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The a-Hydrogen Is Acidic

an a-carbon O 0O
~\\ [ [
R—C(|ZH—C—R — R—_QH—C—R
H ) baseH
A__:base
an a-hydrogen

the anion Is stabilized
by resonance

A carbon acid is a compound with a relatively acidic
hydrogen bonded to an sp3-hybridized carbon



TABLE 19.1 The pK, Values of Some Carbon Acids

PK, PK,
0 N=CCHC=N 11.8
CHz(l%N(CHg)z 30 PII
;'1
CH;ACH("IOCH;,CH_x 10.7
CH3|C|OCH2CH3 25 kll
Pll 0O O
CH,C=N 25 @*(HICH(I!‘CHg 9.4
J. ;'1
0
CH}?CH; 20 CH;(IIZCH£CH3 8.9
Jl J{
0O O
CHz(”.‘H 17 CH_;(HZCH(HZH 5.9
A F'q
CH;CHNO, 8.6 0,NCHNO, 3.6
1'1 i




Esters Are Less Acidic Than
Aldehydes and Ketones

e delocalization of delocalization of e
:0: nonbonding electrons O: the negative charge :0:

| L - | LAY
RQH—C=§R : on oxygen > RCH—C—0R < on the a-carbon > RCH=C—O0R

contributing resonance structures

The electrons are not as readily delocalized



In these compounds, the electrons left behind from
deprotonation can be delocalized onto a more
electronegative atom

O
|
CH3CH2N02 CH3CH2CEN CH3CN(CH3)2
nitroethane propanenitrile N,N-dimethylacetamide

pKa - 8-6 pKa - 26 pKa = 30



The acidity of the a-hydrogens is attributed to
charge stabilization by resonance

T 0 T 0
CH;—C—CH,—C—OCH,CH; CH;—C—CH,—C—CH;
ethyl 3-oxobutyrate 2,4-pentanedione
ethyl acetoacetate acetylacetone
a B-keto ester a B-diketone
pKy=10.7 pK,=8.9

0
I | I I | I
CH;—C—CH=C—CH; <«— CH3;—C—CH—C—CH; <«— CH3;—C=CH—C—CH;

resonance contributors for the 2,4-pentanedione anion



Keto—Enol Tautomerism

I S
CH3 C CH3 — CHZZC—CH3
> 99.9% <0.1%

keto tautomer enol tautomer



The enol tautomer can be stabilized by intramolecular
hydrogen bonding

a hydrogen bond

\/H\

P0 7 9

& ¢ — C (@

=

H,C~ °CH,”  CHj HC” S0P CH,
H
85% 15%
keto tautomer enol tautomer

In phenol, the enol tautomer is aromatic

O -

enol tautomer keto tautomer



base-catalyzed keto-enol interconversion

s

£y
(("): :(I):'J Z(l)H
RCH—C—R =—/— RCH=C—R =—/— RCH=C—R + HO™
—4
H
Jketo tautomer enolate ion enol tautomer

HO:>



acid-catalyzed keto-enol interconversion

+

O: CGH :OH
RCH élf R M, RCH |CI R — RCH—é R H,O"
2 S_Ht 4 ~ = + H3

H
keto tautomer J enol tautomer
H,0:



An Enol Is a Better Nucleophile
Than an Alkene

electron-rich a-carbon

:OH V *OH
RCHQ(’I R RCH (H: R
—(C— >
\_/ ="

resonance contributors for an enol

Carbonyl compounds that form enol undergo substitution
reactions at the a-carbon: an a-substitution reaction



An Acid-Catalyzed
a-Substitution Reaction

O: Q*'CSH dﬁH *OH O:
I H I | I —H* I
RCH—C—R =——= RCH—C—R — RCH=C—R — RCH—C—R =——= RCH—C—R
| H ot | H |
H H Et E E

j a-substituted product
Hzﬁ: + H36+



A Base-Catalyzed
a-Substitution Reaction

O: (6: <ib':‘ O:
I | |
R(|3H—C—R — RC.EFC_R «— RCH=C—R —> R(IZH—C—R
H E' E
j a-substituted product
HO? + H,0:



An Enolate Is an Ambident Nucleophile

electron-rich oxygen
\\ electron-rich a-carbon

Ciﬁ? % O:

| [

RCH—C—R <— RCH—C—R
X ./ =

resonance contributors for an enolate ion

Reaction at the C or O site depends on the electrophile
and on the reaction condition

Protonation occurs preferentially on the O site

Otherwise, the C site is likely the nucleophile



Acid-Catalyzed Halogenation

e .
e e
CH;—CO 5 CH» —C@ = CH, —C@ CHQ_CO
[t )
Br Br + Br

H

Hzﬁ:) -+ H:;O+ H‘w \/—Pﬁ

i")':
ol O
Br

Under acidic conditions, one a-hydrogen is substituted
for a bromine



Base-Promoted Halogenation

O 0 O repeat first Br (”)

I I | |
RCH—C—R —> RCH—C—R —> RCH—C—R — P, pcC—R

| | I
H L’ Br Br
) ) ?r—uBr
HQ:_ + H,O: + Br

Under basic conditions, all the a-hydrogens are
substituted for bromines



Conversion of a Methyl Ketone to a
Carboxylic Acid

the haloform reaction

:0 HO~ :0 102 :0
[ a1 - | _
R—C—CH; ——> R—C—Cl; = R—C—CI; — R—C—OH + CI;

excess N Il |

HO:™ -
:0

I
R—C—O~ + CHI,



Halogenation of the a-Carbon of
Carboxylic Acids

mechanism for the Hell-Volhard-Zelinski reaction

O: O: (iéH
[ PBrs [
CH@CHz_C_OH — CH’;CHz_C'—BI' e CH‘;CH=C_‘BF
a carboxylic acid an acyl bromide ) enol
Br—Br
i l
O: O: *OH
| H,0 | —H* | 3
CH3(|3H—C—OH — CH3?H—C—Br ‘?7 CH3(|3H—C—Br + Br
Br Br Br
an a-brominated an a-brominated

carboxylic acid acyl bromide



When the a-carbon is halogenated, it becomes
electrophilic

O O O

(*Br — Nu

&) N
e Ho, (7N, v Br
2

An E2 elimination will occur If a bulky base is used
0

O
Br
tert-BuO~ .
tert-BuOH + Br

an g,B-unsaturated
carbonyl compound




Using LDA to Form an Enolate

O O

pK, = 17 <01%  pK,=15.7

O O
©+LDAH©+ DIA

pK, = 17 ~100% pK, = 35



Alkylation of the a-Carbon of
Carbonyl Compounds

é LDA/THF é CH3CH2

é/CHQCH:;

Br



Two different products can be formed if the ketone Is not
symmetrical

O
CH
—_—

2-methylcyclohexanone
CH3I CH3I

pealiie.,

2,6-dimethylcyclohexanone 2,2-dimethylcyclohexanone




The less substituted a-carbon can be alkylated if ...

?Hs CH,
H.
CH3N\ CH3N\
2 CH3 e s N
CH; | CH _ .. L CH;
CH3NNH; & Bu Li Bu- -
CH3CH28I‘J{
oy
CH3N
0 >N
(|3H3 CH,CH, CH; . [(CH;CH; CH;
CH;NNH, + .

H,0



Enamine Reacts with Electrophiles

()

N& :OD :0

8,
5 &l

enamine enolate



o0

N+

0] j) O
CH CH
O 0= () e (Y™ L0
+ —3 —8 = — }
N H,0

s PP i
H an enamine H H

The alkylation step is an S,2 reaction



Direct alkylation of a carbonyl compound yields several
products

OCH;

O O O O 3
CH,
2. CH3Br 3 3 3+

In contrast, alkylation of an aldehyde or a ketone using
an enamine intermediate yields the monoalkylated
product




Aldehydes and ketones can be acylated via an enamine
Intermediate

* N o

0O
ij - CCH3 CCH,
O CH3CC|
cr



The Michael Addition

O
I [ HO" I
CH2=CHCH + CH‘;CCHzCCH:; S ?HzCHzCH
an qa,B-unsaturated a B-diketone
aldehyde CH3|CICH(”3CH3
O O
O O O O
o [ CHCH,0~ [
CH;CH=CHCCH; + CH3;CH,OCCH,COCH,CHj; > CH;CHCH,CCH;
an a,B-unsaturated a B-diester |

ketone CH((IfOCH2CH3)2



O O O O
[ [ .
CH;CH=CHCNH, + CH;CH,CCH,COCH; —

|
CH3(|3HCH2CNH2
’ 'k
an « B—:rzsi;g;u rated a B-keto ester CH,CH, c": CH ﬁ OCH,
O O

O

n [ CH;0 ||
CH;CH,CH=CHCOCH; + CH;3CCH,C=N —> CH3CH,CHCH,COCH;

an a,pB-unsaturated a B-keto nitrile |

ester CHB(ﬁCHCEN
O



Mechanism of the Michael Reaction

:0 s
O O 0 0 e 10y :0
Il | HO I RCH=CH—CR | | s
RCCH,CR = RCQ@ > R$H—CH=CR —> RCH—CH,—CR + HO

RCCHCR ('H—Q) R|C|CH("3R

[ |
O O H




The Stork Enamine Reaction

CHZ—CH-CH ) N+ )
H+ H,O
CHf;CHr;CH
t ( + )
N

H

Enamines are used in place of enolates in Michael
reactions



aldol additions

O OH O
| HO™ | |
2 CH;CH,CH CH3CH2CH—(|3HCH
CH;
a B-hydroxyaldehyde
O OH O
| HO™ | |
2 CH;CCH:; CH‘;(I:—CH2CCH3
CH;

a B-hydroxyketone

One molecule of a carbonyl compound acts as a
nucleophile and the other carbonyl compound acts as an
electrophile




mechanism for the aldol addition

0 @'t o 0 OH O

| HO™ I CH3CH,CH I | H,0 | I
CH;CH,CH — CH;@&/ - CH3CH2CH—(IZHCH = CH;CH2CH—C|HCH
CH3 CH;

a B-hydroxyaldehyde



Ketones are less susceptible than aldehydes to attack
by nucleophiles

0 0 9 o 0 OH O
I HO™ | CH3CCH3 | | H,0 I I
CH3CCH3 e — S@;/" = CH3C|—CH2CCH‘; ? CH3C|—CH2CCH3
CH; CH;

a B-hydroxyketone



An aldol addition product loses water to form an aldol
condensation product

O OH O O
| HO | [T I
2 CH,CH,CH — CH;CH,CH _(|:HCH T CH;CH,CH =(I:CH + H-,0
CH, CHs,

a B-hydroxyaldehyde an «,B-unsaturated aldehyde
an enone



OH

|
gome-
CH,

u@

O
-H,0 Il
L (I:=CH —_
CH,4



The Mixed Aldol Addition

OH c“)
CH;CH,CH—CHCH
o A~ |
I CH;
CH,CHCH &
i & B | ||
H-0O CH3CHCH2CH_CHCH
2 | |
(“) (”3 CH; CH;
CH;CH,CH + CH;CHCH,CH OH
A | B | [
CH; - CH3CH2CH—(|3HCH
H20 C") y‘ C|HCH3
CH,CHCHCH CHj;

|
IR N

5 CH3ClHCH2CH—(|3HCH
CHs; CHCH;
CH,



One product will be formed if one of the carbony!l
compounds does not have any a-hydrogen

O O OH

|| | Ho- | o
CH + CH;CH,CH,CH CH— CHCH CH= CCH

excess CHch3 CH2CH3




Primarily one product can be formed by using LDA to
deprotonate one of the carbonyl compounds

OH
O

0 0 o |
i CHCH,CH,CH;
LDA — 1. CH3CH,CH,CH _
; 2. H,0 g




Condensation of Two Ester Molecules

mechanism for the Claisen condensation

O: ) O: Cé"i: (I)(_‘) O:

CH30: | CH3CH,COCH3 _

I
cn%w CH;CHCOCH; = CH3CH2(IZ{(|ZHCOCH3

H = CH;0: CH;
+ CH3QH

illiz (”)
CH3CH2C—-(I?HCOCH3 + CH307
CH;




Claisen condensation

formation of a 7rbond
by expulsion of RO™

-/

:0: O
L)

RCH,C—CHCOR

i |
RO’ R

29
RCH2C(|2HCOR
R + RO

aldol addition

protonation of O~

/

:€|)': (”)
RCH,CH—CHCH

|
R

leo

o
RCH2CH(|ZHCH

R + HO




The reaction can be driven to completion by removal of a
proton from the B-keto ester

Lo
RCH2C|—-(|3HCOCH3
CH;0 R
H-CH3O‘
O O O O
I | CH;0" [
RCHZC—(liHCOCH3 — RCH2C—C|J—COCH3 + CH;0H
R R
B -keto ester B -keto ester anion

The Claisen condensation requires an ester with two
o-hydrogens and an equivalent amount of base



The Mixed Claisen Condensation

o) 0O O
. ||

I |
" C—OCH,CH; A R C—CHCOCH,CH;
CH},CHQCH'ZCOCHzCH’; + O/ 2: H* 3-12% ©/ CLHF;CH:;

excess + CH;CH,OH




O

O O |
O CCH;,4
| 1. CH3CH,0™ ‘
o CH3C_OCH2CH3 2. H > + CH3CH20H
ethyl acetate )
excess a B-diketone

Because of the difference in the acidities of the
a-hydrogens in the two carbonyl compounds, primarily
one product is obtained



mechanism for the Dieckmann condensation

0
| | I
CH,CH,COCH;, ) CH,CHCOCH; COCH; COCH;
s s * CH30 AR _
C{{z — C]\-|2 ) — (OCH:; ——— <I + CH3O
cuglfocm CH,COCH; B 0

:0%+ CH:0H



Intramolecular Aldol Additions

O CH‘; CH‘;
O 0" WO, OH
CH}CCH2CH2CCH2 —
HO™
(") /HZO
CH;CCH,CH,CCH;

2,5-hexanedione HO™ CH CH

HZC’)\‘ & y ‘

a 1,4-diketone I OH
CHgCCH2CHCCHg > qL 4‘

CCH; CCH%

not formed



@)
G
CH;CCH2CH2CH7CH2CCH2 >6

Ho/Hzo
I I not formed
CH,CCH,CH,CH,CH,CCH;
2,7-octanedione o
a 1,6-diketone 7 c')\\""° o CH CH
2 % 3
Cj o OH
CH;CCHZCH~;CH7CHCCH; —_
. A

ccug CCH;



The Robinson Annulation

i
CH,=CHCCH; + Q a Michael ~ /C(I) an intramolecular m
(9) reaction ©OF \ O aldol addition (9]
CH;, OH
-H, 0| A

AI




Decarboxylation of
3-Oxocarboxylic Acids

removing CO; from an a-carbon

<~ ¢ 0
1 T | _
CH3C—CV/®—C—_Q$ —> CH;3;C=CH, <— CH;CCH,
3-oxobutanoate ion
acetoacetate ion + CO,



Acid catalyzes the intramolecular transfer of the proton

(\ e b OH

A
CH3C CHz C 0O — CH;C=CH,
3-oxobutanoic acid
acetoacetic acid +CO,
a B-keto acid

tautomerization

<

2

tautomerization

1
HOC CH2 C O 35 * —> HOC=CH,
malonic acid +CO,

b Tom—

O

|
CH,CCH;

> HOCCHj



A malonic ester synthesis forms a carboxylic acid with
two more carbon atoms than the alkyl halide

T 1 i
1. CH3CH,O"
C,HsOC—CH,—COCHs — oo R—CH,COH
diethyl malonate 3. H, H,0, A Y'\

“malonic ester” | -
from malonic ester

from the alkyl halide




0O O /O‘\‘ (‘
Il CH3CH,0" I I R--Br

I < | I
C,HsOC—CH,—COC,H; > C,H;OC—CH—COC;Hy — C2HSOC_(|:H—COC2HS + Br-

R
an a-substituted malonic ester

H*, HzO‘lA
| T 0
R—CH,—COH + CO, «— HOC—CH—COH  + 2 CHyCH;OH
R

an «-substituted malonic acid



Preparation of Carboxylic Acids with Two
Substituents Bonded to the
a-Carbon

T

n | TR P 0
CQHSOC—CHQ—C()C'_)Hfg CHCHz0 > R—Br

|
2 CH;OC CH—COCGC, Hq —— CHQOC —CH—COCGC, Hq + Br

R
| enserzo
0
C,H olc c— gOCH
R
lR —Br
R 0O O R O 0O R O
R—éH—gOH + CO, Hocll*—(lz ot Sl CHqO(l"!‘ s (":oc JHs
X . 2 CH;CH,OH K



Synthesis of Methyl Ketone by
Acetoacetic Ester Synthesis

O O O
| I 1. CH3CH,0"~
CH3C_CH2_COC2H5 >

I
> R—CH,CCH;

2. RBr
ethyl 3-oxobutanoate 3. H", H,0, A / /l

ethyl acetoacetate from acetoacetic ester
"acetoacetic ester"

from the alkyl halide




0 0 0 m A 0 0
I [ CH3CH,0" | I —Br | [

e R
CH4C—CH,—COC,Hs > CHC—CH—COCH; —— CH{C—CH—COCH; + Br
R

H, Hzola

| A I I
CH;C—CH,—R + CO, <— CH3C_(|:H_COH + CH;CH,OH
R



Designing a Synthesis to Make New
Carbon—Carbon Bonds

new bond
O O
CH; 5 CH; / 0O
— %
CH; CHj3
CHQCHZ(HIOH
O

nucleophile electrophile

O

O
CH;, 1/ 0 CH; [/ 0
. or + 7
CH3 + CHj3
electrophile nucleophile




CH;
CH;

Preparation of the Ester

o)
CHj; )
1.50Cl, 1. HO
2.CH3OH ~  (CHj 2. wE

CH2CH2(”30H cnzcmﬁocn3
0 0

O

CHj; o
CH;



A Biological Aldol Condensation

lysine
| residues |
(le(CH2)2CH2CH2§IH3 H31¢JCH2CH2(CH2)2(|:H
NH NH
lysyl
oxidase
| |
o TN A I o
CH(CHy),CH,CH HCCH,(CHy),CH
NH NH

aldol
condensation

0=? $=0
ClH(CH2)2CH2CH=$(CH2)2C|H

ITIH HC=0 l\IIH

cross-linked collagen



A Biological Claisen Condensation

) T T i T
CH,C—SR 0—C--CH,C—SR —> CH3(|:—CH2C—SR —> CH;3;C—CH,C—SR
CSR + CO, lreduction

0O 0O OH O

[ ducti [ dehydrati |
CH;CH,CH,CSR ¢———= CH;CH=CHC—SR «—Y— CH,CH—CH,C—SR




0 O O Claisen

| I | densati I |
CH,CH,CH,C—SR + ~O—C—CH,C—SR — =200, CH,CH,CH,C—CH,C—SR

1. reduction
2. dehydration
3. reduction

O
|
CH3CH2CH2CH2CH2C 5 SR



