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3.3: Enolate Addition- Aldol reactions

Enolate ions are just another example of anionic carbon nucleophiles. The reason they get a page to themselves is that they are
especially important, especially in biological chemistry. They are also important in the synthesis of organic compounds, such as in
the pharmaceutical industry.

Forming Enolate Ions

An enolate ion is the anion that forms when a proton is removed next to a carbonyl. The carbon next to the carbonyl is called the o-
position (alpha position). The alpha position is acidic both because of the amount of positive charge on a proton in that position and
because of the stability of the anion that results if that proton is removed.
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You might have learned about metal hydroxides such as sodium hydroxide and lithium hydroxide. The metal-oxygen bond is ionic
because of the large electronegativity difference between the metal and the oxygen. These compounds give rise to hydroxide ions.
Those hydroxide ions are basic because they can easily pick up protons to become neutral water molecules. Metal hydroxides are
commonly seen in chemistry, and they are thought of as strong bases.

Other oxygen anions are also able to act as strong bases, unless there is some resonance factor that delocalises the anion and makes
it less reactive. Methoxide ion and butoxide ion are also common strong bases.
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lithium hydroxide sodium methoxide potassium tert-butoxide

Exercise 3.3.1

Show why an enolate ion, such as the one formed from 2-propanone, above, is particularly stable.

Answer

Exercise 3.3.2

Show a mechanism, with curved arrows, for the formation of the enolate ion from 2-propanone, above.

Answer

In the example above, 2-propanone is deprotonated at the o position to form the corresponding enolate ion. Note that sodium
hydroxide is not a strong enough base to convert all of the 2-propanone to its enolate. The resulting enolate is basic enough to pull
a proton from a water molecule, so an equilibrium results.

That would be the case any time a strong base such as a hydroxide or an alkoxide was used to deprotonate a ketone or aldehyde. In
the following example with pentanal, the reaction would also result in an equilibrium between the reactants and the products.
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strong base

That means that all of those compounds on both the left hand and right hand side of the arrow would all be present as a mixture.
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Negative charges are fairly stable on oxygen atoms. That allows this particular reaction to shift back to the left again, to form that
hydroxide ion again. To make the reaction go all the way to the right, we would need a less stable anion on the left. That would
make that anion more basic. Can you think of atoms that would be less stable as anions than oxygen?

The most commonly used very strong bases in synthetic chemistry involve anions of carbon, nitrogen or hydrogen. Some examples
of compounds used as very strong bases are sodium hydride (NaH), sodium amide (NaNH;), lithium diisopropylamide
(LiN[CH(CH3)z]», also called LDA for short), and butyllithium (CH3CH,CH,CH;Li, abbreviated BuLi).
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sodium hydride sodium amide lithium di-iso-propylamide

In all of these compounds, the negative charge is on a less electronegative element than the oxygen of the hydroxide ion. That
means that they are less stable and more reaction than hydroxide.

If one of these bases were to react with an aldehyde or ketone, the proton would be removed irreversibly. The delocalised enolate
ion is actually more stable than the original amide ion in sodium amide, for example.
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very strong base

As a consequence, adding a very strong base to an aldehyde or ketone results in complete conversion into products. At the end of
the reaction, there are no reactants left.
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In contrast, a "strong base" such as sodium hydroxide won't really do the job. If it did, we would be trading in an anion on a more
electronegative atom (oxygen) for an anion on a less electronegative atom (carbon) in the same row of the periodic table. That's not
possible. The enolate anion that forms would be more basic than the hydroxide we began with, and most of the time it would just
snatch the proton back from the water again, making ketone and hydroxide again.

¢ Enolate ions form in equilibrium with their parent carbonyl compounds if a moderately strong base like sodium hydroxide is
used.

e A very strong base, like sodium amide (NaNH>), butyllithium (CH3CH,CH,CH;Li, or BuLi) or sodium hydride (NaH), would
result in complete enolate formation.

However, it is sometimes really useful to have an equilibrium between a carbonyl compound and its enolate. That situation allows
both a ketone (the 2-propanone, left) and its enolate (right) to be present at the same time. That means there is both a nucleophile
and an electrophile (the ketone and the enolate). They will be able to react together.
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o Simple carbonyls are electrophiles.
o The enolate ions that form from simple carbonyls are nucleophiles.
e Carbonyls react with enolate ions.

While we are on the subject of bases, there is a third category of compounds that we would consider weak bases. The most
common examples are amines (but not amides) and resonance-stabilised oxygen anions.
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sodium carbonate sodium bicarbonate triethylamine pyridine

These compounds would be good at picking up excess protons that were floating around. However, in most cases they wouldn't be
strong enough bases to provide an appreciable amount of enolate ion.

Identify the following compounds as weak, strong, or very strong bases.
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Answer a

very strong
Answer b
very strong
Answer c
weak
Answer d
weak
Answer e
weak
Answer f
strong
Answer g
weak
Answer h
very strong
Answer i

weak

Aldol Reactions: Adding Enolates to Carbonyl Electrophiles

The reaction of an enolate nucleophile with another carbonyl compound is called an aldol reaction. A simple example of this
reaction is shown here. This example involves the reaction of 2-propanone with its enolate.
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Note the pattern in the product. The carbonyl of the enolate is connected to the enolate carbon which is connected to the alcohol
carbon.

Exercise 3.3.4

Provide a mechanism, with curved arrows, for the aldol reaction of 2-propanone, above.

Answer
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The biosynthesis of sugars, such as fructose, involves coupling smaller sugars together. If one sugar is converted into a nucleophile,
it can donate electrons to the carbonyl on the other sugar, forming a new C-C bond. The carbonyl on the second sugar becomes a
hydroxyl group in the new, larger sugar.
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fructose, a 6-carbon sugar
two 3-carbon sugars

In the cell, sugars are typically in a phosphorylated form when they react in this way. Phosphorylation is often an important step in
activating molecules for biochemical reactions.

Show the mechanism for the formation of the phosphorylated fructose shown above.

Answer
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A Variation: Aldol Condensation

Sometimes, aldol reactions are followed by a subsequent reaction, called an elimination reaction. That reaction formally produces a
molecule of water. Early studies of this reaction would result in droplets of condensation on the glassware in which the reaction
occured; hence, it is sometimes called a condensation reaction.
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The term "condensation" comes from the fact that the reaction formally results in loss of a water molecule from the alpha and beta
positions (H from alpha and OH from beta). Early reactions that were observed to result in loss of water were frequently described
as condensations because of the water droplets that would appear on the glassware (literally, condensation) as the reaction
proceeded. The term "dehydration" is also used to describe this loss of water.

However, don't get too tied to the descriptions of the reactions (condensation vs. addition). The terms are used loosely and
sometimes interchanged. On this page, we try to use addition to describe the initial product and condensation to describe the
product after loss of water, but sources elsewhere might not describe it that way.

Exercise 3.3.6

Provide a mechanism for the dehydration step in the aldol condensation shown above.

Answer
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It can be hard to predict the outcome of an aldol reaction because of the fact that there are two possible products from an aldol
reaction (one with a new hydroxyl and one with a new double bond). A chemist might try to make one product in the laboratory,
and end up with the other. This process can be difficult to control. However, in general, the elimination reaction is encouraged by
heating the reaction. The reaction sometimes occurs without elimination if the reaction is kept cool. However, there are also other
factors that may come into play.

Exercise 3.3.7

Predict the products of the following aldol reactions.
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Exercise 3.3.8

The following compound would give multiple products through different aldol condensation reactions. Show the products.
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Sometimes, two different compounds may react together in an aldol reaction. One compound acts as the nucleophile, and the other
one acts as the electrophile. However, the reaction is really not much different that the aldol reactions we have already seen.
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The only complication is that now there are two different compounds that could potentially be nucleophiles and two different
compounds that could potentially be electrophiles. That makes predicting the outcome of the reaction a little more difficult.

Exercise 3.3.9

The following compounds would give multiple products through different aldol condensation reactions. Show the products.
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There are cases where it becomes a lot more obvious which compound would be the electrophile and which one would be the
nucleophile. Maybe one of the compounds has a carbonyl that is much less crowded than the other. For example, maybe one
compound is an aldehyde and the other one is a ketone. The less crowded carbonyl is much more likely to act as a good
electrophile.
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Maybe one of the compounds does not even have any alpha-protons. In that case, it can't be deprotonated and it can't form an
enolate anion. It won't be able to act as the nucleophile.
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Exercise 3.3.10

Only some of the following compounds may undergo aldol reactions. Select which ones may not undergo the reaction, and
explain what factor prevents them from reacting.
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Some of these compounds do not have alpha-protons, so they cannot form enolate ions.
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Exercise 3.3.11

Fill in the products of the following aldol condensations.
KOCH,
CHLOH
KOCH,
CH,OH

Answer

Answer
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Aldol reactions do not just occur with enolate anions, however. Enols are the neutral form of enolates, protonated on the oxygen
instead of the alpha carbon. Enols are also good nucleophiles. In an enol nucleophile, the pi bond acts as the electron source, rather
than the lone pair. However, the pi bond gets a boost from the lone pair on the oxygen.
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Enols are always present in equilibrium with aldehydes and ketones. An enol is a simple tautomer of a carbonyl compound. To get
from one to the other, a proton is simply transferred from one position to the other.

¢ Enamines and enols are also good nucleophiles for aldol reactions.
¢ Because either acid or base can catalyse keto-enol tautomerism, aldol reactions can be catalysed by either acid or base

Exercise 3.3.12
Show the subsequent protonation step in the reactions involving the enol and the enamine above.

Answer
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Exercise 3.3.13
An enamine reaction is usually followed by hydrolysis of the C=N bond in the iminium ion. Show the mechanism for

conversion of the iminium ion to the carbonyl via addition of aqueous acid.

|

Answer
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Exercise 3.3.14

Which conditions would be most likely to form this aldol product (select a, b, ¢ or d below)?
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Provide products of the following acid-catalysed aldol reactions.

HCI

4,
EtOH

EtOH

0 HCl

g
EtOH

A
.

d) HCI1

E1OH

Answer
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Exercise 3.3.16

Draw the enol nucleophiles for the above question.

Answer
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Exercise 3.3.17

Provide the products of the following enamine additions, after hydrolysis.

@ 0 e 3.3.15 https://chem.libretexts.org/@go/page/195886


https://libretexts.org/
https://creativecommons.org/licenses/by-nc/3.0/
https://chem.libretexts.org/@go/page/195886?pdf

LibreTextsw

,>

peulons

2) HCL H,O

2) HCL H,0

2) HCL Hy0

o

2) HCL H,0

Answer

@ 0 e 3.3.16 https://chem.libretexts.org/@go/page/195886


https://libretexts.org/
https://creativecommons.org/licenses/by-nc/3.0/
https://chem.libretexts.org/@go/page/195886?pdf

LibreTextsw

x

o oH

This page titled 3.3: Enolate Addition- Aldol reactions is shared under a CC BY-NC 3.0 license and was authored, remixed, and/or curated by
Chris Schaller via source content that was edited to the style and standards of the LibreTexts platform.
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