Chapter 22. Carbonyl Alpha-Substitution Reactions
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Tautomers: isomers, usually related by a proton transfer,
that are in equilibrium
Keto-enol tautomeric equilibrium lies heavily in favor of the

keto form.
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Keto-enol tautomerism is catalyzed by both acid and base

Acid-catalyzed mechanism (Figure 22.1):

Base-catalyzed mechanism (Figure 22.2):

The carbonyl significantly increases « 1 ¢ H s

I
C C

the acidity of the a-protons OO 230

22.2: Reactivity of Enols: The Mechanism of Alpha-Substitution
Reactions

o" o
/C\\?‘l;/ —= /C\'?"/ nucleophile

Enol

General mechanism for acid-catalzyed oa-substitution of
carbonyls (Figure 22.3)
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22.3: Alpha Halogenation of Aldehydes and Ketones

an a-proton of aldehydes and ketones can be replaced

with a -Cl, -Br, or -I (-X) through the acid-catalyzed
reaction with Cl,, Br,, or |,, (X,) respectively.
BT

C
/\ X=Cl, Br, | /\

Mechanism of the acid-catalyzed a-halogenation (Fig. 22.4)

Rate= k [ketone/aldehyde] [H*]

. 232
rate dependent on enol formation

o,p-unsaturated ketones and aldehydes:
o -bromination followed by elimination

(0]

o o)
CHs
CHs Br,, CH3COH (H3C)3CO" K* CH,
—_— Br ————————
Ep

Why is one enol favored over the other?

OH o} OH
CHs CHs CHs
f)/ — éf —

22.4: Alpha Bromination of Carboxylic Acids:
The Hell-Volhard—Zelinskii (HVZ) Reaction

a-bromination of a carboxylic acid

9 o}
H_ __C. Br,, PBr3,#AeOi= Br é
C OH ————>» ~c”~~oH
/\ then H,0 A\

-
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Mechanism (p. 828, please read)

a-bromo carboxylic acids, esters, and amides

\/\i Brp, PBrayAcOH-
_—
OH  then H,0 \/\Hj\sr
Br

H,0 H;CNH,
CH3CH,0H
a o} o
_CH
\/%OH \/%OCHZCHS \/\)LN 3
Br Br H
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o,p-unsaturated ketones and aldehydes:
o -bromination followed by elimination

o

o o)
CHs
CHs Br,, CH3COH (H3C)3CO" K* CHjy
—_— Br ————————
Ez

Why is one enol favored over the other?

OH o} OH
CHs CHs CHs
f)/ — éf —

22.4: Alpha Bromination of Carboxylic Acids:
The Hell-Volhard—Zelinskii (HVZ) Reaction

a-bromination of a carboxylic acid

9 o}
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/\ then H,0 A\
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22.5: Acidity of Alpha Hydrogen Atoms: Enolate lon Formation
Base induced enolate formation

B -0
A .
Co>H ~— | _c

C e
/\

-

Enolate anion

The negative charge of the enolate ion (the conjugate base
of the aldehyde or ketone) is stabilized by delocalization
onto the oxygen

%—@\\g — e @\\ e a—— @ @\
0T |0 o@ ) o%
o)
HyC—CHy & HyCH,COH
HaC”™ “CHg
ethane acetone ethanol
pK,= 60 pK,= 19 pK,= 16 236
Base induced enolate formation
(0] _ o~
Eo o+ HCHCO == L . ohncon
HsC™ "CH, HsC™ CH,
acetone ethoxide enolate ethanol
pK,= 19 pK,= 16

(weaker acid) (weaker base) (stronger base) (stronger acid)

Lithium diisopropylamide (LDA): a very strong base

4.(. —( diisopropylamine

4{** Lt 4:<NfH pK,= 40
LDA is used to generate enolate ions from carbonyl by
abstraction of a-protons

(0] o~
1l T |
_Co. + [(HC)CHEN =~ o [(HsC),CHJNH
HiC” O CH, [(H3C),CHI,l HSC/C\CHZ + 3C)2CH]2
pK,= 19 pK,= 40
(stronger acid) (stronger base) (weaker base)  (weaker acid) 237
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. THE —(

N—H + HCHCHCHC LT === N~ Lt + HCHCH,CHC

4<

pK,= 40 pK,= 60

a-deprotonation of a carbonyl compound by LDA occurs
rapidly in THF at -78° C.

Typical pK,'s of carbonyl compounds (a-protons):
aldehydes 17

(0] Icl) (e}
ketones 19 B _C. _C.
H,C™ O H HyC™ “CH, H,C™ “OCH,
esters 25
amides 30 i H,C—C=N
nitriles 25 HiC™ “NICHy),
238

Acidity of 1,3-dicarbonyl compounds

o (0]
i Il
Co AN
Hio~C oH, HeC” “OCH,
ketone ester
pK,= 19 PKa= 25
H H
o o N
0 0 o o ScTN e
_C._.Co e & S ¢
HsC™ "G~ "CHs HsCO™  >C”  “OCH, O\C/O
H H Y /N
HsC CH,
1,3-d|kietone 1,3-diester Meldrum's acid
pK,=9 pKa=13 pK,=5

1,3-keto ester
pKy= 11

Why is Meldrum’s acid more acidic than other dicarbonyl
compounds? 239
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Delocalization of the negative charge over two carbonyl groups
dramatically increases the acidity of the a-protons

o o o o o 0
CnC et ¢ pK,= 9
ch/ \?/ \CHS - H3C/ \\C/ \CH3 - HSC/ \CI;// \CHa a
|
H H H
o o o o o -o
i A E b
Hac/ \(‘;/ \OCH3<—> Hac/ \\C/ ~OCH - H.C” \(I:// ~OCH pKa: 11
H b H
9 9 Q9 9 S
| Il
C.-.C N - C .Co =
HyCO~ \9/ SOCH, = HSCO/C\C/C\OCHS HyCO™ \9// OCH; PKe= 13
H H H
Enolate formation for a 1,3-dicarbonyl is very favorable
a8 + HiCO~ ——= 9 + H.COH
C. .Co Cs C 8
HeC™ G ~OGH, e CS6 SN ook, oK. 16
H H b
acetoacetic ester 240
pKy= 11

22.6: Reactivity of enolate ions

By treating carbonyl compounds with a strong base such

as LDA, quantitative
give an enolate ion.

a-deprotonation occurs to

Enolate ions are much more reactive toward electrophiles

than enols.

Enolates can react with electrophiles at two potential sites

(e} v/ 0
1l — I !
/C\VE/H -~ /C\g/ > /C\\C/
/\ [ |
l E lE
2 "o
i
/C\C/E /C\\C/
/\ [
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22.7

Halogenation of Enolate lons: The Haloform Reaction
Carbonyls undergo a-halogenation through base
promoted enolate formation

© /30"' NaOH,H,0 (9 /‘B,fg, Q
— =
e S Gl
/\

Base promoted a-halogenation carbonyls is difficult to control

because the product is more acidic than the starting
material; mono-, di- and tri-halogenated products are
often produced

o _
1 NaOH HO @ arler 9 NaOH, H,0
_br —_— —_—
_ \/C\ /C\\C/ E— /C\C,Br ”
/ \
H H ér H Br
9
Br, I
/C\\C/B' —> _C___Br
|
Br B¢ Br 242

Haloform reaction:

o :

o NaOH, H,0 (g/\
c — = O
/\

O
1l + HCX;

Haloform

lodoform reaction: chemical tests for a methyl ketone

Q NaOH,H,0 @ lodoform: bright yellow
C > Cc_ - * HCl3 o
R CHy 2 R” S0 precipitate

lodoform
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22.8 Alkylation of Enolate lons
Enolates react with alkyl halides (and tosylates) to form
a new C-C bond (alkylation reaction)

benzylic allylic methyl primary secondary

tosylate = -l > -Br > -Cl
Tertiary, vinyl and aryl halides and tosylates do not

participate in Sy2 reactions
244

Malonic Ester Synthesis
overall reaction

CO,Et — At
EtO™ Na*, EtOH
+ RHCX & —— D EOR RH,C-CH,-CO,H

CO,Et then HCI, A
diethyl alkyl carbc{)éylic
malonate halide aci

Et= ethyl

c + Et0~ =—=

diethyl malonate
pKa= 13

o -0
NN *EBOT ===y _c. __ *+ EOH
C~ TOEt
/\
H H
ethyl acetate
pKa= 25

H
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A malonic ester can undergo one or two alkylations to give an
a-substituted or a-disubstituted malonic ester

Decarboxylation: Treatment of a malonic ester with acid and

heat results in hydrolysis to the malonic acid (f-di-acid).

An acid group that is § to a carbonyl! will lose CO, upon

heating.
o Q HCl, A o 0 -Co, e, b
C C —_— —_— 2 ~
Et0” \/C\/ “OEt HO/C\C/C\OH \/C\/ OH
/
H CHR H CHR HoH
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Mechanism of decarboxylation:
B-dicarboxylic acid (malonic acid synthesis)

[-keto carboxylic acid (acetoacetic ester synthesis)

247
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H

COoE - Na* HyCH,CH,CH,C.SO2E Hel, A
> + HyCH,CH,CH By 0 Nah BIOH  FasPztaiia s/ 20 Oy HyCHRCH,CH,C-H,CCOM
A
CO,Et CO,Et
HOSOE b CH.CH.CH.C.py 10 Na® EIOH  HsCHoCH.CHC FOEL B0 Na' E1OH
- 3CM LML L-Br ————————— -Q
"CoLEt COE HaCH,C-Br
CO,Et
H3CHoCH,CH,Co /=2 HCL A~ H,CH,CH,CH,C..__COH
HaCH,C™ Y &
3¥T2Y CO,Et HsCH.C™
H. LOE EtO” Na*, EtOH  Br-CH,-CHy-HoC-HoC o FOE
ey +  Br-CHy-CHyHyC-H,C-Br ————— 3 LS
CO,Et CO,Et
H
H H\ M H 1 H

H\\$/C C/CogEt HCI, A

H—c—C COH
[

cyclopentane

EtO Na, EtOH \ carboxylic acid
H—C~¢’ “CO,Et H=C~¢ “H
H H/ \H H H/ \H
248
Acetoacetic ester synthesis
o — o
8. _coft + Ruox 2 NLEORL el 8
AN AT 2! = 2YN AN
HiC™ G z then HCI, A X CHs
H H H H
alkyl
ethyl acetoacetate halide ketone
D R R
_C__C_ Lo g + EtOH
HsC™ "G TOEt HsC™~ C” ~OEt Ka= 16
W H 7 PRa
H
diethyl malonate
pK,= 11
o) -0
WG~ *EOT ==y & * EOH
'C”CH, 7 CH, pK,= 16
H H H
acetone
pK,= 19
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An acetoacetic ester can undergo one or two alkylations to give
an o-substituted or a-disubstituted acetoacetic ester

Decarboxylation: Treatment of the acetoacetic ester with acid
and heat results in hydrolysis to the acetoacetic acid
(B-keto acid), which undegoes decarboxylation

EtO™ Na*, o)
H. SO EIOH _ HiCH:CHCH,C. O HaL A ¢
| _
WS HyCH,CHZCH,C-Br H-& HsCH,CH,CH,C-H,C™ ™ “CH;
C—CHjy C—CHj; - €O
7 4
o)
ethyl
acetoacetate
EtO~ Na*, EtO™ Na*,
H. COE EtOH HaCH,CH,CH,C /Ot EtOH
WG + H3CH,CH,CH,C-Br ————— u&
_ _ H3CH,C-B
,C—CHs ,C—CHs 3CH,C-Br
ethyl
acetoacetate
CO,E HCI, A 9
HsCHaCH,CH,C 02 t LAl HBCHZCHQCHZC\C/C\
X -CO HaCH,C” CH,
H3CH,C ooy > 4CH,C )l
o]
EtO™ Na, O Na,
H_ COZEt EOH  Br-CHy-CHy-H,C-H,C. SO EtOH
H/C\ +  Br-CHy,-CHp-HyC-H,C-Br =27 o H A
,C—CHy C—CHj
4 4
o)
ethyl
acetoacetate HHoH HHHO
\ C \
H—c—C, CO.Et HCl, A _-C. co
F s 2C N
H /\ H /7 \
HHO H H
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acetoacetic

i ' — Nat e} o o

i - E o N 7 Hola 7
i COEt | ———> COEt ——— >

O seii . - COEt -CO, H

Summary:
Malonic ester synthesis: equivalent to the alkylation of a
carboxylic (acetic) acid enolate

COzEt EtO™ Na*, EtOH

+  RH,C-X R RH,C-CH,-CO,H
CO,Et then HCI, A
base CI) RH,C-X
H3C-CO,H —> —» RH,C-CHy-CO,H
_C.
H,C” ~OH

Acetoacetic ester synthesis: equivalent to the alkylation of an
acetone enolate

g COLEt ox EtO™ Na*, EtOH RHAC 1]
C~-CO2 +  RH,C- > 20
HsC™ °C then HCI, A <

H H H H

0 q
11 base o RH,C-X
<H c — i 2 RHQC\C’C\CHS >

c
H,C” “CH, H H 252

Direct alkylation of ketones, esters and nitriles
a-Deprotonation of ketones, esters and nitriles can be
accomplished with a strong bases such as lithium
diisopropylamide (LDA) in an aprotic solvent such as THF.
The resulting enolate is then reacted with alkyl halides
to give the a-substitution product.

o o
HaC RH,C-X H3C CH,R
o — — major
HsC LDA, THF
-78°C o o
RH,C-x  RHG
L—» HC e HsC minor
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Ester enolate
(6]

(e)
| RH,C-X CH,R

C ot LDA, THF
: c
OEt ¥z ~OEt —
78°C CO,E

0] o~ o

0\5 LDA, THF o\ RH,C-X oé/CHZR
-78°C
Nitrile enolate

_N -N R
C”" LDA, THF C RH,C-X
—_— E— Ca
-78°C g ©< =N
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Biological decarboxylation reactions:
pyruvate decarboxylase

Enzyme
b e PPO.
H—¢ ] o, O—R Q OH o -co,

s
0 O > @ HaC-C-COzH v)I )—"{5—/(»3
N> CH, O
@)
R

Thiamin Diphosphate (Vitamin B,)

E—

Enzyme Enzlyme
B
PrO PPO ,H/\ PPO S) S 9
\/>I">:P e \/I H@j _— S, O) _— ) N * HsCc-C-H
CHs CH, NI @)
) CHg >
R ®)
R
L-DOPA decarboxylase o
R 2 R
o
L-DOPA \Nﬁk ﬂND
20,P0 decarboxylase 2 H -CO, ( ‘
e « >
Imme formation PO Z | 0 0
L-DOPA <
Pyridoxal Phosphate ° ’n@
(Vitamin Bg) H
Enzyme
R_. — H*B
R R *,j
N.
z g . / 'T'
PO o 2oapo
NG

Dopamine
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