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Hidrogénio-a

Compostos carbonilicos/carboxilicos com hidrogénio-a

e Compostos carbonilicos e carboxilicos com hidrogénio-a podem reagir como
nucledfilos ou eletrofilos.

(%]
o
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Hidrogénio-a

Compostos carbonilicos/carboxilicos com hidrogénio-a

Enolizacdo € catalisada por acido ou base.

Acid-catalysed enolization of an aldehyde

®
"I o

o protonation o loss of proton
, : on oxygen from carbon
keto' form H - H
of aldehyde =

/ H HA
OH,

Base-catalysed enolization of an aldehyde

loss of proton HO H VQa protonation
'keto' form from carbon on oxygen
of aldehyde H
@O HO

'keto' form ”
of aldehyde H H )\(

the enolate ion

enol form
H)Y of aldehyde
S)
OH

enol form
H XX of aldehyde
H\/g

enol form
H)ﬁ/ of aldehyde
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Hidrogénio-a

Compostos carbonilicos/carboxilicos com hidrogénio-a

Comparado com o anion alilico, que também é estabilizado por ressonancia, o HOMO
de enolatos tem menor energia. Além disso, o HOMO do anion alilico € simétrico,
enquanto no enolato o atomo de oxigénio tem mais carga, mas o carbono tem mais
do HOMO. Ou seja, reagcdes mais idbnicas acontecem com o oxigénio e covalentes, com
o carbono.

formation of the delocalization in the enolate anion
(0] enolate ion O
o
H of acetaldehyde 4) (‘0
H Q H H o
H
OH H H
oxyanion carbanion
populated m orbitals of populated & orbitals of
the allyl anion the enolate anion
E 7 g S F g s Z 00 7o N

reactive
HOMO %8\80 % v2
8/%0 ﬁ W1




Hidrogénio-a

Compostos carbonilicos/carboxilicos com hidrogénio-a

« Comparado com o anion alilico, que também é estabilizado por ressonancia, o HOMO
de enolatos tem menor energia. Além disso, o HOMO do anion alélico é simétrico,

8 enquanto no enolato o atomo de oxigénio tem mais carga, mas o carbono tem mais
S, do HOMO. Ou seja, reagcdes mais idbnicas acontecem com o oxigénio e covalentes, com
o o carbono.
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S )]\ base Cl o (o]
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©
e acetone enolate anign reacts thrpugh enol ester
) oxygen with acyl chloride
=
B
o 0 o 0
~ EEEE——
AN
E acetone /\/I;vr pentan-2-one
g enolate anion reacts through
carbon with alkyl halide
hard electrophiles react at O soft electrophiles react at C

Oﬂne oV
B )fi/w A

X = OMs, 0SO,0Me, *OMe, =1, Br, Cl
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Hidrogénio-a

Exemplos de endis e enolatos

Enolizable ketones

g &

cyclohexanone enol enolate ion
Enolizable aldehyde
o) OH 0®
H
H 7 H = H
cyclopentane enol enolate ion

carboxaldehyde

2-butanone

two regioisomeric two regioisomeric
enols enolate ions

Non-enolizable carbonyl compounds

0]
o (o) 0]
PR PR H J
Ph Ph Ph H H™ 'H
benzophenone benzaldehyde 2,2-dimethylpropanal formaldehyde
(pivaldehyde)



Hidrogénio-a

Compostos carbonilicos/carboxilicos com hidrogénio-a

Derivados de acido carboxilico também formam endis e enolatos.

/\ o) o®
Me0® HOJQO/Me ~=——=  MeOH + )\O/Me
o)
P - @ i
o-Me /E/Me - )k + “ome
OMe

MeO OMe same as starting materials
0 (0] (0]
M\ z
EtsN:  “H = Cl. = — “
Cl Cl
cl’ ci Cl Cl
unstable enolate dichloroketene

Acido carboxilico formam endis mais facilmente em meio acido. J& amidas, tem o
proton-a menos acido de todos os derivados.
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Hidrogénio-a

Reac¢des similares com hidrogénio-a

* Iminas, enaminas e nitrilas também apresentam equilibrios similares.

PhNH2 H N H
“ph —— — ~Ph
)‘Y H imine H  enamine

e B e LA

iminium ion enamine
Formation of aza-enolate Formation of nitromethane anion
©)
(0] (o)
Et3N—) O™ :
SPh——> HeyN. o —> H__N®
g VH ®~0 Y To°
base H aza- enolate H H H
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Hidrogénio-a

Estabilizacao de endis

* LigacOes de hidrogénio intramolecular e conjugacao podem estabilizar endis.

enol form of acetylacetone stabilized by
an intramolecular hydrogen bond

(9) (o) Delocalization in the enol form of dimedone Delocalization in a carboxylic acid
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S keto form . S ® 3 © ©
O
= of dimedone O o © S OO OYOH
20 (67% in CDClg) -~ -
o a b a b R R
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@
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(®) Tautomerism of the enol form of dimedone Tautomerism of a carboxylic acid
*8 o OH ’
o) enol form
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~
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tautomerismin H

. H
(;OH ®0 “oH o Mo
H H H

the enol form of H H
acetylacetone 1 L acetylacetone enol form of acetylacetone stabilized by conjugation
H.
St
O (0 e H
/g/lk > O °
o OO
10 H phenol 'ketone' of phenol (not observed)



Hidrogénio-a

Consequéncias da enolizagao

e Alteracdo na conjugacdo e racemizacao podem ocorrer.

(0] (o) 0°©
O AN — N labelling carbon atoms
c i o Y R H H R N in carbonyl compounds
@J unconjugated enolate anion o
o base:\_} B acid derivative
" R (ester)
s : © ¥ O
2 o O@ enolate anion o )J\/B\
S B ketone RO 1 & N\
= R N R X 'H—B® R g ny B\Qj\a/ﬁ\v
8 v o Y . -
g o-protonation leads back H_(E@ }”—pl‘OTQﬂaTIOﬂ leads on
ko to unconjugated ketone to conjugated ketone
o
>
b ~H
O (0] (o) o) (0] (0] (o)
o
| [ [
S )%oa )k%\oa )%oa
o« Me' H Me H Me
g S-enantiomer of keto-ester planar, achiral enol R-enantiomer of keto-ester

:U I/, 1y

Me H Me Me, H
OH A
CO,H S™CO,H
OH

flat achiral enol the active
enantiomer of ibuprofen

the inactive
enantiomer of ibuprofen
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Hidrogénio-a

Reac¢des envolvendo endis e enolatos
* Halogenacao catalisada por écido
)J\ HOAc Br
acetone bromoacetone

Ac(v)\—H fo) acid-catal_ysedH\oD 0

H
Goe
enolization
—_— e
o™ K o — Ja— 1 _a

enol

bromination of alkene further reaction bromination of enol loss of proton

® {s Hon® 5
/&\Br-ﬁér H)é]:r —>/i\/3r E@Br@r _>CJ.L/Br _>)J\/Br

 Exemplo:

o) o o
)]\ SOCl, Br, \)J\ MeOH B
. - r
OH Cl OMe

bromoester



Hidrogénio-a

Reac¢des envolvendo endis e enolatos

* Halogenacado catalisada por acido ou base tem diferentes produtos finais.

(o) formation of the 0
6 ( enolate anion i
O S
2 H OH - [N — Br + B
« i Br—Br
0
(3, (o) formation of the (o) (o)
9 (\@ enolate anion o
é H OH — = Br—/Er —_— )J\(Br + Br
§ Br Br Br
0 (o) formation of the @
= [\e enolate anion Br O o
g )L%H OH = sl &Br o
'8 Br' Br tribromoacetone BE
S Br Br
® O,
& 0 ) 0
Br
[ Br Br )]\ n @ﬁ
N ) OH Br
™ Br OH | "Br Br
- Ho® Br B
g
(0] [\ (0]
Br H Br / .
)J\ N | /U\ " bromoférmio
@ BKB[‘ Oe \fBr
r r

I NaOH = Ho I
. o — K CHlg
R R | R OH i I iodoform'
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Hidrogénio-a

Reac¢des envolvendo endis e enolatos
* Enodis podem ser estabilizados com clorossilanos. Silil enol éteres sao Uteis em sintese

organica.
Li Li
/L J\ i " QRz O/
N lithium H LDA
| disopropyl _— + HNR,
Li amide

/%/E ® /& Me\s_(}l
Li 7\ SiMe
o) O Me Me o~
typical reactio reaction )k/ LDA /& /&
C - —>
cf an enolate of an enolate R H R R

s sl with hard
at carbon: - - .
electrophiles lithium enolate silyl enol ether

Li—CiVIa
iMe Li
0/: 3 N

AcCl) at oxygen
% 0
R/& R/&

silyl enol ether lithium enolate

+ Me,Si
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Hidrogénio-a

Reac¢des envolvendo endis e enolatos

e Alquilacdo de endis.

step 1: formation of enolate anion

QFL1322 — Reatividade dos Compostos Organicos

FIRST THEN
add add
strong electro-
base phile
R1 R1 RZX R1
/g )\
o G)O 0]
R2
addk
wea
R’ base R’ R’
/glr s
(0] o) (0]
AanD @0 1)
R
electro-
phile
R2X
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strong base

step 2: alkylation (Sp2
reaction with alkyl halide)

alkylate very well

1 1
(complete formation R R
of anion
) ) SN2
0) —_— (0)
2 2
Weak base R @( R
(anion in equilibrium with
starting material) ~ alkyl halide
methyl allyl benzyl primary alkyls secondary alkyls tertiary alkyls
HsC—X _/—x

R2
R >—X
R1

do not alkylate

X RI X R2
Y—x
R1
alkylate well alkylate slowly

deprotonation of an ester

i-Pr_  _Li -78°C
“,‘) THF
—
i-Pr g
H 2
H OR
R1

lithium enolate: two
geometries possible

deprotonation of a ketone it SRBlEtS: e

geometries possible
OLi

'Pr\ <l -78°C
. ) ) THF
—_—
OR i- Pr 0
R1
H
+ i-PerH R1 R2 + i- PerH

if R'= R2, removal of the green
protons gives a different enolate I



Hidrogénio-a

Reac¢des envolvendo endis e enolatos
 Exemplos

0
1.LDA  Me 0 1.LDA, -78 °C 0
_THF,-78°C_ 93% yield )]\ 5 - /\/\)j\ 85% yield
e : /\/\ e
2. Mel OEt Ot-Bu | Ot-Bu

-78°Cto0°C

NaNH, KH excess
EtzO é Mel excess Jéb
81% vyield
Br
(o) (0] OLi (0]
BulLi HH BuLi
HO —> Li —> LiO HO
Ar Ar Ar

enolate
dianion
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Hidrogénio-a

Reac¢des envolvendo endis e enolatos
* Enolatos de compostos -dicarbonilicos formam-se a partir de bases mais fracas.

o (0} 0] alkylation of a 1,3-dicarbonyl compound (or B-dicarbonyl compound)
» RMR R)S/ o o K2CO3, Mel o o
3 by EoH [ . -~ -
e oK. 16 acetone, reflux
«© pK; 10-15: 7@ ""pK, > 20: (g’\ ) M I )
Q0 fully A6l removed CO52 H H delocalized enolate e'D 77% yield Me
O removed by by EtO~ pK, 10-15  pKj, >20: not removed
3 EtO™
@
O / / .
S No caso de ésteres, usa-se como base o alcoxido correspondente.
8 alternattivde o o EtO,C._ _COEt
unwante
8 (X _ reaction Ri926s, =0 —»NaOEt’ = EtO ZNopt ——>
g ( Et returns same _
S compound diethyl malonate
S H ®oEt [y |
i) intended Cl 61% yield
2 reaction
w© o o o o o
2 NaOEt, EtOH EtO,C
I EtO " Bugr _ E1 -
§ ethyl acetoacetate M@r
— 61% vyield
-
(W
d Z . ~ 7 . 7| 7
 E comum ocorrer descarboxilacao apos a hidrdlise do éster.
o o) o
EtO,C NaOH, H,O Na@ @OZC HCI, heat /\/\)]\
heptan-2-one
61% vyield
CO,Me NaOMe, MeOH Same NaCl
+ BrM — . m MeO,C AN X
MeO,C M602C X We_l 60 °C 99% yield

17 92% yield



Hidrogénio-a

Reac¢des envolvendo endis e enolatos

* E comum ocorrer descarboxilacido apds a hidrélise do éster.

decarboxylation of acetoacetate derivatives to give ketones

o
MeO,C NaOH, H20 @ozc HCI heat ketone
product

R hydrolysis of ester

T tautomerize

oy¢0 .. O OH
= ¢ enol of ketone
—_—
o) (o) =
R R

decarboxylation of malonate derivatives to give carboxylic acids

(o) (0]
carboxylic
MeOZC\HJ\OMe NaOH, H,0 %ZC\’)J\OQ HCI, heat OH acid product
R R

hydrolysis of ester R
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l H® T ‘ .
automerize
0 0 heat / OH
C H\ benoll_of y
o OH ’ o gy carboxylic aci
R R
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Hidrogénio-a

Reac¢des envolvendo endis e enolatos

* Quando ha diferenga muito grande de pK, e utiliza-se uma base fraca, somente o
produto termodinamico é formado.

0 o@
ca. 20 NaOEt Mel
—> \ —>
introduction of both
pK ca. 12 onIy more stable new substituents
enolate forms directed by ester group
PKa ] 1. NaOH
ca. 20 0 Q NaOEt 0 0 R—X - 2 HCI, heat 2
. , — Me
‘ OEt Me
H Me pK ca. 12 aIkyIate R Me decarboxylate R

« A formacdo de enolatos de cetonas pode estar sob controle cinético vs.
termodinamico.

QFL1322 — Reatividade dos Compostos Organicos

add ketone to more accessible o OLi OLi
LDA, THF (Iess hindered) (o) H H ——
at-78 °C Me .H Ph LDA. —78 °C Ph \/Ph
Me > H Q more accessible e ‘
less accessible (less hindered)
H H NR enolate resulting from kinetic
(more hindered) H 2 control—'kinetic enolate' 100% formed \/O"'o formed
(0] 1. add to RoNLi, (o)
/\/\)J\ e /\/\)J\/\
N . Ph
2. Br Ph 77% yield
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Hidrogénio-a

Reac¢des envolvendo endis e enolatos
e Resumo de endis termodindmicos e cinéticos.

o Regioselective formation of enolates from ketones

he)
base base
R1 G <« Ry % Ri\/g

thermodynamic enolate kinetic enolate
Thermodynamic enolates are: Kinetic enolates are:
® more substituted ® less substituted
® more stable ® less stable
® favoured by excess ketone, high ® favoured by strong, hindered base,
temperature, long reaction time low temperature, short reaction time

QFL1322 — Reatividade dos Compostos Organicos
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Hidrogénio-a

Adicao direta e indireta (conjugada)

Compostos a,l3-insaturados podem reagir com nucledfilos via adicdo direta (também
chamada 1,2) ou indireta (também chamada 1,4 ou conjugada).

a conjugated o,B-unsaturated B\)j\ R = alkyl, aryl
carbonyl compound R/\a X X=H, R, Cl, OH, OR, NR,»
Adicdo direta.
OH 0] ©
1. add Nu® D o o
R X R X X
Nu 2. HA @ Nu
1,2 addition product substitution product
Adicdo indireta.
©
(0] Nu (0]
Nu@q » M s
ol I — LI
R X R X R R X
enolate anion {\\—H

A adicao direta resulta no produto cinético e a indireta, no termodinamico.

/) OH
N i Nu /\/’\ M\
slow fast
<«—— R \G j X X
u

R X less Nu e often rever3|ble N

reversible
more stable product less stable product
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Hidrogénio-a

Adicao direta e indireta (conjugada)

Grupos de aldeidos e cloretos de acido, por serem mais eletrofilicos que a dupla,
tendem a reagir via adicao direta. Ja ésteres e cetonas tendem a reagir via adicao

indireta.

conjugate addition direct addition

0]
)\)J\ RzNH /\)k /\)J\ e R/\)J\NRZ

Por fim, nucledfilos fortes e com carga pronunciada (Grignard, Meli) tendem a atacar
a carbonila. Enquanto nucledfilos mais fracos (tidis), com carga mais dispersa, tendem

a atacar a dupla.
conjugate addition direct addltlon LiO Me HO Me

MeO,C S 85%
MeO.C.__SH Scome —> 2NN cooMe  yield
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Hidrogénio-a

Adicao direta e indireta (conjugada)

Alquilacdo de compostos a,B3-insaturados.

direct addition

must be avoided O

R

(RN

Nu®
(0]
Me,Culi
|

?Cu%

Me

O@ H®
conjugate /
addition
u/%\R N (o)
E
. \@\ uj)}\n
alkylation N

conjugate
addltlon

protonation

enolate E

hard electrophile attacks O
0® Me3S|CI

=S

soft electrophile attacks C

R

OSiMes

~

.



Hidrogénio-a

Reacoes Aldol

* Em uma condensacao alddlica ou reacdo aldol, o enolato formado a partir de um
composto com hidrogénio-a condensa com a sua forma ceto.

(%]

o) o

O o) o

'c NaOH D

o — HCp/\H& SS— )\

= H H H

g acetaldehyde enolate ion

g o® & Mo HO®

£ o ,\24\) H “HY ® o OH ©

S Z %

% )J\ H : )\/U\ M

S H enolate ion H ‘ ) i

o unenolized hvd aldotl) |

.§ aldehyde 3-hydroxybutana

©

= o® o

© o carbon—carbon bond o) o)

2 ( formation /K/U\

' P -

~ A H

a AH A

= ! | :

g electrophilic nucleophilic newly formed
aldehyde enolate carbon—carbon bond
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Hidrogénio-a

Reac¢oes Aldol

* Em uma condensacao alddlica ou reacdo aldol, o enolato formado a partir de um
composto com hidrogénio-a condensa com a sua forma ceto.

the enolization step

/-\ o 0@ enolate ion
HOP HOJ\ S )\ of acetone
acetone

the carbon—carbon
bond-forming step ‘aldol’ product

(O H,0 S from acetone
second molecule ﬁ/*\)k 4-hydroxy-4-

of acetone methylpentan-2-one

e O produto de condensacdo, uma R-hidroxi-cetona ou um [3-hidroxi-aldeido, pode
perder agua, via E1_, dando um composto a,l-insaturado.

aldol product OH O base 0 dehydration product
from acetaldehyde e \)J\ but-2-enal, or
/ -H0 X H ‘crotonaldehyde’

QFL1322 — Reatividade dos Compostos Organicos

H
aldol product base O dehydration product
from acetone — A 4-methylpent-3-en-2-one
-H,0
the enolization ste the elimination ste
o RS p ;
H MH /\)]\H

HO@UH H
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Hidrogénio-a

Reac¢oes Aldol

* A condensacdo alddlica pode ocorrer catalisada por acido. Podendo ocorer perda de

agua via E1.
®
0] H OH
the acid-catalysed H
enolization step

cyclopentanone enol

the acid-catalysed
aldol addition step

the ‘aldol’ product

the acid-catalysed dehydration step (E1 elimination)

T g n e

QFL1322 — Reatividade dos Compostos Organicos
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Hidrogénio-a

Reac¢oes Aldol

* Na presenca de dois compostos carbonilicos pode acontecer reacao cruzada.

NaOH
99% vyield
HzO/EtOH

Y Yon

o .-~ """~ no a protons *
y
H — >
H H
NO, only o protons

in either molecule
/E@\ aldol

Nl

OR

only possible enolate

(o)

QFL1322 — Reatividade dos Compostos Organicos
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Hidrogénio-a

Reac¢oes Aldol

* Na presenca de dois compostos carbonilicos pode acontecer reacdo cruzada. Tudo
depende da base utilizada.
o) 0 Ph O

)]\ i )J\ ? ’
Ph Ph Me H base Ph H

* O uso de uma base forte, como LDA ou n-Buli favorece a reacdo com a cetona.
Oe Oe (@) OH @)
basee/W )\ H,0
Ho — — —
H (Oy/_\ H PhMH PhMH
)I\ Ph Ph
Ph Ph

* O uso de uma base fraca, como HO" favorece a autocondensacao.

HOG/) O o0 o® o o 0 OH O
TNCR i'”% e L e L

OH O OH OH
k/lk — —
frst formedt H
Irst torme
aldol Hoé\H H g|
H

second aldol th|rd aldol
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Hidrogénio-a

Reac¢oes Aldol

Mistura de dois compostos carbonilicos com hidrogénio-a pode levar a formacdo de
varios produtos de condensacao.

\/”\ HO’ °
. catalytic N CHO
(0]
product A product B

H)J\/\ 30% yield 31% yield
0 o (o] o

\)‘\ *uh — product A HJ\/\ *u — product B
4 : 4 '

1 | 1
enolization electrophile enolization electrophile
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Reac¢oes Aldol

Hidrogénio-a

Condensacdes alddlicas sao Uteis para preparar compostos ciclicos.

(o)

OH (0] 0 o) OH

M = )]\/\/\/u\ = W

nona-2,8-dione

(oH

w@wdd

eight-membered cyclic eight-membered
nona-2,8-dione transition state ring product:
not formed
ﬂ o o
o OH
)J\/\/\)\ = e
<o OH
six-membered cyclic 85% vyield with
transition state HyS04
o
KOH O one product
> formed
in 90% vyield
four different positions where
enolization is possible
this bond was formed enolate anion was formed here
HO, V :
0 LY 1
o andlise
retrossintetica
enone must be formed of th|s which must be formed by this
product by dehydration aldol enolate attacking the other ketone



Hidrogénio-a

Reac¢oes Aldol

* Anelacdao de Robinson.

bond made by
conjugate addition

o) 0 (o) 0 i
)J\/ base Y base
+ — —
(0] o) o

\\\ bond made
by aldol

—» triketone

o 0 0® o (¢}
base m
o 0 © 0©
(o)
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o [os]
32%5%?
ég
(@)
(@)
0]

HB base E1cB
o ©o 0
OH OH
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Hidrogénio-a

Condensacao de Claisen

* Quando se usam ésteres com hidrogénio-a a reagao é conhecida como condensacao

de Claisen.

the aldol step with acetaldehyde the ‘aldol’ step with ethyl acetate

DS Y- P W

completion of the aldol with acetaldehyde the Claisen condensation with ethyl acetate
0° o
M H20 M /@ )J\/U\
H OEt
3- hydroxybutanal ethyl 3-oxobutanoate
(‘aldol’) (ethyl acetoacetate)
(0]
o 0° )k o 0) irreversible
OEt

)J\ NaOEt /l\ deprotonatlon )\/”\
OEt OEt OEt

reactive enolate H SOEt stable enolate

the complete Claisen ester condensation

O NaOEt

M oet o™ )\)k e AL,

stable enolate ethyl acetoacetate



