Chapter 23. Carbonyl Condensation Reactions

As a result of the large dipole of the carbonyl group:
1. The carbonyl carbon is electrophilic and is the site
of addition reactions by nucleophiles;

(e o L. oM
/8\ — P HO —ony Chapters 19 & 20
Nu:\/

Ketone/aldehyde
(electrophile)

2. The a-protons are acidic and can be deprotonated
by strong bases to give an enolate, which are
nucleophiles and react with electrophiles.
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(nucleophile) 256

23.1 Mechanism of Carbonyl Condensation Reactions
An enolate of one carbonyl (nucleophile) reacts with
the carbonyl carbon (electrophile) of a second carbonyl
compound (1,2-addition reaction) resulting in the formation
of a new C-C bond

General mechanism (Fig. 23.1, page 855):

Nucleophilic carbonyl: aldehydes, ketones, esters, amides and
nitrile

Electrophilic carbonyl: aldehydes, ketones, oc,[ﬁ-unsaturatezcg7
ketones, and esters

130



23.2

Condensations of Aldehydes and Ketones:

The Aldol Reaction

The base-catalyzed self-condesnation reaction of
acetaldehyde gives 3-hydroxybutanal (aldol)

(? NaOEt OH
| - | I
2 HC-C-H S HyC-CH-CH,-C-
3 EtOH 35C—CH-CH,-C-H
acetaldehyde 3-hydroxybutanal

(B-hydroxy aldehyde)

General mechanism of the aldol reaction (Fig. 23.2, page 857)

The base-catalyzed aldol reaction (NaOEt, EtOH) is reversible
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The position of the equilibrium for the aldol reaction is highly

dependent on the reaction conditions, substrates,
and steric considerations of the aldol product.

H O NaOEt HO H @ aldol reactions involving
R=C-C—H =~ Asc-CoeCoy a-monosubstituted aldehydes
/N 7\

H H HHR are generally favorable
"o NaOEt HO H O aldol reactions involving
hobd_, <= R__c__c. a,a-disubstituted aldehydes

-G~ C” H
| EtOH /N \
& Hh AR are generally unfavorable
H O NaOEt HO R @ aldol reactions involving
>
R—C-C-R < RO Cug ketones are generally
| EtOH /A \
H HHEH unfavorable
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23.3 Carbonyl Condensation Reactions versus
Alpha-Substitution Reactions

O HO ) [}
CH,R
— + RCHX ———

How do you suppress carbonyl condensation during an
a-alkylation reaction??

LDA,
é THF, 78 °C @ RCHZX é/CHZR

The enolate is discretely and quantitatively generated with
LDA at low temperature, then the alkyl halide is added
to the solution of the enolate.
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23.4 Dehydration of Aldol Products: Synthesis of Enones
The p-hydroxy carbonyl product of the aldol reaction can
undergo dehydration to yield a conjugated enones; this
step is irreversible and is catalyzed by either acid or
base.

Mechanisms (p. 859)
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The aldol reaction can be driven toward products by dehydration

Wo o mom MR QLo R 9
R—C-C-R < R\C/C\C/C\R — R\C/C\\C/C\R
| EtOH N N I ]

H HHRH HH R

o NaOH

EtOH Q HQ
-
22%
o NaOH
0
EtOH Q HQ
. — =
D

92%

The n-orbitals of the C=C and C=0 are in conjugation, which is
a stabilizing influence of o,p-unsaturated carbonyls
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Synthesis of a,f3-unsaturated carbonyl compounds

/\MgBr
then H30*
=N —

o a,B-unsaturated
o — J ketones

YN

R (/\);CuLi

(9]

(H3C)3CO K* 0]

0 Br,, AcOH Q
Sl O = . a,B-unsaturated
R)K/ R)H/ F()J\/ i

! ketones and aldehydes
.

Bry, PB HsC)sCOK* O .
j\/ 2, § Moxco 2 J\/ a,B-unsaturated acids,
then H,0, or Y .

HO ROH, or R,NH Y)k( esters and amides
2 [e) -
H O NaOEt EtOH | R a,p-unsaturated ketones,
R-C-C—R? Rlo-Cso-C~ge  aldehydes and esters
] -H,O A ;
H H H R 263
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23.6 Mixed Aldol Reactions
Aldol reaction between two different carbonyl compounds

Four possible products HO H O HO H O
\ 7 1 \ / Il
o o EtONa,  HsCH,CH,CH,C™ "C H HaCH,C™ 7 H
H3CH,CH,C B +  HiCo ,é:\ ﬂ» HC H H3CHZCH2C/ H
~¢lTH 'c”H -~
H H H H HO H O HO H O
C \C/ I \ 7 Il
5 G HiCHC™ NG H  HoCH,CH,CH,C™ ¢ H
HC H HsCH,CH,G
Aldehydes with no a-protons can only act as the electrophile
EtONa, HO H O
9 1l EtOH \ 7 I}
HyCH,CHAC__Co. HCL Oy =——  (HC)C” ¢ H
C H * A H
oy HsC CHg HsCH,CH,C
0 o EtONa, HO H o
I EtOH C
°N - Co
Hooor MO Oy <= S H
H H HeC H
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One of the carbonyl compounds is significantly more acidic
o EtONa, H o
1l (Ié g EtOH | )]\
HSCHZCHZC\/C\/C\H + e e Coe - HscHZCHZC\C,C\\C CH,
/ N\
H H H H HH Coukt
Discrete (in situ) generation of an enolate with LDA
q
HaCo _Cu
9 LDA, THF, -78°C ?7 b R .
HiCHCH,CL C 7 HoCHCH:C. O, M HGHCT NG
H H & then HoO HaCH,CH,G  H
q
H3CH,CH,C C.
0 \ oL PTETENGTTH HO H Q
HAC IC LDA, THF, -78°C HGC (\: H/ \H _Co _C.
3 o O = OOy »  HaCHCH,CH,C™"C7 T H
H H 4 then H,0 HsC H
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23.7 Intramolecular Aldol Reactions
Treatment of a dicarbonyls compound can lead to an
intramolecular aldol condensation. Formation of five-
and six-membered rings are favorable.

o) oJ o o
EtONa, EtOH EtOH -H,0
- = — E—
0O -~ k 0o -
U OH

o -

o 0} o
EtONa, EtOH EtOH -H,0
E—— — —_—
o - 0 OH

266

More favorable ring sizes (less strained) are made from
intramolecular reactions

- » less favored
A (3) OH pathway

o

¥ o o
o -H,0
— E—
A//' (o, OoH
(o]
o
‘\ J H (0] [e]
= JE—— -H,0 less favored
\ OJ - |:,5‘O\H e D‘i‘\ pathway
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Figure 4.8 (page 111)

AH
AH_ per CEE.- Total Strain
Cycloalkane Ring Size (n) KJ/mo KJ/mol Energy
Strained AN 3 2090 698 o
rngs [] 4 2744 686 110
Q 5 3220 664 27
Common
rin gs 6 3952 659 0
O 7 4637 662 27
. O 8 5310 664 42
Medium
rings
g Cyclononane 9 5981 665 54
Cyclodecane 10 6636 664 50
< 12 Large
rings Cyclopentadecane 15 9985 659 0
Alkane reference 659 0 268

23.5 Using Aldol Reactions in Synthesis
Very important C-C bond forming reaction. Readily make
large carbon skeletons from smaller ones

aldol

o) X OH © o
reaction
i ’ — R o Ry aldol
Rﬂ\)l\ H H -~ H products
H
Ry R4 R4
l Ha, PA/C
0 -or- o  Wittig Re
" a-alkylation R reaction R, |
R1\/\X H T y —
Ri Ry R4
Grignard
addition
OH
R
Ry

Robert B. Woodward (Harvard): 1965 Nobel Prize in Chemistry
"for his outstanding achievements in the art of organic synthesis" 269
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/\/>/\OH
2-ethyl-1-hexanol o
/\)k H
o
H

AN OH 2 ?
<—Nﬁ\H <—Nﬁ\H B rL
two n-C4 units
ANy /HKH
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Problem 23.5: Which of the following are aldol condensation products?
a. 2-hydroxy-2-methylpentanal b. 5-ethyl-4-methyl-4-hepten-3-one
HO CHs

/\)<CHO \jﬁ)?\/

Problem 23.8: Which of the following can probably be prepared by a mixed aldol
reaction?
a. b.
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23.8 The Claisen Condensation Reaction
Base catalyzed condensation of two esters to give
a p-keto-ester product

NaOEt

o
Il — 11 I}
2 HC-C—OEt gioH H3C—CH-CH,-C-OEt
then H;O*
Ethyl acetate 3 Ethyl 3-oxobutanoate

(Ethyl acetoacetate)

Mechanism: has features of the aldol and nucleophilic acyl
substitution reactions (Fig. 23.5, page 866)
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The product p-keto ester product of the Claisen
condensation is more acidic than the reactants; deprotonation
of the product drives the reaction forward. One full equivalent
of base must be used in the Claisen condensation.

23.9 Mixed Claisen Condensation

Strategies are similar to that of the mixed aldol reaction.

Four possible products o 0 o 09
_Cq_.Co _Cq _Co
o) 9 EtONa, HzCH,CH,CH,C /C\ OEt H3CH,C C\ OEt
HSCHZCHzc\C’g\OEt * HSC\/C\/C\OEt % Hee HaCH,CH,C 1
H oH H H then H0* o o0 o 0
G G C, ..C

. PION Cqo ..Co
HiCHoC™ NG OBt HyCH,CH,CH,C™ G
HC H HsCH,CH,C  H

Esters with no a-protons can only act as the electrophile

0 o EtONa, O o
1 I EtOH C

Co — _C
oEt + MO Ciony —= ©/ 'C” Ot
/7 \
H H then Hz0* HsC H
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Discrete (in situ) generation of an ester enolate with LDA

?
HsCo _Ceo
o o L 067 ToEt g 9
i LDA, THEF, -78°C i A _Co __Co
HSCHchzc\C/C\OEt - HBCHZCHZC\C”/C\OB H3CH,C C” TOEt
o I then H,0* HsCHoCH,C
7
HsCHoCH,C__C._
o oLt RN Okt o o
he. LDA, THF, -78°C i Ay c. &
3 O - E—— Hs,C\C/,C\OEt — = HgOHCH,CH,C” "G TOE
H H ﬁ then HyO* HsC H

Mixed Claisen condensations with a ketone enolate and esters

EtONa,

o} o o0
o EtOH I
— =
N & - CH,CHj
HCHoC™ OBt onpor

EtONa,

o o o
o] EtOH |k
¢ a— H
* H” OEt
then H;O*

EtONa,

o o o
o) EtOH |J\
& - > OFt
*  Et0” TOEt 274
then H;0*

23.10 Intramolecular Claisen Condensations:
The Dieckmann Cyclization

Dieckmann cyclization is an intramolecular Claisen condensation.

Mechanism: same as the Claisen (Fig. 23.6, page 879)
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Dieckmann Cyclization works best with 1,6-diesters, to give a
5-membered cyclic B-keto ester product, and 1,7-diesters
to give 6-membered cyclic B-keto ester product.

OFt OFt
o EtONa, EtOH ~ E0) Pj COEt -EtO~ 7
2
2=y e
o oL
EtONa, EtOH 1% Et0) o~ o
C)E P < OEt ——> Uooza _Et0O~ CO,Et
OFt . [ ]/
=o)
o o
SRS e
276
o
Q o
OFEt EtONa EtOH COLE EtONa, EtOH g
- + SN
o then H30* then H;O* Et0 Ot
OFt
Dieckmann cyclization Claisen Condensation
The product of a Claisen condensation or Dieckmann
cyclization is an acetoacetic ester (-keto ester)
0 o ; a
oFt EtONa, EtOH COLEt Eé?or\‘H ot _»
D e (o o
OEt ester
Dieckmann cyclization
NaOEt o ? """"" 6 """" : | Eé%\‘: 0 N 9 H

H30
HaCHoC— C—He- &= OFEt | /\/*’Br HiCH,C—C— c- C—0Et —» HyCHC~C c CH,CH=CH,

I E—
2 HaCH,C-C—OEt  EioH
then H30* acetoacetic CHS CHa CH3
ester
Claisen condensation
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23.11 The Michael Reaction
The conjugate (1,4-) addition of a enolate with an
o,p-unsaturated ketone

Recall from Chapter 19.14

0] o~ o~

1"2.' o~ ‘ . OH |
addition . ¢ H;0 I
———> R \C// ~ —> R//C\C/’ ~
Qﬂ |y ™:Nu Nu Nu
R/C\’E//C\ —
(0] Nu
N“:J | L - Qs DN ko
_Cy C— =™ cCu:cC e J\ C—
1,4- RT G\ RTCTA™ RN
addition | [ H
enolate
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The Michael reaction: works best with enolates of -dicarbonyls.

(e} o) fe) EtONa, O HH O
g CH e g EtOH w(l; Y (‘{
AUNA2Ve F PION — ~ ~ ~
HsC Cf Et0” "C” "CHa HsC \/\ [y “CH,
H H H H H H COsEt
electrophile nucleophile

Mechanism (Fig 23.7, page 872)

This Michael addition product can be decarboxylated

o) o)
9 H H 9 Hs0", A i H\C/H 7
(o} C (o} —_—
HsC™ \/c\” /c\/ "“CH, -EtOH, HsC™ \/ \” /\/ “CHy
HH HCOEL: €02 HH HH 279
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A Michael addition product is a 1,5-dicarbonyl compound

o) EtONa, (0] (0]
G CH E §CI) E1oH ('C:I) H\C/H ('c)I oLy C H\C/H ¢
z + NACYN NACESNACYN - AN
HiC™C 2 o oo, T C7INGTTCH, ~EIOH, G5 G 3 G T CH,
H H H HH HCoEt €02 HH HH
a,B-unsaturated ketone ethyl acetoacetate
o) o)
9 o o0 EtONa, g HHQ H30*, A T
C. __CH, g u EtOH C...C___C. W EO/C\ /C*C/C\OE
£ (I:/ + 200 or —— E07 "7 CT Ok -—CtO’ { ST t
b Ay HH H COEt 2 HH HH
a,f-unsaturated ester diethyl malonate
o
0 o) EtONa g HAH _N  Hz0% If H\ / _N
_C.__CH, c_c=N B e O Eor HN- OO e
HNTTSC7TE s mo” e A CEOR RN R
i Wy HHHCOQEt 2 HH HH
a,f-unsaturated amide B-cyano ester
0 0 EtONa ‘I?+ HH
I =N EtOH _N c”
_ NI __cH Cc._ C?% - ~cm e
N L g R
4 A HH H >7CH3
(0]
nitro ethylene B-cyano ketone
0O © o
NSC CH I If EtONa N HH T
Mot c EtOH Cio-Cp-C~
: Hie” e Son, t ¢ CH
H H H HH H/C CHg
d 280
a,f-unsaturated nitrile B-diketone
23.12 The Stork Enamine Reaction
recall enamine formation from Chapter 19.9
(0]
-H,0
ketone - Iminium ion Enamine
or aldehyde 2° amine
w/ a-protons
Enamines are reactive equwalents of enols and enolates
Enamines undergo a-substitution with electrophiles 281
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Reaction of enamine with a,p-unsaturated ketones (Michael
reaction). Mechanism: Page 875

Z .. 3 0o o]
N o}
* \)J\ >
CH3  then H,0

Enamines react on the less hindered side of unsymmetrical ketones
f \ o
'N. \)kCHS 0 9

o
P HsC
H3C N —_— HsC 3
then H,O
N
H
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23.13 Carbonyl Condensation Reactions in Synthesis:
The Robinson Annulation Reaction

annulation: to build a ring onto a reaction substrate.

Robinson annulation: two stage reaction involving a
Michael reaction followed by an intramolecular
aldol reaction.

tONa,

E
~ CO,Et EtOH COEt -H,0 CO.Et
o) o o 0 0

Michael reaction Intramolecular aldol

condensation and dehydration
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Lanosterol Cholesterol Estrone Testosterone

o

o HCA_¢
o :::;?:::n 6 o~ Lo @
3
4
°© Tewon |- 0N :
(@)
C
HBC ! NaBH4
J/;\ J;\ > (g\ A-B ring precursor of steroids

He @
Robinson ‘
annulatlon ’
Bk
H3;CO
H3CO
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23.14 Biological Carbonyl Condensation Reactions (please read)
Aldolase enzyme: involved in carbohydrate biosynthesis

HaN—Lys

Q Ho,N—Lys i Lysv_/
OH
H_+_Lys
i o OH
Z04P0 . 20,P0 H
Ee— Y 0PO* Type | aldolase
of oA OH  OH in mammals
fructose-1,6-phosphate
His His
/N\ NH /N Nz Type Il aldolase
o< ) in yeast and bacteria
203':0\/%/ 4» 20,4PO )/\ I
3 \)\/ OPOz2Z
enzyme-B: d
enzyme-B:H
Enzymatic Claisen condensations in Chapter 27 285
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