Chapter 23 — Carbonyl Condensation Reactions

Chapter Outline

I. The aldol reaction (Sections 23.1 - 23.6).
A. Characteristics of the aldol reaction (Sections 23.1 — 23.2).

1.

Ll

N

The aldol condensation is a base-catalyzed dimerization of two aldehydes or
ketones.
The reaction can occur between two components that have o hydrogens.
For simple aldehydes, the equilibrium favors the products, but for other aldehydes
and ketones, the equilibrium favors the reactants.
One component (the nucleophilic donor) is converted to its enolate and undergoes
an a-substitution reaction.
The other component (the electrophilic acceptor) undergoes nucleophilic addition.
Carbony! condensation reactions require only a catalytic amount of base (Section
23.2).

Alpha-substitution reactions, on the other hand, use one equivalent of base.

B. Dehydration of aldol products (Section 23.3).

L.

2.
3. Removal of the water byproduct drives the aldol equilibrium towards product

Aldol products are easily dehydrated to yield o,B-unsaturated aldehydes and

ketones.

a. Dehydration is catalyzed by both acid and base.

b. Reaction conditions for dehydration are only slightly more severe than for
condensation.

c. Often, dehydration products are isolated directly from condensation reactions.

Conjugated enones are more stable than nonconjugated enones.

formation.

C. Aldol products (Sections 23.4 — 23.5).

1.

2.

Using aldol reactions in synthesis (Section 23.4).

a. Obvious aldol products are:
i. a,B-Unsaturated aldehydes/ketones.
ii. B-Hydroxy aldehydes/ketones.

b. Often, it's possible to work backwards from a product that doesn't resemble an
aldol product and recognize aldol components.

Mixed aldol reactions (23.5).

a. If two similar aldehydes/ketones react under aldol conditions, 4 products may
be formed.

b. A single product can be formed from two different components :
i. If one carbonyl component has no a-hydrogens.
ii. If one carbonyl compound is much more acidic than the other.

D. Intramolecular aldol condensations (Section 23.6).

1.
2.

Treatment of certain dicarbonyl compounds with base can lead to cyclic products.
A mixture of cyclic products may result, but the more strain-free ring usually
predominates.

II. The Claisen condensation (Sections 23.7 — 23.9).
A. Features of the Claisen condensation (Section 23.7).
1. Treatment of an ester with 1 equivalent of base yields a B-keto ester.

2.

The reaction is reversible and has a mechanism similar to that of the aldol reaction.
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3.
4.

5.

A major difference from the aldol condensation is the expulsion of an alkoxide ion
from the tetrahedral intermediate of the initial Claisen adduct.

Because the product is often acidic, one equivalent of base is needed; addition of
base drives the reaction to completion.

Addition of acid yields the final product.

B Mixed Claisen condensations (Section 23.8).

1.

2.

Mixed Claisen condensations of two different esters can succeed if one component
has no o hydrogens.

Mixed Claisen condensations between a ketone and an ester with no o hydrogens
are also successful.

C. Intramolecular Claisen condensations: the Dieckmann cyclization (Section 23.9).

L.

2.
3.

The Dieckmann cyclization is used to form cyclic B-keto esters.
a. 1,6-Diesters form 5-membered rings.
b. 1,7-Diesters form 6-membered rings.
The mechanism is similar to the Claisen condensation mechanism.
The product B-keto esters can be further alkylated.
This is a good route to 2-substituted cyclopentanones and cyclohexanones.

III. Other carbonyl condensation reactions (Sections 23.10 — 23.13).
A. The Michael reaction (Section 23.10).

1.

2.

3.

The Michael reaction is the conjugate addition of an enolate to an o,8-unsaturated
carbonyl compound.
The highest-yielding reactions occur between stable enolates and unhindered
o,B-unsaturated carbonyl compounds.
The mechanism is a conjugate addition of a nucleophilic enolate to the § carbon of a
a,B-carbonyl acceptor.
Stable enolates are Michael donors, and o, f-unsaturated compounds are Michael
acceptors.

B. The Stork reaction (Section 23.11).

1.
2.

3.

A ketone that has been converted to an enamine can act as a Michael donor in a
reaction known as the Stork reaction.

The sequence of reactions in the Stork reaction:

a. Enamine formation from a ketone.

b. Michael-type addition to an o,f-unsaturated carbonyl compound.

c. Enamine hydrolysis back to a ketone.

This sequence is equivalent to the Michael addition of a ketone to an «,B-unsaturated
carbonyl compound and provides a 1,5 diketone product..

C. The Robinson annulation reaction (Section 23.12).

1.
2.
3.

The Robinson annulation reaction combines a Michael reaction with an
intramolecular aldol condensation to synthesize substituted ring systems.

The components are a nucleophilic donor, such as a p-keto ester, and an o.p-
unsaturated ketone acceptor.

The intermediate 1,5-diketone undergoes an intramolecular aldol condensation to
yield a cyclohexenone.

D. Biological carbonyl condensation reactions (Section 23.13).

1.
2.
3.

Many biomolecules are synthesized by carbonyl condensation reactions.

The enzyme aldolase catalyzes the addition of a ketone enolate to an aldehyde.

Acetyl CoA is the major building block for the synthesis of biomolecules.

a. Acetyl CoA can act as an electrophilic acceptor by being attacked at its carbonyl
group.

b. Acetyl CoA can act as a nucleophilic donor by loss of its acidic o hydrogen.



Carbonyl Condensation Reactions

Solutions to Problems

23.1 (1)Form the enolate of one molecule of the carbonyl compound.

Mo i

CHSCHQ?\Q)CH +10H === TICHCH + H,0

H CHoCHg
(2) Have the enolate attack the electrophilic carbonyl of the second molecule.

G 3

- | 1}
CH3CHyCHoCH  + iCHCH === CHg3CHyCH,C—CHCH
] ]
CHoCHg

H CHyCHj,
(3) Protonate the alkoxide oxygen.
(" “H-OH
P g i
CHaCHoCH,C—CHCH === CH3CH,CH,C—CHCH + ~OH
H CHoCHg H CH,CHj,

Practice writing out these steps for the other aldol condensations.

Solution:

(a) See above.

(b) Q 0
g HO /CH3 lé
~ CHg NaOH, ~CH 2/
2 -
EtOH
(c)

609
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23.2

™on
CHa(‘: - CH20CH3

CHs
4-Hydroxy-4-methyl-2-pentanone

The steps for the reverse aldol are the reverse of those described in Problem 23.1.

(1) Deprotonate the alcohol oxygen.

yion
i 9 F 9
CH3C| —CH200H3 —4_____."_ CH3(I: ‘—CHchHs
CHg CHs

(2) Eliminate the enolate anion.

] ( ':— 0 0O
&R I I
CH3(i'}— CH20CH3 4__:—-—’ CH300H3 + CHchHs

CHs

(3) Reprotonate the enolate anion.

O
Il

il
H%—kr\?:CHzccHg == HO + CHgCCHj
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23.3 Strategy: As in Problem 23.1, align the two carbonyl compounds so that the location of
the new bond is apparent. After drawing the addition product, form the conjugated enone
product by dehydration. In parts (b) and (c), a mixture of E,Z isomers may be formed.

Solution:
a 0]
@ NaOH, OH S
2 O:O - - + Hy0
EtOH
(b)
0 0] 0]
g . g HSC\ /OH T
C C
~ - NaOH ~o”
CHa HaC ’
O/ 3 3 \O _NeoR, /C\
EtOH H H
ﬂ heat
CI>H3 ﬁ + HQO
C C
%C/
I
H
©
O 0 OH 0
Il I NaOH, I Il
(CHg)oCHCHoCH + CHoCH <=—— (CH3)2CHCH2?—?HCH
CH(CH), FOH H  CH(CHg),

fy e

Il
(CHg)CHCHCH==CCH + H,0

CH(CHg)o
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23.4 Including double bond isomers, 4 products can be formed. The major product is formed
by reaction of the enolate formed by abstraction of a proton at position “a”.

r CH3 -
H3C
HO HO
0
a b NaOH, + o
-—
EtOH
/ heat T heat
O O HaC O O CHg
+ +
+ HZO + Ho0O
k CHg § CHy CHj 5 CHg_
major (less hindered) minor (more hindered)
23.5
(@) OH O
Ll
CH3CH20H2(|)—CH 2-Hydroxy-2-methylpentanal
CHj

This is not an aldol product. The hydroxyl group in an aldol product must be B, not ¢, to
the carbonyl group.

CH3CH2<|3=C—CCHQCH3 S5-Ethyl-4-methyl-4-hepten-3-one

CH,CHg

This product results from the aldol self-condensation of 3-pentanone, followed by
dehydration.
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23.6
ﬁ II
1. NaOH, EtOH 1. NaBH,
I ——— 3 o
2 CH3CH 7 —— CHACH =CHCH 5 ~F 57— CH3CH=CHCH,OH
lHQ, Pd/C
1-Butanol CH3CH,CH,CH,o,OH
23.7
//O /”
H—C H—C\
+ \c—<] NaOH H OH o—<]
H O H7/ —= NV R
‘oc? H EtOH C—G H
c—C [ \
I \ H H
H H lheat
/O
Cyclopropylacetaldehyde —C/
\
H C_Q
\ V/
c—c”
I A\
H
H + Hzo
23.8

() o
I

H CHCH CCH H=
C NaOH. »CCH3 c CHCCH3
+ (0] —_— heat
] = + HyO
CH3CCHg  EtOH

4-Phenyl-3-buten-2-one
This mixed aldol will succeed because one of the components, benzaldehyde, is a good

acceptor of nucleophiles, yet has no o-hydrogen atoms. Although it is possible for acetone
to undergo self-condensation, the mixed aldol reaction is much more favorable.

b
R s O 0
CCHs C=CHCCH; (CH3),C=CHC
1. NaOH, EtOH
2. heat o +
+
CHj

0
| Il

0
Il o] C=CHC
CH3CCHg Il
+ (CH3)pC=CHCCHj4 +
+ H20

Four products result from the aldol condensation of acetone and acetophenone. The two
upper compounds are mixed aldol products, and the bottom two are self-condensation
products.
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© 5 o) H3C\C,CHO
CHCH,CHg
1. NaOH, EtOH _
2. heat B * *
. 0
CHaCH,CHO CH3CH2CH=?CHO
+ CH3

As in (b), a mixture of products is formed because both carbonyl partners contain o-
hydrogen atoms. The upper two products result from mixed aldol condensations; the lower
two are self-condensation products.

23.9

[

/ A

o
CH3CCH,CCH34 o
7
N o o H,C—C”
NaOH ” “ ') | |
CH3CCHoCCHy | «—= /c =CH
B H3C

2,4-Pentanedione is in equilibrium with two enolate ions after treatment with base. Enolate
A is stable and unreactive, while enolate B can undergo internal aldol condensation to form
a cyclobutenone product. But, because the aldol reaction is reversible and the
cyclobutenone product is highly strained, there is little of this product present when
equilibrium is reached. At equilibrium, only the stable, diketone enolate ion A is present.

23.10 This intramolecular aldol condensation gives a product with a seven-membered ring fused
to a five-membered ring.

0
~ NaOH,
-
EtOH
EtOH
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23.11 Asin the aldol condensation, writing the two Claisen components with the correct
orientation makes it easier to predict the product.

® (|)| ﬁ a* “OEt ﬁ ﬁ

(CH3)oCHCHoCOEt  + ?HZCOEt —:—*2 A0 (CH3)2CHCH20—(|;HCQEt
CH(CHa), + EtOH  CH(CHa)
1. Na “OEt
(j/CHchE‘ ' THQCOEt 2. H0" : ,CHQC — GHCOEt
+ EtOH ©
(©)
1. Na* OEt

CH200Et + CHZCOEt 5 H O CH2C CHCOEt
+ EtOH ©

23.12

:0: O .0: O
@ ol
7 T OEt \<B’ ~OEt
\ P — OH
o addition of
:OH

hydroxide elimination
ﬁ of acetate
C C
~o” ) ~OH
0 = (I)I
+ lcl acid-base o c
Hec” TOEt  reaction H,C”  TOEt

L J

Hydroxide ion can react at two different sites of the B-keto ester. Abstraction of the acidic
a-proton is more favorable but is reversible and does not lead to product. Addition of
hydroxide ion to the carbonyl group, followed by irreversible elimination of ethyl acetate
anion, accounts for the observed product.
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23.13 Asshown in Worked Example 23.4, dimethyl oxalate is a very effective reagent in mixed
Claisen reactions.

CHg CHg
CHs 4. Na* “OCH CHg
<
3 H3O+ + CH30H
0] 0] 0]
+ 0 \\C— H
! H CO/ \\O
HsC C 0o 3
3 \O/ \ﬁ/ \CH3
0
23.14
0
ICI3
~OEt o)
C// 1. Na “OEt
\ 2. H O
OEt 3 + EtOH
HaC
Diethyl 4-methylheptanedioate
23.15

<‘> @Et O +EtOH

COsEt CO,Et
—_—
H3C
Na‘t “OEt C1-C6 bond formation
EtOH
it
C
2 {TOEt ¢
/y
H3C™ 3 6 7C \
i OEt
N Na* “OFEt
0] EtOH + EtOH
EtO-C EtO-C
C\OEt GO: 2 + 2
v ===
OEt 3 8

C2-C7 bond formation

Unlike diethyl 4-methylheptanedioate shown in the previous problem, diethyl 3-
methylheptanedioate is unsymmetrical. Two different enolates can form, and each can
cyclize to a different product.
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23.16 A Michael reaction takes place when a stable enolate ion (Michael donor) adds to the
double bond of an o.p-unsaturated carbony! compound (Michael acceptor). The enolate
adds to the double bond of the conjugated system. Predicting Michael products is easier

when the donor and acceptor are positioned so that the product is apparent.

Michael Donor Michael Acceptor Product
(a)
CH C//O 4 /P 2
aC, CH3C\
/CH2 /CH
CHaG, CHG
o 0
®
/ 4
CH30\ CH30\
/CH2 H2C:CHCEN /CHCHzCHzCEN
CH3C\\ CH3C\\
o) 0
(©) o
CH C// H o CH C// O
3\ \ U N U
CHo C=CHC CHCHCH,C
/ / \ /] \
CH3C\\ HSC OEt CH3C\\ CH3 OEt
0o 0
23.17
Michael Donor Michael Acceptor Product
(@) 0 0
/ 1
EtOG, (l? EtOC, (ﬁ
/CH2 H20=CHCCH3 /CHCHQCHQCCHS
EtOC\\ EtOC\\
(o) o)
(b) ' o 0
H,C=CHCCH CH,CH,CCH
c OQE t 2 3 2VT2 3

CO,Et
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23.18 Find the carbonyl group of the Michael acceptor, and count three carbons away from the
carbonyl group. The Michael donor forms the new bond to this carbon. Break this bond to
identify the Michael donor and Michael acceptor.

g w8 i
HsC_ _C.2_C_ _NI _ _1. Na® ~OEt \)J\/ + NO,
C"1°C°34C O « ¥ 1 3
AR AR 2. H30 2 l/
HH HH  HCHg
new bonci formed Michael acceptor Michael donor

23.19 Anenamine is formed from a ketone when it is necessary to synthesize a 1,5-diketone or a
1,5-dicarbonyl compound containing an aldehyde or ketone. The ketone starting material is
converted to an enamine in order to increase the reactivity of the ketone and to direct the
regiochemistry of addition. The process, as described in Section 23.11, is: (1) conversion
of a ketone to its enamine; (2) Michael addition to an a.,8-unsaturated carbonyl compound;
(3) hydrolysis of the enamine to the starting ketone.

Enamine Michael Acceptor Product (after hydrolysis)
(@ / \ ﬁ o
N H,C=CHCOEt CH,CH,COEt
(b) / \ 0 2
N HoC=CHCH CH,CH,CH

I 7o
CH3CH - CHCCH3 CHCHQCCHs

> O
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23.20 Analyze the product for the Michael acceptor and the ketone. In (a), the Michael acceptor is
propenenitrile. The ketone is cyclopentanone, which is treated with pyrrolidine to form the

enamine.

et

I-—Z

T

l

+ H20

<:>=o In_z@“ E>=o .

, :ﬂ-izc Lc=n

(0l
,C=CHCOCHz| N

()

+N

? CH,GHON
0

Is!

LD

N

CHoCH,CN

8

H30*

— l

o II
CH,CHCOCH;

i
é/CHQCWCOCHg

23.21 The Robinson annulation is a combination of two reactions covered in this chapter. First, a
Michael reaction takes place between a nucleophilic donor (the diketone in this problem)

and an o,B-unsaturated carbonyl compound (the enone shown). The resulting product can
cyclize in an aldol reaction. The base catalyzes both reactions.

0 e
013 o Na* “OEt, s |
+ H,C=CHCCHy —2H .

0 5 ©
Michael Michael CHs
donor acceptor + -

a’  OFt,
EtOH
Q. CHs O\ CHg
heat
H20 + -
O O
- OH
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23.22
f 7 -
CHSCHchH =CH2 '-:_?C
Na* “OE
Michael “EtaOH;O"
CH
acceptor 0 3 0
Michael €13
donor
0
Hj
heat
H,O + cH B —
3
o] (0]
CHg
CH3 -

0 -
HaC
CH
0 3
CHj
Na*t ~OEt,
EtOH
0
Ha
CHa
OH CH3
CHg .

This is one of the more complicated-looking syntheses that we have seen. First, analyze
the product for the two Michael components. The carbon—carbon double bond arises from
dehydration of the aldol addition product, and is located where one of the two C=0 groups
of the original diketone used to be. The Michael addition takes place at the carbon between
these ketone groups. The Michael acceptor is an enone that can also enter into the aldol
condensation and furnishes the methyl group attached to the double bond.

Visualizing Chemistry

23.23
(@)
~— 3CH2CCH,CH3
EtOH 3-Pentanone
b
(b) I?
A\
_C =L 2 CCHCH(CHy),
o EtOH

H
3-Methylbutanal
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23.24 The enolate of methyl phenylacetate adds to a second molecule of methyl phenylacetate to
form the Claisen intermediate that is pictured. Elimination of methoxide (circled) and

acidification give the product shown.

_OCHj3 Na* ~OEt,
) ﬁ EtOH
——
o)

Methyl phenylacetate

0 Ha0" 0
Il - Il
c . C
C C
0% SocH, : 0% >0cH;, ]
23.25
o) T 0 ] o)
heat
NaOH, >
O az -—
EtOH L
H OH . + HQO
4-Oxoheptanal

23.26 Remember that the new carbon—carbon double bond in the product connects one of the
carbonyl carbons of the Michael donor with an o carbon of the Michael acceptor.

Pz C=N Na® "OEt, CN
+ ( EtOH
——
C
0 O// \H o o H
Michael Michael -
acceptor donor Na” OFt,
EtOH
CN CN
heat
H20 + -
H
© © oH
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Additional Problems

23.27 (a) (CH3)3CCHO has no a hydrogens and does not undergo aldol self-condensation.

(b)
OH
O  NaOH N\
J : N\ VR
» EtOH g | heat O, ho
© ,
0 Benzophenone doesn't undergo

| aldol self condensation because it

\© has no o hydrogens

(@]

J

@ NaOH, HO HC O
,©  EtOH
2 CH3CH2C\ —_— CHacHQ?—CH—CCHQCHS
CHZCH3 CH20H3
*heat
HsC O
CH30H2?=C'—CCH2CH3 + H20
CHoCHg
Q) 0 NaOH, OH O
I EtOH I [

2 CHglCHpgCH  ———= | CHg(CHp)g—CHCH
H  (CHz)sCHa

* heat
i
CH3(CH2)8CH =(.|:CH + H20
(CHp)7CH3

(f)C¢HsCH=CHCHO does not undergo aldol reactions because its o proton isn't acidic.
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23.28As always, analyze the product for the carbon—carbon double bond that is formed by
dehydration of the initial aldol adduct. Break the bond, and add a carbonyl oxygen to the
appropriate carbon to identify the carbonyl reactant(s).

I o0
C 1. NaOH, C C
\0 H3C _EtOH Q?/
2 heat H
+ H20

1. NaOH,
EtOH
+ H20
2. heat
CH,CHO 1. NaOH,
EtOH + H0
2. heat
CH,CHO

©)

CHO
(d) ﬁ
CgH C CeH
6555 1. NaOH, o o
+ EtOH 6''5 65

(o) 0] —_— >

\Y / 2. heat + 2 HO

CcC—C

\ CGHS CGH5

CsHs/ CeHsg
23.29

EtOH heat
cHo b '/\ CHO| — CHO —> CHO

_C—H
o’ S " HO
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23.30

o=§—>=o o=§_>=o

(o

1. EtOH
2. heat + Hy0
A O
0O
1. EtOH
+ H0
2. heat 2
B

23.31 Product A, which has two singlet methyl groups and no vinylic protons in its "H NMR, is
the major product of the intramolecular cyclization of 2,5-heptanedione.

23.32

/2%;:0

N, addition
:OH Of -OH
1. EtOH
B S —
2. heat

o protonation,
dehydration

+ HyO

—— -
proton C:_q: ~ ring ok
transfer opening .
H50
l protonation
“OH

= =
0 S,

sation O *+ HpO 2ton o i

Because all steps in the aldol reaction are reversible, the more stable product is formed at

equilibrium.
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23.33 The reactive nucleophile in the acid-catalyzed aldol condensation is the enol of one of the
reactants. The electrophile is a reactant with a protonated carbonyl group.
Step 1: Enol formation.

(\H—OHZ H,0" /7 G?H :'(?H

H\ ~C \H H\/\/C - \C//C\

A A\ |

Step 2: Addition of the enol nucleophile to the protonated carbonyl compound.

GO+H :OH HO, R H
“*/-\CS —»=  H_ /c ﬁ

+ H30+
R

H{ /C\R \C//C\R - ~ c” \H
A | AA
electrophile nucleophile
Step 3: Loss of proton from the carbonyl oxygen.
S H . OH
HO R Qv POR2 HO R iDE HeO"
H{ /C\ LG - HO /C\ / ~

R R

A\ A\ /A a\

23.34
~ Hsc N
HaC
NaOH, f?
HyC H EtOH HaC LcHg 17/
Hsc CH3 -« H3C CH3
formation
A of enolate B addition of enolate
to carbonyl group
H,0

D

————

protonation

An aldol condensation involves a series of reversible equilibrium steps. In general,
formation of product is favored by the dehydration of the B-hydroxy ketone to form a
conjugated enone. Here, dehydration to form conjugated product can't occur, In addition,

the B === C equilibrium favors B because of steric hindrance.
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23.35

CHO 1. NaOH, X - CHO
EtOH
+ CHaCHO ——"»
O/ 2. heat * HO
Cinnamaldehyde

Although self-condensation of acetaldehyde can take place, the mixed aldol product
predominates.

23.36 The first step of an aldol condensation is enolate formation. The ketone shown here does
not enolize because double bonds at the bridgehead of small bicyclic ring systems are too
strained to form. Since the bicyclic ketone does not enolize, it doesn't undergo aldol

condensation.
23.37
@ <|)| ﬁ 1. NaOEt, ﬁ ICI)
CH30H20HZCOEt + ?HzCOEt 2%?;1’ CH30H20H20 CIHCOEt
CH,CHj 3 CH,CHg + HOEt

b)
o 1. NaOH,
+ _EtOH
o 2 heal * H0
0
1. NaOH,
_EtOH
+ H20
2. heat

@ 0 O 1. NaOH,

0O
Il I EtOH Il
CGH5CH20H20H + (|:H2CH T CGH5CH2CH2CH ?CH + Hzo
CHoCgHs CH,CgHs

23.38 If cyclopentanone and base are mixed first, aldol self-condensation of cyclopentanone can
occur before ethyl formate is added. If both carbonyl components are mixed together
before adding base, the more favorable mixed Claisen condensation occurs with less
competition from the aldol self-condensation reaction.
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23.39
@ 9 2 9 e 9
CH4COEt 1. NaOEt, CHaC—CH,COEt  +  CHgCH,C—CH,COEt
EtOH
+ —>
CH3CH,COEt + CH3CH20—(I:HCOEt + CH30—C|)HCOEt
- CHy 3H3 )

-~
self-condensation products  mixed condensation products

Approximately equal amounts of each product will form if the two esters are of similar

reactivity.
(b) o
I 1. NaOEt o o0 o 0
CeHsCOEt " moy nm ol
o+ CetsCHC —CHCOE! + CetsC—CHCOEt + EtOH

+ o) +
T 2. Hz0

CgHsCH,COE! CeHs CeHs

self-condensation product mixed condensation product

The mixed condensation product predominates.

© o 0 0 o)
+EtO'C|30Et 1. NaOEt, gOEt
_EtOH _ + EtOH
2. Hz0*

This is the only Claisen monocondensation product (aldol self-condensation of
cyclohexanone also occurs).

@ 4
I
1. NaOEt, 0 0 0] O
CgHsCH EtOH [ I Il I
+ —+’ CH3C _CH2COEt + CGHsc—CHQCOEt + EtOH
|CI) 2.H30
CH4COE self-condensation product  mixed condensation product

The mixed Claisen product is the major product.
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23.40
:0: o) :O: 0 0 0
I I N i = I
CH3C —C(CHg)oCOEL == CH3(|3 —C(CH3),COEt | —> C(CH3)oCOEt + CH4COEt
OEt addition OEt elimination of
o of ethoxide ethyl dimethyl-

(IJI (ﬁ acetate anion
C(CHg)oCOEt + EtOH === (CHg),CHCOEt + “OEt

This is a reverse Claisen reaction.

23.41 Two different reactions are possible when ethyl acetoacetate reacts with ethoxide anion.
One possibility involves attack of ethoxide ion on the carbonyl carbon, followed by
elimination of the anion of ethyl acetate—a reverse Claisen reaction similar to the one
illustrated in 23.40. More likely, however, is the acid—base reaction of ethoxide ion and a
doubly activated a-hydrogen of ethyl acetoacetate.

pon R
CH,G— GHCOE +30Et === CHaC—CHCOEt + HOE

cH\_/

The resonance-stabilized acetoacetate anion is no longer reactive toward nucleophiles, and
no further reaction occurs at room temperature. Elevated temperatures are required to make
the cleavage reaction proceed. This complication doesn't occur with ethyl
dimethylacetoacetate because it has no acidic hydrogens between its two carbonyl groups.

23.42 Michael reactions occur between stabilized enolate anions and a,8-unsaturated carbonyl
compounds. Learn to locate these components in possible Michael products. Usually, it is
easier to recognize the enolate nucleophile; in (a), the nucleophile is the ethyl acetoacetate
anion.The rest of the compound is the Michael acceptor. Draw a double bond in
conjugation with the electron-withdrawing group in this part of the molecule.

Michael Michael
donor SN acceptor
1 ST I
\/ \
CH30(|3H2 ;' CH3C(|2H—'|’;CH20HQCCGH5 ! HyC=CHCCgHs
\ i \\ ’,I
COpEt % COgEt™~~-__- -~
Q o 1. NaOEt, O O
I Il EtOH [l [l
CH30C|:H2 + HQC:CHCCSHS ———;—)' CH3C?H _CH2CH2CCGH5
2. H30
CO,E 3 COLE

Michael donor Michael acceptor



Carbonyl Condensation Reactions

(b) When the Michael product has been decarboxylated after the addition reaction, it is
more difficult to recognize the original enolate anion.

O o 1. NaOEt,
Il Il EtOH
CHsCCH, + HC=CHCCH; —"»
| 2. Hz0*
CO,Et
Michael donor Michael acceptor
0] 0] 0
I I + I
CHyOCH —CHCH,CCHg
CO,Et
© 4 1. NaOEt,
I _ EtOH
EtOCCHz + Hzc =CHC=N _:)
[ 2.H30
CO,Et
Michael donor  Michael acceptor
@ 0 1. NaOEt,
EtOH
CH30H2N02 + H20=CHCOEt H O+
Michael donor  Michael acceptor 8
e
© 0 1. NaOEt,
l _ EtOH
EtOCCH, + H,C=CHNO, ——>
| 2. H30
CO,Et
Michael donor Michael acceptor
() o) 1. NaOEt,
CHNO,  + _EtOH _
2. H30*
Michael Michael acceptor

donor

0 )
Il I

CH3CC|2H - CH2CHQCCH3

CO,Et

o)
Il

o CHaCCH,CHyCHyCCHg + COp + ETOH

i
EtOCGHCH,CH,C=N
CO,Et

o2 f
CH,CHCH,CH,COEt

EtOCGHCH,CHoNO,
CO,Et

0 CHoNO,

629
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23.43
o} 0 r 0
Ha
1. Na* "OEt, H3C 1. Na* "OEt, EtOH
EtOH 2. H,C=CHCOCH5
e T o
2. CHal 3. HyO
0 3 o 3 O 0
L CHj
1. Na* “OEt,
EtOH
2. heat
0
Hj
o)

This sequence of reactions consists of an alkylation of a 1,3-diketone, followed by a
Robinson annulation. The carbon—carbon double bond appears where the second carbonyl
group of the diketone used to be and is the site of the ring-forming aldol reaction. A
Michael reaction between the diketone and the Michael acceptor 3-buten-2-one adds the
carbon atoms used to form the second ring, and an alkylation with CH3I adds the methyl
group.

23.44 (a) Several other products are formed in addition to the one pictured. Self-condensation of
acetaldehyde and acetone (less likely) can occur, and an additional mixed product is
formed.

(b) There are two problems with this reaction. (1) Michael reactions occur in low yield with
mono-ketones. Formation of the enamine, followed by the Michael reaction, gives a higher
yield of product. (2) Addition can occur on either side of the ketone to give a mixture of
products.

(c) Internal aldol condensation of 2,6-heptanedione can product a four-membered ring or a

six-membered ring. The six-membered ring is more likely to form because it is less
strained.

HsC O~ HsC OH CH3

o Gy o
_ ] I EtOH heat

WCH;; == === =
o 0] 0]
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23.45

O
2.b 2.d COLEt

1.e COQE11 g CH3
—e ——
2. f 2.h

(a) L1A1H4 then H3O+ (b) POC13 pyridine (c) KMnOy, H3O+ (d) CH;CH,OH, H*;
(e) Na* “OEt; (f) H30"; (g) Na* “OEt, then CH3Br; (h) H30", heat

23.46
(@ o
1. NaOH, CgHsCH CHCgHs
+ 2 CgHgCHO —-—% + 2H0
2. heat
b -
Lo [0 i
AN N 1. H,C=CHCN CH,CH,CN
+
}L 2. Hg0 . O
N
|
! | H
(©) o
CH,CH=CH,
. LDA _
2. BrCHyCH=CH,
(b) o o
g 1. Na* "OEt, EtOH g
Et0” TCO.Et  2.HgO' " ~CO,Et
+ EtOH
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23.47 This sequence is a reverse aldol reaction.

yr~ :Base
H
% -
HaC :0: Q@ HaC :0:y *O
“0,C \C/ g 1 “0,C \C X |
_—> 2
(Al N N~ NSCoA N7 N c” T scoA
/\N /N /\ /\
H HH H H HH H
|
Q 0 101
g o N !
-« 2 =
HeC” “SCoA \/c\/ NCHy  HoC /\\SCoA
H H H—A
Acetyl CoA Acetoacetate 7

Step 1: Deprotonation by base.
Step 2: Elimination of acetyl CoA enolate.
Step 3: Protonation of enolate.

23.48 In contrast to the previous problem, this sequence is a reverse Claisen reaction. The first
step (not illustrated) is the reaction of HSCoA with a base to form "SCoA.

:OD (I)

Cc C — > c/ L C
HiC7 ~C7 SCoA HC” [ ¢~ sCoA
/\ CoAS
H CHs H CHg
CoA_.S::_
2-Methyl-3-keto- 2.
butyryl CoA H—A
0 o) 108
HaC g 3 g HgC Q(':
3 -« + 3
\/c\’ NsCoA HeG” > SCoA \clzé sCoa
H H H
Propionyl CoA Acetyl CoA

(propanoyl CoA)

Step 1: Addition of “"SCoA to form a tetrahedral intermediate.
Step 2: Elimination of propionyl CoA anion.
Step 3: Protonation.
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23.49 Formation of (S)-citryl CoA:

N
Q i 0. i _
I HO COy
© © C\/”\ B \/\Q/lk
N 2 _ 0,C
Hz'(I:ﬁ SCoA 1. CO2 2. SCoA
HY™ \:Base 0 —>  (§)-Citryl CoA
N—C
i H,C”  “SCoA

Step 1: Formation of acetyl CoA enolate.
Step 2: Aldol-like nucleophilic addition of acetyl CoA to the carbony! group of
oxaloacetate and protonation.

Loss of CoA to form citrate:

HO CO ’3017 HO CO —100S
" 2 " 2 )

- 1.
0,C — _OQCM.
SCoA SCoA
ho
|2

P
H ( : Base HQ\ CO,” O

0 oC \/k)'\ +  HSCoA
o

Citrate

Step 1: Nucleophilic addition of hydroxyl to the carbonyl group of (S)-citryl CoA.
Step 2: Loss of "SCoA and protonation of the leaving group.

23.50
(a) '
Rt tOH O
O 9 :
H ol Na* ~OEt, I 3Cco HC(I: 0 lcl
et Oneny EOH  ["NgrOgy 2PNC 2T CHy
i 3 T/ P~ 3 e —— |
CO,Et formation CO,Et aldol CO5Et
of enolate condensation loss of -OH
l I
H-C C
ZYSC” 7N CHg

“OH + |
COQEY
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(b) o) 0 0
I I Il
EtO.C . C EtO,C. EtO.C c_-
N oY 2 C N VN
( 10: - 00 == Q
I .
Michael  H.C c proton H2C_ _C_
H2CQ/ C\CH3 addition 2 \(ID// ~CHj transfer ,C\ CHs
I EtO,C H
COLEt COREt 2
The protonated form of the above structure is the product.
23.51
© 0 0 o
Il I I
E0.0, _Cug, E0C_ _c_ Et0,0, G
—c”7 xhe —C7 TCHy ~Cc7 TcH
H H 1. Hb,O H I ”
1 @ N | ~0: 2. heat
HoC C internal HC C\ . HC N CH
\C/ \CH3 aldol /A CH3 N 3
EIO C/ \H conden- EtO,C H dehy- EtO,C H
2 sation dration
(d) 0 o
Et0,C, & . H g
ester cleavage
H2C c” SN CH. 2nd decarboxylation HaC c” SN CH * €O
N 3 of a p-keto acid N 3
EtO,C H EtO,C H
Hagemann's ester
23.52

Crowding between the methyl group and the pyrrolidine ring disfavors this enamine.

CHs

The crowding in this enamine can be relieved by a ring-flip, which puts the methyl group
in an axial position. This enamine is the only one formed.



Carbonyl Condensation Reactions

23.53
[l - 0 _
HoC -_QHCCH3 =l
CH,CHCCH CHQCHQCCHS
L e d‘ (] = C} &
Michael J
addition ~ enamine H 30"
- of enamine hydroly31s
R f
CH2CH209_H2 CHQCHchHs
© - ~OH
internal )
- aldol -
1 H20 condensation;
heat dehydration
C + H,0
23.54
(a) ll
CH3CH2CCH CHy CH3CH2CCHCH2
" — I}
N/H enamine N Michael
formation addition
of enamine
H ol enamme‘
O 2 hydrolysis
CH3CH2CCHQCH2
NaOH,
heat EtOH JO
0] 0]
CHj dehydration internal
+ Ho0 aldol

condensation
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(b)

CH3CCH CH, CHSg(;HCH2
0 + —
H
c 3 H
ﬂ ,N enamine ﬂ , Michael ﬂ ,
formation addition
of enamine
H O* enamine
3 hydrolysw
I
CH3CCH,CH,
heat NaOH,
EtOH

O
H,O + CH ehydratlon CH internal -+ CH
2 3 3 aldol N 3

condensation
Notice that the needed enamine is formed (see Problem 23.52).
(©
0O
[N 0
CH3CCH=CH, 1M
CH3CCHCH,
O + > >
N/H enamine N Michael N
formation addition enamine
of enamine H3O+l hydrolysis

® !
CHACCH,CH
NaOH, o~ 22
heat EtOH
-
o) , 0

) -0 )
+ H,0 dehydration n;éer]nal N _H
aldo S !
condensation

The enamine double bond is conjugated with the aromatic ring.

o
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23.55
hydrolysis a4

/(l H A—H r>
: (;D HO C02_ H20 HSCoA
Y addition o?( hydrolysis Y
0 acetyl CoA COy-

2
< CH,LSCoA TSCoA o
elimination l 2
A —
N e _ -
cto: H COp <|302
C\?C/COZ— - CL 000 e \CHCO
I oxidation /A~  conjugate 2
Y ') H O—H addition )
+ H O
decarboxylation A ‘B 2
of a B-keto acid

Y\C /002_ 002
[ NHy — >
Y 0‘\/ 3 nucleophilic acyl NH5"

substitution, loss )
* €O of HyO, reduction ~ Leucine

23.56 Formation of the enolate of diethyl malonate is the first step:

CHo(COoEt),  + OEt =— . CH(COzEt)z + HOEt
. 6) Het
I |

I C—
C — CH(CO2Et),
: CH(CO2EY2  nucleophilic

addition to .
protonation,
H
|

EtOH,
carbonyl group heat Y dehydration

Hz0*

C C
©/ \\CI;/ ~ OH - ©/ QC(COQEt)z
ester cleavage,
H decarboxylation + H0

+ 2 EtOH + 002
Cinnamic acid

637
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23.57

CICHoCO,Et + Na* "OEt === CICHCO,Et + EtOH

/5P et
‘\ - C{;COzEf CHCO,Et
—h l -
CICHCO,Et (' + Cl
nucleophilic Sn2 displacement
addition

23.58 This mechanism divides into two sequences of steps. In the first part of the mechanism, an
acetal is hydrolyzed to acetone and a dihydroxycarboxylic acid.

HaC  CH3 [ HaC_ CHs .. HiC CHs )
+| 3 v .e ro H,O :’\\\éq
Hzp?:o O: e HOL) "O: —_— OH ;O
k/%c% proton- CHz  ring CHs
ation opening

CHaCOH CHoCOZH CHCOH |
addition of water

Nv loss of Ht

“)CH e CH cH
i H.CQ 3 H20) o e o S
0 <> CH3 Hﬁ CH3 L) CHS
OH HO . .
1 on - OH 0 E OH :0
3  proton- CHj |\)(CH3
ti
CHaCORH 7 CH,CORH CH,COLH
L -
loss of tetrahedral
u alcohol intermediate
Hz-d:\ )
OH HO H CHg CHy  Hg0
\7 / /
CHy + +0= C\ == o= C\ +
loss of
CH2CO2H CH3 proton CH3

Acetone
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In the second set of steps, the dihydroxycarboxylic acid forms a cyclic ester (a lactone).

. \” /}"'—OHz

HO
HO:  CHy
K/%CHS
proton-
OH  ation
HoH
i+ HgO*
C
P S
0”7 ">CH,
—
k/‘(c% loss of
lactone OH proton

+

[

HO\“

CH
HO J 2 >
3 addition
i OH of -OH
:OH
- g\/ 2
g'i-
07 TCH,
-——
——
CHy loss of
OH water

OH
Tl proton
transfer
e eat 7
(v

7N

07 CHy
CHs

OH

23.59 This problem becomes easier if you draw the starting material so that it resembles the

product.

HQO

HO

~ e~

intramolecular
aldol reaction

Michael
N addition

o -
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23.60
i L
COCHy —— ‘\;_3 — COoCHy
><7 ~ >& 4G—CO,CH;
C=CCO,CHg ¢
HaC: A conjugate CHy  Claisen CH3 B
addition of condensation
H3C: -
loss of .
0 methoxide
CO,CHs
"‘_OCHS
CHg
23.61
(0] 0O
“OEt
X == =
enolate \-/(»
o) formation o
T Michael
addition
[ 1
0 EtOH 0
‘-——i -——
+ “OEt o protonation | Michael \4\)

addition



23.62
COgEt
"OEt
===
o enolate
0 formation
“OEt +
23.63
(@) H—A
0 o
C =
HaC H HsC (
proton-
ation HN(CH3)2
OH
_
+
CH=N(CH2)
' U 3/2
CHj L
aldol-like

addition of enol
to iminium ion

23.64 The Mannich reaction occurs between the diester, butanedial, and methylamine.

CO,CHg

+

HoNCHg
H
+

CO,CHy
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COzEt 7
==
aldol
conden- CO i
sation 0 Tl aldol -
reaction
GO2E! - COEt 1
EtOH <
P
0
protonation | 0 |
0
. e () +
. (I)H C?HZ
—
30/21\; ?JH CC AY g
H
addition MR proton (CFa)2
of amine transfer elimination
of water
+
H20 + CH30H = N(CH3)2
iminium ion
.. .Base | ..
20 \i o:
b —_—
CIH —N(CHs)z ?H — N(CH3)2
CHy i CHy
loss of
proton

c=0 —

,CHg ,CHa
CO,CHg ) CO,CH3
H H
H3C0OC . ./ ~ocoph
L Cocaine A






