Lerner, “The Catalytic Asymmetric Aldol Reaction,” Angew.

Chem. Int. Ed. Engl. 2000, 39, 1352–1374. 

A. Fürstner, “Recent Advancements in the Reformatsky Reaction,” Synthesis 1989, 8, 571–590.

B. C. Chen, “Meldrum’s Acid in Organic Synthesis,” Heterocycles 1991, 32, 529–597.

C. F. Bernasconi, “Nucleophilic Addition to Olefins. Kinetics and Mechanism”, Tetrahedron 1989, 45,

4017–4090.

F. A. Luzzio, “The Henry Reaction: Recent Examples,” Tetrahedron 2001, 57, 915–945.

S. Arseniyadis, K. S. Kyler, D. S. Watt, “Addition and Substitution Reactions of Nitrile-Stabilized Car-

banions”, Org. React. 1984, 31, 1–364.

S. G. Pyne, “Addition of Metalated Allylic Phosphine Oxides, Phosphonates, Sulfones, Sulfoxides and

Sulfoximines to a,b-Unsaturated Carbonyl Compounds”, in Stereoselective Synthesis (Houben-Weyl)

4th ed. 1996, (G. Helmchen, R. W. Hoffmann, J. Mulzer, E. Schaumann, Eds.), 1996, Vol. E21 (Work-

bench Edition), 4, 2068–2086, Georg Thieme Verlag, Stuttgart.

M. Kanai, M. Shibasaki, “Asymmetric Michael Reactions”, in Catalytic Asymmetric Synthesis, Hrsg.: 

I. Ojima, Wiley-VCH, New York, 2nd ed., 2000, 569–592.

K. Tomioka, “Asymmetric Michael-Type Addition Reaction,” in Modern Carbonyl Chemistry, Ed.: 

J. Otera, Wiley-VCH, Weinheim, 2000, 491–505.

N. Krause, A. Hoffmann-Roder, “Recent Advances in Catalytic Enantioselective Michael Additions,” Syn-

thesis 2001, 171–196.

593References





http://www.springer.com/978-3-642-03650-7


