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c. | Additions
and Condensations of
Enols and Enolate lons

We have seen many electrophilic reactions of carbonyl compounds, with nucleo-
philes adding to carbonyl groups or substituting for leaving groups. In this chapter
we consider how carbonyl compounds can become nucleophilic and attack other
carbonyl groups or other types of electrophiles. First, let’s review the most common
electrophilic reactions of carbonyl compounds, then consider how to convert them

to strong nucleophiles.
Ketones and aldehydes usually undergo nucleophilic addition to the carbonyl:

A nucleophile attacks the electrophilic carbon atom, and the oxygen becomes pro-
tonated. Nucleophilic acyl substitution is the most common reaction of esters and
other acid derivatives: Attack by a nucleophile is followed by elimination of an

alkoxide or other leaving group-

Ketones and aldehydes: Nucleophilic addition
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Nucleophilic reactions of carbonyl compounds are some of the most comm
methods for forming carbon—carbon bonds. A wide variety of compounds ¢
participate as nucleophiles or electrophiles (or both) in these reactions, and ma
useful products can be synthesized. We begin our study of these reactions by cof
sidering the structure and formation of enols and enolate ions.

22-2 22-2A Keto-Enol Tautomerism

Enols In the presence of strong bases, ketones and aldehydes act as weak proton wd; 3

and Enolate lons Proton on the @ carbon (the carbon adjacent to the carbonyl group) 1 "‘h”mu:@'
form a resonance-stabilized enolate ion with the negative charge spread O

carbon atom and an OXygen atom. Reprotonation can occur either on th¢ ug 2

keto form) or on the oxygen atom, giving a viny! alcohol:

Base-catalyzed keto—enol tavtomerism
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In thic oy s by | X  comerc keto ’
, B yzes an equilibrium between 150 e
forms a.f a Cﬂfbouylcompound. For :itllnple ketones and aldeljydei‘i‘; i
F linates. ore, a vinyl alcohol (an enol) is best described &
1someric form of a or aldehyde.
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keto form ;
(99.98%) c;:;):)g;T keto form enol form
B o

(99.90%) (0.10%)
. , occurring by the migration of a proton and the
moveme : i !
s cnal] lOi;jatdoublc bond, is called tautomerism, and the isomers that intercon-
Somtes w7 }e1 automers. Tautomers are true isomers, and (under the right circum-
K’ WG cital yst present) either individual tautomeric form may be isolated.
cto—enol tautomerism is also catalyzed by acid. In acid, a proton is moved

from the a carbon to oxygen by first protonating oxygen and then removing a
proton from carbon.

This type of isomerization

Acid-catalyzed keto—enol tautomerism

H
-+ . /I_I
O H 0 “H -
g I L/ s = ;
i (ll iy / -—$— < /C C\ + H
protonated carbonyl enol form

Compare the base-catalyzed and acid-catalyzed mechanisms shown above for
keto—enol tautomerism. In base, the proton is removed from carbon, then replaced
on oxygen. In acid, oxygen is protonated first, then carbon is deprotonated. Most
proton-transfer mechanisms work this way. In base, the proton is removed from the
old location, then replaced at the new location. In acid, protonation occurs at the
new location, followed by deprotonation at the old location.

In addition to its mechanistic importance, keto—enol tautomerism affects the
stereochemistry of ketones and aldehydes. A hydrogen atom on an « carbon (adja-
cent to a carbonyl group) may be lost and regained through keto—enol tautomerism;
such a hydrogen is said to be enolizable. If a chiral carbon has an enolizable
hydrogen atom, a trace of acid or base allows that carbon to invert its configuration,
with the enol serving as the intermediate. A racemic mixture (or an equilibrium
mixture of diastereomers) is the result. <

enolizable hydrogens

t H
\ /
0 o)
i (:I-I3 H* or "OH e H
= £ —

(R) configuration achiral (8) configuration

PROBLEM 22-1

Phenylacetone can form (wo different enols.
(a) Show the structures of these enols.

i i [ sent in the larger concentration at equilibrium,
edict which enol will be pre.sepl in ntal ‘
((tc); Perel mechanisms for the formation of the two enols in acid and in base.

22-2 Enols and Enolate lons 1043
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PROBLEM 22-2

Show each step in the mechanism of the base-catalyzed interconversion of (R *:{ ¢ :f
(S )-2-methylcyclohexanone. v

PROBLEM 22-3 b ; .
When cis-2,4-dimethylcyclohexanone 1s dissolved in aqueous ethanol conpaj
frace of NaéH. a mixture of cis and trans isomers results. Give a mechanism

isomerization.

22-2B Formation and Stability of Enolate Io.nst e
A carbonyl group dramatically increases the acidity of the protons on the q-gg
atom, because most of the enolate ion’s negative charge resides on the ele,
tive oxygen atom. The pK, for removal of an « proton from a typical ketope,
aldehyde is about 20, showing that a typical ketone or aldehyde is much more
than an alkane or an alkene (pK, > 40), or even an alkyne (pK, = 25). Sl
ketone or aldehyde is less acidic than water (pK, = 15.7) or an alcohol (pK, = |
to 19). When a simple ketone or aldehyde is treated with hydroxide ion ¢
alkoxide ion, the equilibrium mixture contains only a small fraction of the
tonated, enolate form.

. . [® Ly b ]
.O. H/_\ 'O. ’ :O:- R’
LS K l

/ / :
R—C—C—R" "+:2:"0R = R—C—C=\ <> R—C=C\ +
! . '
minor major
ketone or enolate ion
aldehyde

Example 4
0 . O i 6:_ 4
A R . (
o T Q T CH2CH3 <2 ’ ¥ b
cyclohexanone

ethoxide ion cyclohexanone enolate

(equilibrium lies to the left)

Even though the e:quilibrium concentration of the enolate ion may D¢ .v. }:
Serves as a useful, reactive nucleophile. When an enolate reacts with an electroi
(other than a proton), the enolate concentration decreases, and the equilibm™

to the right (Fig. 22-1), Eventually, all th nd reacts Via &
concentration of the enolate ion. Ys e carbonyl compou A
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enolate ion
reacts with E*

PROBLEM 22-4

Give the important resonance structures for the enolate ion of

(a) acetone (b) cyclopentanone (c) 2,4-pentanedione

For some reactions, all the carbonyl compound must be converted to its de-
protonated enolate form. Although sodium hydroxide and alkoxides are not suffi-
ciently basic, powerful bases are available to convert a ketone completely to its
enolate. The most effective and useful base for this purpose is lithium diisopropyla-
mide (LDA), the lithium salt of diisopropylamine. LDA is made by using an alkyl-

lithium reagent to deprotonate diisopropylamine.

: (|:H3 (|3H3
CH,—CH _, cH—€RE
| SN—H + CHl vt O el i ﬁN: Li*
HS—(I:H n-butyllithium butane 3 ‘
CH, - CH, ‘
diisopropylamine lithium diisopropylamide (LDA)
9 0, showing that it is much less acidic than a

has a pK, of about 4 .
ldehyde. By virtue of its two isopropyl groups, LDA is a bull

ily attack a carbon atom or add to a carbonyl group. Thus itis
nucleophile. When LDA reacts with a ketone, it

Diisopropylamine
typical ketone or 4

reagent; it does not eas
but not a strong

:bi(fr‘zz{sf lgl: 2:xs‘:)’roton to form the lithium salt of the enolate. We will see that these

Iithium enolate salts aré very useful in synthesis.

' O~ "Li

c“> ll{ R nm -t R—<I:=c/ + (-CH),N—H
R—C—C— T (i_c3H7)2N—L1+ ™ :

| DA lithium salt diisopropylamine

 ketone k of enolate (pK, = 40)
. (pK,=20 _
it ) (equilibrium lies to the right)
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