Chapter 11

Carbonyl Alpha-Substitution Reactions
and Condensation Reactions

Carbonyl a-Substitution Reactions
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The key feature of both a.-substitution reactions and
condensation reactions is that they take place through
the formation of either enol or enolate ion intermediate

An enol An enolate ion

Keto-Enol Tautomerism

A carbonyl compound that has a hydrogen atom
on it’s a carbon rapidly interconverts with its
corresponding enol (ene + ol) isomer

¢ The interconversion between what are called the
keto and enol forms is called tautomerism

¢ The individual isomers are called tautomers
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« Most carbonyl compounds exist almost entirely in
the keto form at equilibrium, and it is usually
difficult to isolate the pure enol

« Even though enols are difficult to isolate and are
present to only a small extent at equilibrium, they
are nevertheless critically important intermediates
in the chemistry of carbonyl compounds
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» Keto-enol tautomerism of carbonyl compounds is
catalyzed by both acids and bases
« Acid catalysis involves protonation of the carbonyl

oxygen atom to give an intermediate cation that
then loses H* from the a carbon to yield the enol
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Protonation of the carbonyl oxygen
atom by an acid eatalyst HA yields a 1
cation that can be represented by “
two resonance structures.

Loss of H* from the o position by
reaction with a base A~ then yields 1
the enol tautomer and regenerates l|
HA catalyst.

Enol tautomer

[ Recall

 Base-catalyzed enol formation occurs because the
presence of a carbonyl group makes the hydrogens
on the a carbon weakly acidic

A carbonyl compound can act as an acid and donate
one of its o hydrogens to the base. The resultant
resonance-stabilized anion, an enolate ion, is then
protonated to yield a neutral compound
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Enol tautomer

Reaction of Enols: The Mechanism of
Alpha-Substitution Reactions

» Enols behave as nucleophiles and react with
electrophiles in much the same way alkene do

» Enols are even more reactive than alkenes
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« When an alkene reacts with an electrophile,
such as Br,, addition of Br* occurs to give an
intermediate carbocation that react with Br™ to
give the addition product

< When an enol reacts with electrophile, the
addition step is the same but the intermediate
cation loses the —OH proton to regenerate a
carbonyl compound
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Acid-catalyzed enol formation occurs
by the usual mechanism.
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An electron pair from the enol |
oxygen attacks an electrophile (E*),
forming a new bond and leaving a | \
cation intermediate that is stabilized "
by resonance between two forms, ki
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Loss of a proton from oxygen vields \
the neutral alpha-substitution I
product as a new C=0 bond is formed.
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Alpha Halogenation of Aldehydes and
Ketones

 Aldehydes and ketones are halogenated at their o
positions by reaction with Cl,, Br,, or 1, in acidic
solution

¢ The reaction is a typical a-substitution process
that proceeds through an enol intermediate
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An electron pair from the enol |

w bond attacks an electrophile,

forming a new bond and leaving a l

cation intermediate that is stabilized

by resonance between two forms. s LH Y -

Loss of a proton from oxygen yields
the neutral a-substitution product as l
a new C=0 bond is formed,
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» Bromine is most often used, and acetic acid is
often employed as solvent

¢ a-Bromo ketones are useful because they
undergo elimination of HBr on treatment with
base to yield a, B-unsaturated ketones

— The reaction takes place by an E2 elimination (chapter
7) pathway and introduce a C=C bond into a molecule

CH;
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2-Methylcyclo- 2-Bromo-2-methyl- 2-Methyleyclohex-
hexanone cyclohexanone 2-en-1-one (62%)
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Acidity of Alpha Hydrogen Atoms:
Enolate lon Formation

* Enolate ion formation

— Treatment of an aldehyde or ketone containing

an acidic a-hydrogen with a strong base give an
enolate ion
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» Carbonyl compounds are weakly acidic
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 Because the enolate ion is stabilized by resonance
between two forms
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sp-hybridized sp*-hybridized

» The resonance forms in enolate ions differ from
carboxylate ion, because the two resonance forms
are not equivalent

¢ The resonance form with the negative charge on the
enolate oxygen is lower in energy than the form with
the charge on carbon
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» Because o hydrogen atoms of carbonyl compounds
are weakly acidic, strong bases are needed to form
enolate ions

— If an alkoxide ion is used, ionization of ketone
takes place only to the extent of about 0.1%

— If sodium hydride (NaH) is used, then a carbonyl
compound is completely converted into its

TasLE 11.1 Acidity Constants for Some Organic Compounds

Compound type Compound pPK.

Carboxylic acid CH3yCOOH 5 Stronger acid
1,3-Diketone CH,(COCHgy), 9

3-Keto ester CH;COCH.COQ,CH;4 11

1,3-Diester CH,(CO,CHj), 13

Water HOH 15.74

Primary alcohol CH,CH.,OH 16

Acid chloride CH,COCI 16

Aldehyde CH,CHO 17

Ketone CH,COCH,4 19

Ester CH;CO,CHj,4 25

Nitrile CH,CN 25

Dialkylamide CH,CON(CHjy)s 30

Ammonia NH, 35 Weaker acid

enolate ion
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Reactivity of Enolate lon

* Enolate ions are more useful than enols
— Pure enols normally can not be isolated
— Enolate ions are more reactive than enols

— The o position of an enolate ion is electron-rich
and highly reactive toward electrophiles
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Alkylation of Enolate lon

¢ Alkylation by treatment with an alkyl halide
¢ The reaction forms a new C-C bond, thereby joining
two small pieces into one large molecule

¢ The nucleophilic enolate ion reacts with the
electrophilic alkyl halide in an Sy2 reaction,
displacing the halide ion in the usual way
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carbonyl compound
(more common reaction)
* Malonic ester synthesis 0O

Via malonic |
R—X ——= _, R—CH,COH

ester synthesis

Alkyl halide a-Substituted

acetic acid
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Diethyl propanedioate Sodio malonic ester An alkylated

(malonic ester) malonic ester

» Malonic ester is converted into its enolate ion by
reaction with sodium ethoxide in ethanol

» The product of a malonic ester is alkylation has
one acidic a hydrogen remaining, so the alkylation
process can be repeated a second time to yield a
dialkylated malonic ester
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» On heating with aqueous hydrochloric acid, the
alkylated (or dialkylated) malonic ester undergoes
hydrolysis and decarboxylation (loss of CO,) to
yield a substituted monocarboxylic acid

CO,Et (H H
R—C—COEt —2 R—(|3—(".(}(JI-{ + CO, + 2 EtOH

| Heat
H H

CO,Et H

H,0+ | !
Heat H—C—COOH + CO, + 2 EtOH
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Diethyl propanedioate
(malonic ester)
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» The overall result of the malonic ester synthesis is
to convert an alkyl halide into a carboxylic acid
and to lengthen the carbon chain by two atoms
(RX — RCH,COOH)

CH;CH,CH,CH,Br + Na* ":CH(CO,Et), —— CHyCH,CH,CH,CH(CO,Et)

1-Br b Sodio diethylmal te (84%)

Hy0*

0
CH,CH,CH,CH,CH,COH

Hexanoic acid (75%)

» Decarboxylation (3-ketone acid)

Carbonyl Condensation Reactions

< Carbonyl compounds can behave as either
electrophiles or nucleophiles
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Electrophilic carbonyl group Nucleophilic enolate ion
is attacked by nucleophiles. attacks electrophiles.

Electrophiles Nucleophiles

* In a nucleophilic addition reaction or a nucleophilic
acyl substitution reaction
— The carbonyl group behave as an electrophile by
accepting electrons from an attacking nucleophile
* In an a-substitution reaction
— The carbonyl compound behave as a nucleophile
after conversion into enol or enolate ion
 Carbonyl condensation reactions take place between
two carbonyl partners and involve a combination of
nucleophilic addition and c.-substitution steps




Condensations of Aldehydes and
Ketones: The Aldol Reactions

« When acetaldehyde is dissolved in an alcohol
solvent and treated with a base, a rapid and
reversible condensation reaction occurs

e The product is a B-hydroxy aldehyde product
known commonly as aldol (aldehyde + alcohol)
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Acetaldehyde Aldol
(a B-hydroxy aldehyde)

« If aldehyde or ketone does not have an o hydrogen
atom, aldol condensation can not occur

¢ The exact position of the aldol equilibrium depends
both on reaction conditions and on substrate structure

Monosubstituted acetaldehyde
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Disubstituted acetaldehyde or ketone
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Dehydration of Aldol Products:
Synthesis of Enones
¢ The B-hydroxy ketones and B-hydroxy aldehydes

formed in aldol reactions are easily dehydrated to
yield conjugated (o, B-unsaturated) enones (ene +

Base- 0 OH 10 OH- O
catalyzed I |

Enolate ion
Acid-
catalyzed 0 OH 0 OH,% L8]

Enol
» Most alcohols are resistant to dehydration by dilute
acid or base (chapter 8)
» -OH groups two carbons away from a carbonyl group
are special
» Conjugated enones are often obtained directly from
aldol reactions

one)
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A B-hydroxy ketone A conjugated
or aldehyde enone
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H,C—C=0 + H,C—CHO . H,c—C=C—CHO + H,0
But-2-enal

Condensations of Esters:
The Claisen Condensation Reaction

« Esters also form enolate ions which participate in
nucleophilic acyl substitution

— The condensation of two molecules of ethyl acetate in the
presence of sodium ethoxide, followed by acidification, to
give ethyl acetoacetate - Claisen condensation reaction

— the product of a Claisen condensation is a -ketoester and
alcohol
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Na* —~OEt, ethanol

I I
2 CH;COCH,CH; 3+ CH,C— CH,COCH,CH, + CH,CH,0H

Ethyl acetate Ethyl acetoacetate
a fi-keto ester (75%)
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The mechanism of the Claisen
condensation reaction

< The only difference between an aldol condensation

and a Claisen condensation involves the fate of the
initially formed tetrahedral intermediate
— The tetrahedral intermediate in the aldol reaction
is protonated to give stable alcohol
— The tetrahedral intermediate in the Claisen
reaction expels a leaving group to yield an acyl
substitutuion product

» Aqueous base cannot be used because their use

would result in hydrolysis of ester
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tetrahedral intermediate yields a
B-keto ester and regenerates the base 0 0
catalyst. I I
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! NaOCH i Z =
CH;CH,C—OCH, + H—CHCOCH, i =g I CH,CH,C—CHCOCH,; + CH,OH
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CH, CH,

2 Methyl propancate

Methyl 2-methyl-3-oxopentanoate

Biological Carbonyl Reactions

« Glycolysis is a ten step process

HOCH,
0o OH
OH Glycolysis Il
——— 2 CH;—C—C—0"
OH
OH Pyruvate
Glucose
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* Begining with conversion of glucose from its cyclic
hemiacetal form to its open-chain aldehyde form

» The aldehyde undergoes tautomerization to yield an
enol, which undergoes another tautomerization to give
the ketone frucose
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 Fructose, B-hydroxy ketone, is then cleaved into two
three-carbon molecules — one ketone and one
aldehyde — by a retro aldol reaction

(IIHZOH (|3H20H
C=0, C=0
. "\__/
HO—(l,‘—-H
H—CYX0H ~—
H—C—OH
H—C—OH
CH,OH |
CH,OH
Fructose

Hemiacetal "“x(i‘_ = H_(|:_| H CH,OH
HOCH, . \ ;
2 H—C—0OH C—OH C=0
| o\oH | ; [
<z > . HO-—-(l‘. -4 _, HO—C—H __ HO—C—H
OH 1 H—C—OH H—C—OH H -(i?—()H
OH
H—C—OH H—C—O0H H—C—0H
Glucose |
(hemiacetal form) CH,OH CH,OH CH,OH
Glucose Glucose enol Fruetose
(aldehyde form)
« Citric acid cycle (tricarboxylic acid cycle)
(“J i_li (|300[-I (|IOOI"I
| 1
CH3CSCoA —— | tCHLCSCoA | + 0= Ll —= . H( '_?_CHzC”OH
Acetyl CoA CH. CH,
(a thioester) i |
COOH COOH
Oxaloacetic acid Citric acid
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