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Keto-Enol Tautomerism 0 ol
keto form of enol form of
cyclohexanone cyclohexanone

An enol has a C=C double bond and an OH group joined directly to it

®

H H H@ H
o\sj«y 0 OH

In the case of dimedone, the enol must be formed by a transfer of a proton from
the central CH,, group of the keto form to one of the OH groups (enolization)

The only change is the transfer of one proton and the shift of the double bond.
Reactions like this are given the name tautomerism



Keto-Enol Tautomerism

Compound pPK;
O
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H
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H,0 14
@
25
HEQ)LNRE
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Note

ketone better enolate
stabilizer than ester

~same as acetic acid



Why don’t simple aldehydes and ketones exist as enols? 3

Simple carbonyl compounds like cyclohexanone or acetone have only a trace of

enol present under ordinary conditions. The equilibrium lies well over towards the
keto form (K, = 107°)

A
H ol
0 K o~ 2
)J\/H ) )\ _ e
keto
keto form of acetone enol form of acetone -
This is because the combination Typical bond strengths (kJ mol™) in keto
of a C=C double bond and an and enol forms
O-H single bond is (slightly)
less stable than the combination Bond to H T bond Sum

of a C=0 double bond and a

: ketoform  (C-H)440  (C=0)720 1160
C-H single bond

enol form (0O-H) 500 (C=C) 620 1120




Compound Enol content

o)
é 0.0004%
o)
P <0.002%
0 OH
COE COEL 40% (neat)
60% (EtOH)
O 0
100%(neat)
_ gEo, (HQD}
_140
@) OH 2-14% (cyclohexane)
)CL/ OH 10-13% (EtOH)
COBE === COH 50% (cyclohexane) <—— intramolecular
H-bond
7 9 OH © 16% (H,0)

JL — I #Esh

92% (cyclohexane) <—— jntramolecular
H-bond

o 0 OH © 3% (Ho0)

_— T 31% (EtOH)
25% (cyclohexane) <—— jntramolecular

H-bond



Evidence for Equilibration

If you run the NMR spectrum of a simple carbonyl compound in D,0O, the signal for
protons next to the carbonyl group very slowly disappears

D&)
D
0 0 0
return to
enolization keto form
H H H H D
DGJ
D
0 0 0
return to
enolization keto form
- p® ———
H D D D D

Notice that the double bond in this enol could be either E or Z. It is drawn as Z
here, but in reality is probably a mixture of both



Enolization is catalysed by acids and bases

Enolization is, in fact, quite a slow process in neutral solution. However, it can be
catalysed with acid or base if we really wanted it to happen.

acidcatalysed enolization of an aldehyde

HE(U—H V) H o
0 protonation 0 loss of proton
on oxygen fmm carbon
H H 2
H P
OH
"keto" form of aldehyde enol form of aldehyde

base-catalysed enolization of an aldehyde

H ©]
0 loss of proton : ] f\eﬂ protonation
from carbon on oxygen
———. ——— ‘\\"
" H % —-— HT Y —

OH
"keto" form of aldehyde enol form of aldehyde



Enolate lon

The intermediate in the base-catalysed reaction is the enolate ion. It is the
conjugate base of the enol and can be formed either directly from the carbonyl
compound by the loss of a C—H proton or from the enol by loss of the O—H proton

af % o® ML
H — \\ —
H/\@OH H H X
"keto" form of aldehyde the enolate ion enol form of aldehyde

The enolate ion is an alkoxide ion as we have drawn it, but it is more stable than
the corresponding saturated structure because itis conjugated

delocalization of the enolate anion

o® 0®
05 0
H H 4
H H H —— e H
H H

simple alkoxide enolate anion:
anion: conjugated and
unconjugated and more stable oxyanion carbanion

less stable




Enolate lon

Because oxygen is more electronegative, both orbitals go down in energy
compared to that of allyl anion. The orbitals are also distorted. The lower-energy
atomic orbital of the more electronegative oxygen contributes more to the lower-

energy orbital (V¥,)

populated = orbitals of the allyl anion populated n orbitals of the enolate anion
g
_,//’/\\ o /\\ /’\0 o <™ o AO
reactive Ws
HOMO reactive o
HOMO V2

5%
0t B9

The important reactive orbital is the HOMO (W¥,) which has the larger orbital on
the terminal carbon atom



Enolate lon

In the enolate, the oxygen atom has more of the negative charge, but the carbon
atom has more of the HOMO. One important consequence is that we can expect
reactions dominated by charges and electrostatic interactions to occur on

oxygen
0 cI 0
mob % )‘\
0 0 0 o)
H,JL\R base Cl
—_— e —_—

acetone enolate anion reacts through enol ester
oxygen with acyl chloride

and reactions dominated by orbital interactions to occur on carbon

0 03 0
base
—_— —_—
Q
acetone N Br pentan-2-one

enolate anion reacts through
carbon with alkyl halide



Types of Enol and Enolate 10

All the acid derivatives can form enols of some kind. Those of esters are
particularly important and either enols or enolates are easily made. It is obviously
necessary to avoid water in the presence of acid or base (hydrolysis) One
solution is to use the alkoxide belonging to the ester

N A
MeO ”O/Bof”‘e ——> MeOH + /I\Ux'“e

Acyl chlorides can be enolised very easily (as it is very electrophilic); To avoid
nucleophilic attack, we use nonnucleophilic base such as a tertiary amine

0 0 0
Ets:N:” \ cl &
H = Cl = S
Cl Cl
Cl
c’’ ¢ ol

unstable enolate dichloroketene

The resulting enolate is not stable as it can eliminate chloride ion, a good leaving
group, to form a ketene



Types of Enol and Enolate

Carboxylic acids do not form enolate anions easily as the base first removes the
acidic OH proton

N (0 /\e 09  stable
o) carboxylate
MeO H\)I\[{?/H OMe —= H\/J\ﬂ anion

In acid solution, there are no such problems and ‘ene-diols’ are formed

H
'ci/\‘ H® (‘fgx“ 0~
——— . ——— H
H\)j\ofH H-0 /-\ HOJJ\U"”H )\Dﬁ'

symmetrical ene-diol

Amides also have rather acidic protons. Attempted enolate ion formation in base
removes an N-H proton rather than a C—H proton. Amides are also the least
enolisable, and their enols and enolates are rarely used in reactions

X o i

MeO - “\)I\[h}'* OMe —> H\/g - )]\
| NH N©
" !



Types of Enol and Enolate
Nitroalkanes form enolate-like anions in quite weak base

nitromethane formation of nitromethane anion in base

0 0
”@ /'\ IOD
H N2 EtaN: H N

|
®
. 00 ?@“‘*n@ H\(N“o )
H

©

H H H

benzyl cyanide
(phenylacetonitrile)

Nitriles (cyanides) also form anions but require stronger H

base as the negative charge is delocalized on to a single

nitrogen atom rather than on to two oxygens. The negative A
charge is mostly on a nitrogen atom SN

B:/& 4

H
@
e — (e



Types of Enol and Enolate 13

Imines and enamines are related by the same kind of tautomeric equilibria

N
H

f E imine enamine

;\p D

iminium ion enamine

With a primary amine a reasonably stable imine is formed, but with a secondary
amine the imine itself cannot be formed and the iminium salt is less stable than
the enamine

Aza-enolates are the nitrogen - o)
analogues of enolates. They A Ph N
are made by deprotonating (\ H

. . @
enamines with strong base base imine aza-enolate



Thermodynamically Stable Enols

The enols of 1,3-dicarbonyl compounds are relatively more stable due to

conjugation

® enol form of diethyl malonate stabilized by conjugation
H
0 0 0 CiiH S  ©on
: e
Et OEt Et OEt Et OEt
H H H H
.H
0" o
In some examples there is an additional Et OEt
stabilizing factor, intramolecular hydrogen )

bonding

14

enol form of diethyl malonate stabilized by

an intramolecular hydrogen bond

) ) "ketonization" of phenol (not observed)
The ultimate in stable enols has

to be the phenol which prefer HO H H
the substantial advantage of O
aromaticity. They exist entirely

in the phenol form B




Consequences of Enolization 15

Unsaturated carbonyl compounds prefer to be conjugated

It is difficult to keep a B,y-unsaturated carbonyl compound because the double
bond tends to move into conjugation with the carbonyl group in the presence of
traces of acid or base enolate anion

v-protonation leads on

0 0 to conjugated ketone 0
base )I\/\
R/g(‘\\\ - R QO wlde R
" w80

B:

c-protonation leads back
to unconjugated ketone

Racemization

Any stereogenic centre next to a carbonyl group is precarious because
enolization will destroy it

_H
0 0 0"~ o 0 0
)IYH\ OEt J\y/l\oa ) )IY“\DH
R H R H R

chiral tetrahedral keto-ester achiral planar enol enantiomeric keto-ester



Reactions of Enols or Enolates 16

Acid-catalysed Halogenation

0 Br2 0
Carbonyl compounds can be halogenated )I\ - )I\/B
in the a position by halogens (such as HOAc '
bromine, Br,) in acidic or basic solutions acetone bromoacetone
H“'--.
Ac H. 0 acid-catalysed

H
0: S0 ® o)
enollzatlon
—_— —_
H\O Br—CBr )I\/ Br )I\/Br

enol

Lewis acids make excellent catalysts for the bromination of ketones

0
Bro,
0.75 mol% AICls, Et20
100% yield
Br

/'\ AICl; AICIg AICI3 AICl,

o - o oY, - oY




Reactions of Enols or Enolates 17

Base-catalysed Halogenation

formation of the

(_\ enolate anion
SoH —

formation of the

(\@ enolate anion
OH

-

formation of the

(\e enolate anion
OH

-

0 03
Br
e) Br OH Br
HO Br Br

cfb 0
)B—'Brlgr —"'*)I\/Br+ Bl’a

0 0
N ——— = Br + Br®
Br—Br
Br Br
0 0
Br —_— Br + Br@
B Br
Br
Br Br

)I\ o Br 0 H Br
— + —_— +
Br 0 Br



Stable Enolate Equivalents

Even with fairly strong bases such as hydroxides or alkoxides, most carbonyl
compounds are converted to their enolates only to a very small extent

With a much stronger base like LDA, the lithium enolate is formed quantitatively
from the carbonyl compound; it is stable at low temperature (—78 °C)

LI
0 QRE o~
LDA =
Lithium H LDA

Di-isopropyl —_— + HNR>
Amide

LI

r—=

Lithium enolates are the most commonly used enolate equivalents in chemistry

Second in usefulness are silyl enol ethers. Silicon is less electropositive than
lithium, and silyl enol ethers are more stable, but less reactive. They are made
by treating an enolate with a silicon electrophile and a weak base

MesShQ@ C NEt, 0SiMes

l:'j MEgSIUl
B - do5 — _L




Reactions

1) Conversion of lithium enolates to silyl enol ether

Me |

i
Si
L 7\ SiMe
0 \"‘O Me/ Me u“'ﬁ ?
o — 0 —— L
F R R
lithium enolate silyl enol ether

2) Conversion of silyl enol ether to lithium enolates

L|—Che\
Sn2(Si)

. _SiMe; Li_

AN N

silyl enol ether lithium enolate

19



Reactions 20

3) Hydrolysis of silyl enol ethers

H
A, — A, e — - °
. NsiMe, ——= R NF SiMles n/\( + MegSIOH

silyl enol ether L ‘OH5 :

H® ®

® A

Me3SI—OH

hexamethyldisiloxane
4) Reaction with electrophiles

Me?'SI\“\b) Me?.SIQ@
x-Q(

_—

0SiMe;

SIS TS S

LDA removes the least hindered proton



C-C Bond Formation: Alkylation

carbonyl compound acts as an electrophile

R R R
Nu /3 —_— )Voe —_— /FOH
Nu Nu
H

enolate acts as a nucleophile

R R
gkg %JQO | (J\O
G(\ b enolate L
B

R
E@

aim to avoid an unwanted dimerization: the aldol reaction

nucleophilic g

enolate R
VB repeat enolization O R OH |R OH
0 0 and attack
- -
R R
OH "
R

——
) elergtruplhilic unwanted polymer
0 carbony

unwanted "aldol product”



C-C bond formation: Alkylation

These reactions consist of two steps

step 1: formation of enolate anion step 2: alkylation (Sy2 reaction with alkyl halide)
strong base
R1 (complete formation Rq R4
of anion) -
N

G(\ H - R X R>
weak base 2{ -
B

(anion in equilibrium with
starting material) alkyl halide

We shall take one of two approaches to the choice of base

Complete conversion of the starting material to the anion (using strong base)
before addition of the electrophile, which is added in a subsequent step

Weaker base may be used in the presence of the electrophile;
[Advantage: easier practically]
[Disadvantage: works only if the base and the electrophile are
compatible + risk of aldol by-products]

22



Complete Conversion: Lithium Enolates 23

Ketones
alkylation of a ketone enolate
0 0
Li 0
I) (0] 1. LDA Me
Mel.- Me THF, =78 °C
= R R2 s
’ R I e OEt
~78 °C t o
R, 1 + Ll PRI 93% yield
new C-C bond
0 1. LiN(SiMe3)» : 0
2. Lewis acidic Y(lll) salt v'
» H
0 99% vyield

/A

l THEO
Lewis acid coordinates to O Yg@

Li and assists ring openin . Li
{Me:;Si}zN:j 0 gopening ™, Co
0
H




Complete Conversion: Lithium Enolates 24

Esters
0

0
)|\ 1. LICA, —-78 °C /\/\)J\
s 85% yield
0t-Bu 0t-Bu

2NN

Carboxylic acids

OLi
BuLl BuLl /\Q
- H
OMe
Me

Br
\_"“ Ph Ph

LDA x 3 oL
Bm::HN'/\"/ — tBu N — a)l\ oL —— = OH
Li

BocH

enolate trianion Li 0



Complete Conversion: Lithium Enolates 25

Aldehydes

Aldehydes are so electrophilic that, even with LDA at —78 °C, the rate at which
the deprotonation takes place is not fast enough to outpace reactions between
the forming lithium enolate and still-to-be-deprotonated aldehyde remaining in the

mixture

reactions which compete with aldehyde enolate formation

IPr\_

Li
Li 0_/1 0
| | aldol A
CO deprotonation self-condensation 0 0
iP == -
H -78°C H
H THF H
Ry Ry
R 1

R, lithium enolate 1 R

Direct addition of the base to the carbonyl group of electrophilic aldehydes can
also pose a problem

C|O OLI
addition -
(' NiPr2 78 °C NIPr,

R, L THF Ry




Complete Conversion: Enamines 26

Enamines are formed when aldehydes or ketones react with secondary amines

0 N
H 1. R—X

cat H*

o0

2. H,0, H*

enamine
/ \ hydrolysis
mechanisms for
the green steps are :
@

in Chapter 14
0 ~ |
X
H R R
_h_ _'-l-_-‘_

iminium enamine

—_—

Q0

Enamines are alkylated by reactive electrophiles



Complete Conversion: Enamines

Enamines are alkylated by reactive electrophiles (Sy2 reactive)

27

methyl allyl
HyC—X _/—}(
0

R)I\/Br alkylate very well

benzyl

primary alkyls
/T
R

alkylate well

secondary alkyls

Ra

>—x
R1
alkylate slowly

tertiary alkyls

mﬁ—x
R1
do not alkylate

(2 (o)

N: N
—_—l
C-alkylation

H;0®

—_—

iminium
Eml; [\ﬁ}
h \"R
| H0®
—_—T —_—T
N-alkylation

quaternary ammonium salt

starting material

0
&fﬁ

alkylated carbonyl compound

reactive alkylating agents do this

:N: g
Me

simple alkyl halides do this

R N




Complete Conversion:

O L AN

Cl
0 z
1. Cli
N Z N
MeCN, reflux 13 h :
- r
2. H,0, 82 °C

For the more substituted
enamine, steric hindrance
forces the enamine to lose
planarity, and destabilizes it;
the less substituted
enamine IS more stable.
Note how the preference is
opposite to the preference
for a more substituted enol

RzNH

cat. H+

Enamines 28

(P A}

dioxane, reflux 22 h

2. HCI, H20, 100 °C

steric hindrance
prevents complete
_.==~ Pplanarity of conjugated
! enamine

R R
o \Nx" N ~
H y“r
.
W)‘\ H+

more hindered
enamine

less hindered
enamine

Ph

U Ph
2. H,0 0

59% yield



Complete Conversion: Enamines 23

Enamines are a good solution to the aldehyde enolate problem. Aldehydes form
enamines very easily (one of the advantages of the electrophilic aldehyde) and
these are immune to attack by nucleophiles

0 0
/I\/H\/I\ ! Br\)l\
. OEt
N reflux MeCN H

OHC\/\/ - /\/\/ -
cat. H* I-BuzN CO,Et
2. H,0 2

Br 0 H
/\//
NH N reflux MeCN
CHO -
\)\/\/ cat. H*

2. H,0

Drawback: require highly S2-reactive electrophiles



Complete Conversion: Silyl Enol Ethers 30

Silyl enol ethers are alkylated by S,l-reactive electrophiles (such as
carbocations generated from in situ abstraction of a leaving group from a saturated
carbon centre by a Lewis acid)

carbocation formed

from alkyl halide
Me,SiCl
L) TiCl, R>
- _
TiCIs sw.qegfbm

SIM eq
silyl enol ether

The best alkylating agents for silyl enol ethers are tertiary alkyl halides: they form
stable carbocations in the presence of Lewis acids such as TiCl, or SnCl,:

complementary selectivity with lithium enolate or enamines (elimination side
products)

Q MesSiCl, Et3N 0SiMe3 ¢'>|\/ 0
DMEF, reflux

. ==

TiCla,
CHoCls, 50 °C, 2.5 h 62% yield




Complete Conversion: Aza-Enolates 31

Enamines are the nitrogen analogues of enols
Imines are the nitrogen analogues of aldehydes and ketones

Aza-enolates are the nitrogen analogues of enolates

self-condensation a problem because of
aldehydes’ electrophilicity

not a stable species highly electrophilic )\ highly nucleophilic

enol aldehyde base enolate
Rin A < Ry > Ry
sec_c-ndary primary
amine, RoNH amine, RNH,
cat H* cat H*

R Ry ©_Ra
1\//\N Rl\/\\\Nx’R2 base - \//\N’#
. imine aza-enolate
enamine

highly nucleophilic

. only weakly electrophilic
stable, weakly nucleophilic y y P \+/

self-condensation not a problem because of
imines’ low electrophilicity



Complete Conversion: Aza-Enolates 32

aza-enolate formatmn MgBr strong base

aza-enolate
H2N

v % S

acidic proton

aza-enolate alkylation

H®, H,0
BnCl » 112
K oo P
) TTHE | Y P o
r
MgBr 23 h reflux /\ph g
aza-enolate
Br
/|: :| imi LiNEts,
H2N e THE, 60 /Cl 1% n-8 X
n-B CHO —— ;B q — — =
e cat H* U\Ij\ n Elu\\’:%p\N 2 ', W0 0
H ,.i \>

Aza-enolates are the best general solution for alkylating aldehydes with most
electrophiles



Complete Conversion: Summary 33

® Specific enol equivalents for aldehydes and ketones

To summarize:

® Lithium enolates can be used with SN2-reactive electrophiles, but cannot be
made from aldehydes

® Aza-enolates of aldehydes or ketones can be used with the same Sy2-reactive
electrophiles, but can be made from aldehydes

® Enamines of aldehydes or ketones can be used with allylic, benzylic, or
o-halocarbonyl compounds

® Silyl enol ethers of aldehydes or ketones can be used with Sy1-reactive (ter-
tiary, allylic or benzylic) alkyl halides

« Complete conversion of the starting material to the anion (using strong base)
before addition of the electrophile, which is added in a subsequent step

« Weaker base may be used in the presence of the electrophile;
[Advantage: easier practically]
[Disadvantage: works only if the base and the electrophile are
compatible + risk of aldol by-products]



Weak Base: Nitriles  [risk-ofaldolby-preduets]
= 19 I

Il
¢ ¢ deprotonation Y alkyl halide alkylation '
RzU
R’) R H /‘\ Rl Rl 4 Rp_r
nitrile o nitrile ‘enolate’ anion :
B new C-C bond
CN
N //-\/Br
r
NaOH
BnEt;N®c| © 84% yield
Me Me Me Me Me
CN NaHx2 mMe H2S04 ve
—_— CN ——— CO,H
Mel
cl EtzN, DMSO NC,_ CN ,
N N/ - Ph\X/Ph 100% yield
NaOH Hoé\H

cr” "Nen — ¢

0-100 °C \Qﬁ . M.%ﬂ% L D—CN



Weak Base: Nitroalkanes [riskotaldelby-preduets] 35

weak amine base

C\Nng

R1 Ri ?H Riar_' Rzg( Ri\l/ﬁz
_— _—l
0—-',-‘—-'*”@\06 ‘{;}, NP G/}}’ N(?\oe Oo” N%O

nitroalkane nitro-stabilized anion

1. BuLl, THF, HMPA NO,

MeNO, -
2.
I/\M

Cl
BuysNOH
N \\/ _
NO, H-0, benzene NO,
O2N 0,N
NO,
K>CO4
Br/\/\/\Nﬂz =

benzene



Weak Base: B-Dicarbonyl Compounds 36

The presence of two electron-withdrawing groups on a single carbon atom

makes the remaining proton(s) appreciably acidic (pK, 10-15), which means that
even mild bases can lead to complete enolate formation

alkylation of a 1,3-dicarbonyl compound (or B-dicarbonyl compound)

0 0 0 0
_— —1--
R R
delocalized enolate

Etﬂg\ : H pK, > 20: Me

PAa 10-15 5t removed x

The resulting anions are alkylated very efficiently. This diketone is enolized even
by potassium carbonate, and reacts with methyl iodide in good yield

0 0
KzCOg, Mel
77% yield
acetone, reﬂux




Weak Base: B-Dicarbonyl Compounds 37

0 0o EtO, CO,Et
NaOEt, EtOH
EtO, CO,Et ’
o~ > Et 7 ™okt >
diethyl malonate

Cl 61% yield
0 0 0 0 0
M NaOEt, EtOH - EtO,
Et > Et
BuBr
ethyl acetoacetate
/\/\
UBT 61% yield
Et023 . NaH CO,Et
+ S S~ xRS .
N DMF, pentane N N

NC



Weak Base: B-Dicarbonyl Compounds — Decarboxylation 38

decarboxylation of acetoacetate derivatives to give ketones

0
MeO, NaOH, HgO ©0,c HCI heat Ketone
product

R hydrolysis of ester

T tautomerize

H
0N 70
heat
0
R

enol of ketone

decarboxylation of malonate derivatives to give carboxylic acids

0
MeO, NaOH, H20 @ozc o© Ol heat HCI, heat on carboxylic
OMe : acid product
R

hydrolysis of ester R



Weak Base: B-Dicarbonyl Compounds — Decarboxylation 3°

0 0 0
Et0, NaOH, Hzi O0,c HCI, heat NN
® 61% yield
Na
n-Bu h-Bu -Bu

NaH, THF
Me0,C __CO;Me NaH, THF  MeO, CO,Me MeO, CO,Me
Br
0
7 COOH
Etlc’zc\/c‘"zEt EXcess CO,Et co,Et EtO; CO,Et
NaOEt Et Et

_—

Br Br 1. NaOH
NN Br Et 2. HCI, heat



Weak Base: B-Dicarbonyl Compounds — Decarboxylation 40

Krapcho decarboxylation

0 0 MeCl 0 0 CO, o H()?“ 0
QME (\e(n —L {\@ —L —_—
Me S Me 0 Me Me
N2
R R R R

CO,Me
c0,Me

NaCl
Meozc) _NaOMe _ c)\/\/\ e Me0ye” N O NTX:

N X MeOH MeO, Xy Wwet DMSO
160 °C
99% yield

Br 92% yield

Regioselectivity in Alkylation

0

0 0 0
R\/“\' . R sl R\’)‘\ — R - R\‘/lk
Me H H MeU( Me

Me {7



Thermodynamically controlled enolate formation 41

0 0 0© o 0 0
NaOEt Mel
—_— \ —_—
OEt M OEt M OEt
H H only more stable Me
pK; ca. 12 enolate forms introduction of

new substituent
directed by ester group

Ph Ph Ph
KH, THF OLi
-
conjugated not formed
enolate formed
greater stabilization of cationic MelLi
transition state by methyl group

Me3Si . -
Me35|—C| ™o @ MesSh_ (+) f 0SiMe;

Eth




Kinetically controlled enolate formation 42

more accessible

(less hindered)
0 add ketone to 0 o®
Me\)k LDA, THF at -78°C ’ _ \)\
Me
. H
less accessible H H H kinetic enolate
(more hindered) Ro
0 0
Ph
> B Ph
77% yield
0 OLi OLi
H H
H Ph  .ddto LDA, -78 °C Ph Ph
more accessible -
(less hindered)
100% formed 0% formed
0 OLi

H H
H Meé  a4d to LDA, -78 °C Me F’h/\Br
- P

99% formed 45% yield



Enolate from Enones 43

Enones provide a solution to regioselectivity problems

1) Dissolving metal reduction Li, NH3
(similar to Birch reduction) N o ROH

CS EtOH e
/I%/J\., - /I-\/l\o@_" /I-\/I\OH — )e\/l\c.” — /I\A\@
" enotate
o 2

C=C reduced

no alkylation here

R alkylation here

Example: f PL f
b Li, NH3, ROH /@ /\/Br ﬁ

45% yield




Enolate from Enones 44

2) Conjugate addition

0
direct addition @ R
must be avoided O 1 0© H/¢
s conjugate N

addition

R o Z SR o
© N
Nu enolate g® R
N
Nu=H
K-Selectride 0 ©
THF Mel, THF
78 °C -78°Cto0°C
_— _ _— 98% yield



Enolate from Enones 45

2) Conjugate addition
hard electrophile attacks O OSiMes

Nu =R _
ME‘gSICl
0
conjugate
Me,Cull addition E/I/j\
|
@c:u—rn?é \
Me/
soft electrophile attacks C M

Example:

0 0SIMe; \/\:l/ o
Me,Cull,
Me3SICI MeLI
_—
THF 25 °C
Me
78% vyield



Enolate from Enones 2) Conjugate addition 46

alkylation from less
hindered face

0 OLI 0 0
Me,CuLl RX
—_— o= “\ﬂ"R R
(1) (£)
Me e

0]
fﬁ o°
(©)
CuR
9Or - IS
MgBr
MeC g Ar

Example2: - 3

BulLli Li CsHiq 1. Cul
 INA e
2. CsH11

R35I0:.-,% 0 R3SIO e
- trans

Examplel.:

onnn
omimn

SIR, SiR3

omim
2
=5
&
l

0

omm

SIR3 78% yield

H prostaglandin Eo



Aldol Reaction 47

Reaction of enolates with aldehydes or ketones as electrophiles

Base-catalysed 0 0°
NaOH Sy
H H H

acetaldehyde enolate ion
o) O,
OI\QJ\ / § [
H )\/II\ = )\/“\
H . H
enolate ion ‘aldol’
unenolized 3-hydroxybutanal

aldehyde

With more base or at higher temperature, further reactions occur, because the
aldol products dehydrate rather easily through E1cB mechanism

the enolization step the elimination step

o

OH 0

l_,

HOGL_J enolate ion



Aldol Reaction 48

Acid-catalysed acid-catalysed enolization step

H. ®
0 ~o OH
®
H T é

cyclopentanone enol

acid-catalysed aldol addition step

"6 HQ@ H® 0
&8 — St
Y

the ‘aldol’ product

the acid-catalysed dehydration step (E1 elimination)

0 0 0 H@ 0
OH — OH, ———>
® H



Aldol reactions of unsymmetrical compounds

ketones which can enaclize only one way:
0
O an aryl ketone has
no substituents at
the o position

a t-alkyl group
cannot enolize M

as it has no
o protons
* Me
nine  protons trigonal carbon atom in aryl
but no o protons ring with no substituents

6/-\7 CB\
the aldol Q ' : "
enohzatlon /ui’< reaction W\K >
H

a second, unenolized
molecule of ketone

aldol reaction of a lactone (cyclic ester)

0 —» 0
0

OH - - -
elimination

0

49

the aldol product,
60-70% yield



Cross-Condensations

NaOH 99% vyield

Y

+ H,0/EtOH
NO, NO,

® Successful crossed aldol reactions

For this kind of crossed aldol reaction to work well we must have two conditions.
® One partner only must be capable of enolization

® The other partner must be incapable of enolization and be more electrophilic
than the enolizable partner.

0

most reactive )J\ least reactive
0 0 0 0
Me, N~ H
(4]
H H B H P H Ph H



Cross-Condensations — nitroalkanes 51

. . HO
Nitroalkanes can enolize but that they are 3 ﬁ_) ‘Ii'e

not electrophilic H N — _N
®>o Zn
Q 0

anion of nitromethane ©

‘enolization’ ‘enolate’ ion
2
0 N. o S0 OH
T ©_0° ® 0°

— e I

0 0
Example: pKa =10 OH °

| 0 CH3NO, 00
= " +
NaOH, MeOH 0
pKa =20 70% yield minor
Example:

CHO  (cyono, N0z
o
NaOH, MeOH

85% yield



Controlling aldol reactions with specific enol equivalents 52

Important specific enol equivalents

OH 0 0©
enol carbonyl compound enolate ion
SiMe3 Li

0~ 0~

oxygen
/J\ derivatives

A

R
silyl enol ether lithium enolate
R.\ ,,.Li
NR-> N
)\ nitrogen J\
- derivatives R
enamine aza-enolate
oMo 0 cla 0© T
n)\\\/l\oa R” 3 1 “OEt R OEt

enol 1,3-dicarbonyl compound

enolate anion




Lithium enolates in aldol reactions 53

If a carbonyl compound is added to a lithium enolate, it too complexes with the same
lithium atom. The aldol step itself is now a very favourable intramolecular reaction
with a six-membered cyclic transition state

aldol reaction with a lithium enolate

1. electrophilic 2. cyclic mechanism 3. aqueous work-up
carbonyl compound gives the aldol product
forms a complex with
Li the lithium atom

P e O U

lithium enolate

Example:

0
0 LDA, oLi J\/
Ph >~ o N >

first form the enolate then add the electrophile two diastereoisomers

94% yield of aldol



Silyl enol ethers in aldol reactions >4

Silyl enol ethers are much less reactive than lithium enolate. Lewis acid catalyst is
needed to get the aldol reaction to work

Me3Si SiMe
~o PhCHO o o 3 H,0 o oH
/J\ ” ”
TiCly J'l\/l\ work-up )I\/I\
R R Ph R Ph
" silyletherof aldol aldol

Cl ) C‘f' (ebl
Me3S TiCl
I — | v )l\/l\
/I\/l\ph the Me;Si group RJ\‘/I\Ph the MesSi group R

the aldol :
addition step is removed by is recaptured by
the chloride ion the titanium alkoxide

__SiMeg3

Example:

0SiMes

H OH O 0
Me;SICI TsOH
—_— = T e
Et3N TIiCl,

92% yield of aldol 83% yield of manicone




1,3-dicarbonyl compounds in aldol reactions 55

If we want a crossed aldol reaction, we simply add a second, electrophilic
carbonyl compound such as an aldehyde, along with a weak acid or base

CO,Et
R2NH, HOAi 92% yield
CO,Et

H
0 0 0 0
Et OEt E10B Et OEt
— — —_—
\& @ H— (‘Dﬂ.ﬂ OH
RCHO
Decarboxylation - R/«\/COEH
piperidine, pyridine
ot OH
f‘”U |
) o® ) CO,H
R/\/
R OH E-alkenoic acid

H,0



Enols and enolates from esters 56

Ester enolates cannot be used in crossed aldols with aldehydes because the
aldehyde is both more enolizable and more electrophilic

OLi OH 0

MeCHO
. )\/U\
OEt OEt OEt

lithium enolate of ester

0 0SiMe OH O
1. LDA ®  MeCHO
—_— _—
OEt 5 Messicl OEt  1icy, OEt

silyl enol ether of ester

Zinc enolates, made from the bromoesters, are a good alternative to lithium
enolates of esters (cf. Grignard reagent)

Zn Br
{“ _-ZnBr _zn.

A — A, f-;t T T,

Zinc enolate



Specific enol equivalents for aldehydes 57

Lithium enolates can’t be made cleanly, because the self-condensation reaction
happens even at —78 °C. Silyl enol ethers are a much better choice

CHO Me?,SICI O/\/
0SiMe;
Et3N TICly

stable silyl enol ether 95% aldol isolated

Other useful specific enol equivalents are enamines and aza-enolates

[-Pr
- Li R
0 eid o :PI\\N,U _R N
H Lewis acid 4) (N LDA
+ - » H
H R H
HoN"~ . H
H H )
aldehyde  primary amin H H . . aza-enolate
LI R
- L R
0 N o N H, Hp_O
H : H
electrophilic and first formed product contains final enal product, 65% yield

enolizable aldehyde imine and lithium alkoxide



Example o8

bond to be formed ketone must not act

aldehyde must act Py aldol reaction as electrophile here
OH 0 as electrophile here ,
OMe NN, 0 o .
Y
/\/\/u """"""" oMe
ingerol h
ging OH * 4
the pungent principle ; : OH
of ginger (Zingiber officinalis) ' .
ging g aldehyde must not ketone must ketone must not
enolize here enolize here i
enolize here
0 0 'I-' oLl
N
OMe Me,SICI OMe  Me,SK~ SiMes OMe
—h._ “"
EtsN
OH 0SIMe; 0SIMes
kinetic lithium enolate
Me3SICI
0
OH 0O /\/\)|\ 0SiMe;
OMe H OMe

A

TiCl,

ingerol, 92% yield
ging y OH 0SiMe;



Summary on Specific Enol Equivalents

Useful enolates for the aldol reaction

Enolate type Aldehyde Ketone Ester Acid
lithium enolate X vV v vV
silyl enol ether v v v v
enamine v v X X
aza-enolate v v X X
Zinc enolate X X v X




The Mannich reaction 60

Formaldehyde is too reactive. It tends to react more than once and to give extra
unwanted reactions

crossed aldol reaction between acetaldehyde and formaldehyde

0 H 0

Gtigue Ho@, M - s H
H
+ CH2=0 attack on most H
electrophilic aldol SI\ second aldol

H H  carbonyl group l

reduction by the Cannizzaro reaction

\\\ H
%{B " "“é/‘\ :>\ third aldol

pentaerythritol
dianion formed by attack of
hydroxide on formaldehyde: o 00

formate ion



The Mannich reaction 61

the Mannich reaction

0 0
MesNH, CH,=0
- NMe,  85% yield
catalytic HCI
H
“Me —> HEb\g\Nx —_— H20=N'f
- H Me “Me

nucleophilic attack on more imine salt

electrophilic C=0 group

0 :OH 0
@ Me
HCI HETN —HE) NMe-
—_—— ME ——
0
™ Me-c'l 0 2
®© ® E1cB
NM
ez tjemeg UMEQ,
OH

1. alkylate amine to give ammonium salt 2. treat with base: E1cB elimination gives enone



Intramolecular aldol reactions

0 0
acid or base nearly
e 100%
yield
e
0
“ enolization dehydration T

:i OH 0
cyclodeca-1,6-dione: intramolecular
four identical positions aldol reaction
for enolization (. - - - 3= ) -
OH

0
OH

62



Intramolecular aldol reactions 63

Acid-catalysed cyclization of the symmetrical diketone could give two enols

0 OH 0 0 0 OH

M = )I\/\/\/ll\ = /“\/M

nona-2,8-dione

One enol can cyclize through an eight-membered cyclic transition state and the
other through a six-membered ring

OH 0
0 OH
eight-membered
~— 0 % —— ring product:
not formed
A
OH

eight-membered cyclic

nona-2.8-dione transition state

A OH 0 0
0 f OH
six-membered
— —_— — ring product:
85% yield with
H5504
0 OH

six-membered cyclic
transition state




Intramolecular aldol reactions 64

KOH 0 one product
’ formed
in 90% yield
four different positions where
enolization is possible
S H
o 0
0 ——.
—— (0]
0
bridge-
0

head 0 0
—X>
~OH

aldol product impossible alkene




Intramolecular aldol reactions 65

Z-undeca-8-en-2,5-dione cisjasmone, 80% yield

Os
R

0 S0y

H —_— —_—l
R
0 J : :
o KOH trisubstituted alkene
’ two alternative aldols both
give five-membered rings
diketone

®
J (70
KOH

0 O@
T
0
 0© R
R —_— —_— R —_— R
@0

tetrasubstituted alkene




