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: ! : ! The tear gas used by police and military for riot control is a simple chloro ketone made by a carbonyl

a-substitution reaction. image copyright JustASC 2010. Used under license from Shutterstock.com
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(a) Acidic conditions

Bl The carbonyl oxygen is

protonated by an acid H-A,

giving a cation with two
resonance structures.

YR
:(IJ\: H—q
C H
N e”

/\

Keto tautomer
+. H
'O/

Il —

At ~

B3 Loss of H' from the «
position by reaction with
a base A gives the enol
tautomer and regenerates
HA catalyst.

/\

Enol tautomer

(b) Basic conditions

Il Base removes the Keto tautomer
acidic @ hydrogen,

. H
yielding an enolate nH |
ion with two resonance H(/\O
structures.

3 i
PN /C\\C/
3 Protonation of the Enolate ion
enolate ion on oxygen
gives the enol and EH
regenerates base
catalyst.
5"
I + HO™

Enol tautomer
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Electron-rich

Enol tautomer
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/C\C/H
/\
Bl Acid-catalyzed enol formation occurs ,
' Bl || Acid catalyst
by the usual mechanism.
5"
Q,| ET
pr
B An electron pair from the enol oxygen |
attacks an electrophile (E*), forming
a new bond and leaving a cation (2] l
intermediate that is stabilized by s Base
resonance between two forms. + H . H
:0 :0
| — |
/\ /\
EJ Loss of a proton from oxygen yields
the neutral alpha-substitution product El l
as a new C=0 bond is formed.
0
I
/C\C/E
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A particularly common a-substitution reaction in the laboratory is the haloge-
nation of aldehydes and ketones at their a positions by reaction with Cl,, Bry,
or I» in acidic solution. Bromine in acetic acid solvent is often used.

I I
C H C Br
\C/ BI‘2 \C/
H/ \H Acetic acid H/ \H
Acetophenone «a-Bromoacetophenone (72%)

Remarkably, ketone halogenation also occurs in biological systems, particu-
larlyin marinealga, wheredibromoacetaldehyde, bromoacetone, 1,1,1-tribromo-
acetone, and other related compounds have been found.

I I I
H\C/C\ Br\C/C\CH Br\C/C\CH
/\ /N 3 /N 3

Br Br H H Br Br

2'a

From the Hawaiian alga Asparagopsis taxiformis
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EJ An electron pair from the enol
attacks bromine, giving an
intermediate cation that is
stabilized by resonance
between two forms.

I3 Loss of the ~OH proton then
gives the alpha-halogenated
product and generates more
acid catalyst.

Enol H3C %|/
H
~—Base
:B/H 26/H
e T ¢
B
HeC” > HeC” 3>
/ \ \
H H H H
I
C + HBr

H3C” “CH,Br
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] ' ]
D;0% I D;0%
— — C D
/C\c/H (Slow) /C%C/ (Fast) \/c\/
Enol
@) O @)
H Br cH
3
CHs Br, CHg Pyridine
—_— —_—
Acetic Heat
acid
2-Methylcyclo- 2-Bromo-2-methyl- 2-Methyl-2-cyclo-

hexanone cyclohexanone hexenone (63%)
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The « bromination of carbonyl compounds by Br, in acetic acid is limited to
aldehydes and ketones because acids, esters, and amides don’t enolize to a suf-
ficient extent. Carboxylic acids, however, can be a brominated by a mixture of
Brp and PBrj in the Hell-Volhard-Zelinskii (HVZ) reaction.

0 0]
” 1. Bl’z, PBI’3 “
CH3CH2CH2CHCH,CH,COH T CH3CH2CH2CH2CH2(I:HCOH
- Ho
Br
Heptanoic acid 2-Bromoheptanoic acid (90%)
0 | O + HBr OH o |
| - | | . |
H\C/C\OH —3 H\C/C\Br p— H\Cﬁc\Br —2, Br\C/C\Br
/\ / N\ | /\
H H H H H H
Carboxylic Acid bromide Acid bromide jH 0
acid enol :
0]
.
r
~c” " NoH + HBr
/\
H H

a-Bromo carboxylic acid
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Problem 22.6

If methanol rather than water is added at the end of a Hell-Volhard-Zelinskii reaction, an
ester rather than an acid is produced. Show how you could carry out the following transfor-
mation, and propose a mechanism for the ester-forming step.

9 o §
?
CH3CH2CHCH2COH — CH3CH2CHCHCOCH3

|
Br
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Table 22.1 Acidity Constants for Some Organic Compounds

Functional group Example pK,
]

Carboxylic acid CH3COH 5
ﬁ |

1,3-Diketone CH3CCH,CCH3 9
o

3-Keto ester CH3CCH,COCH3 11

o

1,3-Diester CH30CCH,COCH3; 13

Alcohol CH30H 16
]

Acid chloride CH3CCl 16

Aldehyde

Ketone

Thioester

Ester

Nitrile

N,N-Dialkylamide

Dialkylamine

CH3CSCHg
]
CH3COCH4

CH3C=N
I
CH3CN(CHg),

HN(i-C3H7)2

17

19

21

25

25

30

36
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CH(CH3)2 CH(CH3)2
H N/ Lol _N/ +  CyH
_
\ THF | \ 4o
CH(CH3), CH(CH3),
Diisopropylamine Lithium
pKy = 36 diisopropylamide
(LDA)
0 O~ Lit CH(CH3),
LDA /
+ H—N
Tetrahydrofuran \
solvent (THF) CH(CH3),
Cyclohexanone Cyclohexanone Diisopropylamine

enolate ion
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[
H3C” C~  “CHj
/' \
H H
2,4-Pentanedione (pK3 = 9)

|
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|dentifying the Acidic Hydrogens in a Compound

Identify the most acidic hydrogens in each of the following compounds, and rank the
compounds in order of increasing acidity:

(a) O O (b) (l? (c) i)

CH3(|3HCOCH3 N
CH3
Strategy

Hydrogens on carbon next to a carbonyl group are acidic. In general, a B-dicarbonyl com-
pound is most acidic, a ketone or aldehyde is next most acidic, and a carboxylic acid deriva-
tive is least acidic. Remember that alcohols, phenols, and carboxylic acids are also acidic
because of their —OH hydrogens.

Solution
The acidity order is (a) > (c) > (b). Acidic hydrogens are shown in red.
(a) ﬁ) ﬁ) (b) (I? (c) ﬁ)
C C H H C C
/N /\ / \ H
H H H/H/ HsC CHs
S~ Less

More
acidic

acidic




Jl 22.5 AlphaSi BRIt
-« RELS

Problem 22.7

Identify the most acidic hydrogens in each of the following molecules:
(a) CH3CH2CHO (b) (CH3)3CCOCH3 (C) CH3C02H

(d) Benzamide (e) CH3CH2CH2CN (f) CH3CON(CH3)2

Problem 22.8

Draw a resonance structure of the acetonitrile anion, “:CH,C=N, and account for the
acidity of nitriles.
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Reaction here or Reaction here Figure 22.5 The electrostatic poten-
/ tial map of acetone enolate ion shows
0 .0 how the negative charge is delocalized
| N over both the oxygen and the « carbon.
/C§C/ D /C\E./ As a result, two modes of reaction of an
| | enolate ion with an electrophile E* are
possible. Reaction on carbon to yield an
Vinylic o-Keto a-substituted carbonyl product is more
alkoxide carbanion common.
| |
.. E
Cl)/ :0:
|
/C%C/ /C\C/E
An enol derivative An a-substituted

carbonyl compound
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(l? X QO OH :0: OH 0

C eon” (|:| XN (|:| + ~CX
7N d - e
R™  "CHs Lae? R CXs R OH ;
A methyl

ketone l

O

where X =Cl, Br, 1 (|:| + CHXj
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Perhaps the most useful reaction of enolate ions is their alkylation by treatment
with an alkyl halide or tosylate, thereby forming a new C—C bond and joining
two smaller pieces into one larger molecule. Alkylation occurs when the nucleo-
philic enolate ion reacts with the electrophilic alkyl halide in an SN2 reaction
and displaces the leaving group by backside attack.

0 0 \ N 0
[ | I \/
/C\C/H Base /C\b-/ — . /C\C/C\ + X
/ \ | N2 reaction / \
i Enolate ion |

—X: Tosylate > —-I > —Br > -—Cl
R—X
R—: Allylic = Benzylic > H3C— > RCH,—




[l 22.7 B S R R R AL

- ATERBERYSRA  The Malonic Ester Synthesis

One of the oldest and best known carbonyl alkylation reactions is the malonic
ester synthesis, a method for preparing a carboxylic acid from an alkyl halide
while lengthening the carbon chain by two atoms.

R—X Malonic e-ster R\C/COZH
synthesis / \
H H
Na™*
+ —_—
EtO,C.__CO,Et N OBt | g0 COEt | XL EtO,C__CO,Et
C EtOH C C
/ \ | /\
H H H H R
Diethyl propanedioate Sodio malonic ester An alkylated
(malonic ester) malonic ester
R CO»Et R CO5H
e Mot N7 % 4+ co, +  2EtOH
/N Heat /N
H CO»Et H H
An alkylated A carboxylic

malonic ester acid
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- HHE
H [ H |
o:)’ (|o ~0 0
| ol —CO, | I
0?3 ™Son| T [BezSon| T MSe®Son
/A | /A
R H ¥ R H
A diacid An acid enol A carboxylic acid
I [ H ]
0% (9 S0 0
| nl —CO, | |
o7t k| T [BegSe | T eSS
/ \ | / \
R H ¥ R H

A B-keto acid An enol A ketone
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CH3CH2CH2CH2Br
1-Bromobutane
+ | Na* ~OEt
EtOH
EtOzC\C/COZEt
/ \
H H

2N

E10,C- - CORE!
/\
CH3CH,CH,CH, H

1. Na™ ~OEt
2. CH3al

EtOzC\C/COZEt

/\
CH3CH,CH,CH, CHs

H30+
—_—
Heat

H30%

—_—
Heat

0
|
CH5CH,CH,CH,CH,COH

Hexanoic acid (75%)

O
I

CH3CH2CH2CH2(|3HCOH
CHs

2-Methylhexanoic
acid (74%)
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CEfr
H2C/CH2

HZC\CHz
|
Br

1,4-Dibromobutane

CO5,Et
/
CH
\

CO5Et

U

Nat —OEt
EtOH

Ho CO5Et
C/
I"2(|7 C\H Na+ —OFt
H2C COzEt EtOH
7
Br
O
H30+ //
Heat C\ +
OH

Cyclopentane-
carboxylic acid

Hy  COpEt ]
H,C~  C

B2
HoC / CO2Et
CH»

CO, + 2EtOH
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Problem 22.10

How could you use a malonic ester synthesis to prepare the following compounds? Show all
steps.

(a) ﬁ (b) ﬁ (c) ?Hg ﬁ)
CH,CH,COH CH3CH2CH2C|:HCOH CH3CHCH,CH,COH
CHj
Problem 22.11

Monoalkylated and dialkylated acetic acids can be prepared by the malonic ester synthesis,
but trialkylated acetic acids (R3CCO,H) can’t be prepared. Explain.

Problem 22.12
How could you use a malonic ester synthesis to prepare the following compound?
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The Acetoacetic Ester Synthesis

Just as the malonic ester synthesis converts an alkyl halide into a carboxylic
acid, the acetoacetic ester synthesis converts an alkyl halide into a methyl
ketone having three more carbons.

I
Acetoacetic ester R C

synthesis 7/ \ CH3

H H




227 IEEE R E TS

I
Na* —OEt
EtO,C C
2S¢ ™NCH;  EtoH
/ \
H H
Ethyl acetoacetate
(acetoacetic ester)
I
R C
SC7 U CHg  HsO*
/\ Heat
H COzEt
An alkylated

acetoacetic ester

U

Na™t ﬁ)
F10,C 3. C.

|
H

CHj3

Sodio acetoacetic
ester

C”  CHj

A methyl
ketone

RX
—_—

+ COy

i
E02C O

/ \
H R

CHj

A monoalkylated
acetoacetic ester

EtOH
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O
H

CO5Et
1. Nat —OEt

At

2. PhCH,Br

Ethyl 2-oxocyclohexane-
carboxylate
(a cyclic B-keto ester)

2N

COoEt

H30*
_—

Heat

2-Benzylcyclohexanone
(77%)

+ Co,

+

EtOH
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Strategy
The acetoacetic ester synthesis yields a methyl ketone by adding three carbons to an alkyl
halide.
This bond
formed \
CHZCCH3
\ﬂ—/
This R group "\ These three carbons
from alkyl halide from acetoacetic ester

Thus, the acetoacetic ester synthesis of 2-pentanone must involve reaction of bromoethane.

Solution
O @) O

[ 1. Na* —OFt |
CH3CH2Br  +  EtOCCHCCH3 5 avpear.  CH3CH2CHaCCH3

2-Pentanone
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Problem 22.13

What alkyl halides would you use to prepare the following ketones by an acetoacetic ester
synthesis?

(a) (|3H3 ﬁ (b) ﬁ
CH3CHCH2CH2CCH3 @CHZCHZCHZCCH3
Problem 22.14

Which of the following compounds cannot be prepared by an acetoacetic ester synthesis?
Explain.
(a) Phenylacetone (b) Acetophenone (c) 3,3-Dimethyl-2-butanone

Problem 22.15
How would you prepare the following compound using an acetoacetic ester synthesis?
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Direct Alkylation of Ketones, Esters, and Nitriles

Lactone
0 e ]
H _
0 oA o7 Ny
4 THF
Butyrolactone
Ester
| 0
. .y
\C/ \OEt LDA 3 \E:'/
/\ THF |
H3C CHj CH;

Ethyl 2-methylpropanoate

Hal CH
CH3 o 3
H

2-Methylbutyrolactone (88%)

I
HaCo  _C
Soee | S TS N oy
/A
H3C CH3

Ethyl 2,2-dimethylpropanoate
(87%)
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Ketone
H3C
H
O
HaC
H LDA
THF
2-Methylcyclohexanone
H3C =

H4C CH3
CHjl

2,6-Dimethylcyclohexanone
(56%)

O

H3C
CH5l

LHal . Hae

2,2-Dimethylcyclohexanone
(6%)
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Nitrile
H H
\ /
Cw LDA
C§ _—
Xy THF

Phenylacetonitrile

2N

H CHj
\ /
CHal Cw

2-Phenylpropane-
nitrile (71%)
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Using an Alkylation Reaction to Prepare a Substituted Ester

How might you use an alkylation reaction to prepare ethyl 1-methylcyclohexanecarboxylate?
CO5Et

CHs
Ethyl 1-methylcyclohexanecarboxylate

Strategy

An alkylation reaction is used to introduce a methyl or primary alkyl group onto the « posi-
tion of a ketone, ester, or nitrile by S\2 reaction of an enolate ion with an alkyl halide.
Thus, we need to look at the target molecule and identify any methyl or primary alkyl
groups attached to an a carbon. In the present instance, the target has an « methyl group,
which might be introduced by alkylation of an ester enolate ion with iodomethane.

Solution
COzEt COzEt
H 1. LDA, THF CH3
2. CHal
Ethyl cyclohexane- Ethyl 1-methylcyclo-

carboxylate hexanecarboxylate
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Problem 22.16

Show how you might prepare the following compounds using an alkylation reaction as the
key step:

(a) 0 (b) CHyCH (o CH,CH=CHj
<<:::>}——?HCCH3 CH3CH,CH,CHC=N
0

CHj O
(d) (e) O (f) CH3 O
HaC CHs I |
C CH3CHCHCOCH5
HsC CHs CH(CH3)2 |

CH,CH3
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Me Me

q Me)\N)\Me oL R Q i Me Me :
l)j\l Li (LDA)> H\I X > : ; :Me)\l}l)\Me :
Lo’ THE, -78 °C Lo’ L ' = LiX

X=CLBr,l.. N teemmemee e me e 1
desired product byproducts
N = avEr
> ﬂiEIm ﬁbﬁ:

> SRiE— & At
> ARBHER—ELRRHF
> BIFE—REFEFMHE
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=TI IR A SR
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H,C=CH,  $1/kg  $0.028/mol

VS

ICH,CH;  $280/kg  $43.7/mol

BrCH,CH;  $55/kg $6.0/mol
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o)
JW R'\me RWH
R R |
R2 R!' H catalyst ML R2 R )
— RESEEH
DG: directing group
E A H,0
S EER ® 2
R 7N & .. % .M
N DG & SN DG
R3 } 92 % g ]

{ " T 3
- \ MLn N2 '@ 0’[\1/19””/' ch R\H%(———ML
ﬁﬁ)él‘% R2 R? CoA ~H1Rh "

H
P2
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Ka ~26
0 j [Rh(coe),Cl], (2.5 mol%) O
R
)l\/H o~ IMes (5 mol%), TsSOH-H,0 (10 mol%) __ M
e 7R toluene (0.2M) or neat, 130 °C, 48 h A
N 30 examples
m (25 mol%) up to 99% vyield
N/ ” byproduct free!
pKa pKa~15 @ pKa ~23 o
\ Et \ o
B A=
AcHN MeO,C BNO,C ,\ﬁﬁ.% |‘EE)§E1_L,ME/JFE€%
COzMe
90%, 1.3:1 dr
84%, 1.9:1 dr 87%, 1.9:1 dr
0 0 O
HO HO HO RIARIPHIES . EHFOAG| IR
88%, 2.1:1 dr 95%, 1.6:1 dr

65%, 2:1dr 52%, 2:1 dr

Mo, Fanyang.; Dong, Guangbin.* Science 2014, 345, 68.
http://www.sciencemaq.org/content/345/6192/68.abstract
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