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Condensation Reactions Between Two
Carbonyl Compounds

Enolates and enols can react with other carbonyl
compounds to form a new carbon—carbon bond.

In these reactions, one carbonyl component serves as the
nucleophile and one serves as the electrophile.

In each case, a new bond is formed at the a carbon of one
reactant to the carbonyl group of the other.

The presence or absence of a leaving group on the
electrophilic carbonyl carbon determines the structure of
the product.
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The Aldol Reaction

* In the aldol reaction, two molecules of an aldehyde or ketone
react with each other in the presence of a base to form a
B-hydroxy carbonyl compound.
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{Ej Mechanism 24.1 The Aldol Reaction

Step [1] Formation of a nucleophilic enolate
* In Step [1], the base removes a

- 0: M Co: 5
- -H¥CH2—(:’: — ’CHZLC/\} - CHZLC< + Hyb: proton from the o carbon to form a
HOE H H resonance-stabilized enolate.

resonance-stabilized enclate

Steps [2]-[3] Nucleophilic addition and protonation

.

In Step [2], the nucleophilic enolate

-8 ~H-0-H
L — 5 BH 5.  attacks the electrophilic carbonyl
JEE R 4 12] V)| Bl @ 4 carbon of another molecule of
CH; H tH,-C == CH;C-CH,~€ == CHy2C—CH,—C :
K ] \ I %,  aldehyde, thus forming a new carbon-

& carbon bond. This joins the o carbon
nucleophilic attack new C-C bond + QH of one aldehyde to the carbonyl
carbon of a second aldehyde.
Protonation of the alkoxide in Step [3]
forms the B-hydroxy aldehyde.

.



Aldol Reaction

* The aldol reaction has a reversible equilibrium, so the
position of the equilibrium depends on the base and the
carbonyl compound.

* “"OH is the base typically used in an aldol reaction.

» Although with "OH only a small amount of enolate is formed,

this is appropriate because the starting aldehyde is needed
to react with the enolate in the second step of the reaction.

* Aldol reactions can be carried out with either aldehydes or
ketones.

* With aldehydes, the equilibrium usually favors products, but
with ketones the equilibrium favors the starting materials.

* However, there are ways of driving the equilibrium toward
products.

Nucleophilic Addition of Enolates

* The characteristic reaction of aldehydes and ketones is
nucleophilic addition.

* An aldol reaction is a nucleophilic addition in which an
enolate is the nucleophile.

Figure 24.1
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Nucleophilic addition— ' i ,
General reaction C + Nu” — CH3—C—Nu < The enolate is
H; H |l| the nucleophile.
nucleophile l
Aldol reaction— C_?://-f'* ";\”l ,,(lj: :(\): //6 :
An example o CHg_C\ St CHS—(‘J—CHQ—C\
CH; H H H H

* Aldehydes and ketones react by nucleophilic addition. In an aldol reaction, an enolate is the
nucleophile that adds to the carbonyl group.



Aldol Reaction with Propanal

* A second example of an aldol reaction is shown with propanal
as the starting material.

* The two molecules of the aldehyde that participate in the aldol
reaction react in opposite ways.
* One molecule becomes an enolate—an electron-rich
nucleophile.

* One molecule serves as the electrophile because its
carbonyl is electron deficient.

Copyright © The MeGraw-Hill Companies, Inc. Permission required for reproduction or display.

e //O:
/-'ﬂH*(‘DH*C\
HO: CHy H
propanal .
]
P o & el o :0H ol
o 2 LY I Vi [ |
BE *+ C‘H—C\ F— CHacHz—C‘)—?H—C\ — cHacHg_?_(‘;H_C\
LHMEe CHy; H H|CH; H H CH; H
propanal
electrophile nucleophile new C-C bond

Joining Carbons to Form Aldol Products

* The o carbon of one carbonyl component becomes bonded
to the carbonyl carbon of the other component.

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or disptay.

OH 0
General aldol

reaction

o O -OH,H,0 1 7
CH,—C ——= RCHZ—(iJ—(I)H—C\

Il
C +
Py \
RCH, ~\H /‘ﬁ H H R H
Join these 2 C's together.



Dehydration of the Aldol Product

* Under basic reaction conditions, the initial aldol product is
often not isolated.

* Instead, it loses the elements of H,O from the a and f
carbons to form an o,f-unsaturated carbonyl compound.
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aldol dehydration = conjugated product
HH l }
A “OH, H,0 W P -OH B o 7
M 2 CH3—C\ — CHS—Q—C—C\ o CH3CH=CH—C\
H b4 H 5 H
acetaldehyde B-hydroxy aldehyde a,B-unsaturated carbonyl
compound
0 O g#a 0 e 9
o C.0.C C.2 C
“OH, H,0 EEE = =67
2 2 OHy M WD ¥ Zon, (Y
HH -H,0 H
acetophenone B-hydroxy ketone (E and Z isomers
(not isolated) can form.)

Condensation Reactions

+ An aldol reaction is often called an aldol condensation
because the B-hydroxy carbonyl compound that is initially
formed loses H,0 by dehydration.

* A condensation reaction is one in which a small molecule, in
this case, H,0, is eliminated during the reaction.

+ It may or may not be possible to isolate the B-hydroxy
carbonyl compound under the conditions of the aldol
reaction.

* When the a,p-unsaturated carbonyl compound is further
conjugated with a carbon—carbon double bond or a benzene
ring (as is the case in reaction of acetophenone), elimination
of H,O0 is spontaneous and the p-hydroxy carbonyl
compound cannot be isolated.
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'I P N 24.2 Dehydration of B-Hydroxy Carbonyl Compounds with Base

: “0H new r bond
OHH & :0H :
- (\: (\: C/,O ] i CI ,‘.c—. C” 12 oH CHEGH Cfp + In Step [1], base removes a proton from the o
S G e YT R = \ carbon, thus forming a resonance-stabilized
H H H H H H . enolate.
¢ " + OH ,
| + H,0: + In Step [2], the electron pair of the enolate
o forms the n bond as "OH is eliminated.
OH 07
v
CH;—C—C=C
TN
H H H

resonance-stabilized enolate

E1cB Mechanism

The elimination reaction that results in the dehydration proceeds
via an E1cB mechanism.

E1cB stands for Elimination, unimolecular, conjugate base.
The E1cB mechanism differs from the E1 and E2 mechanisms.

* Like the E1 elimination, E1cB requires two steps.

* Unlike E1 though, the intermediate in E1cB is a carbanion,

not a carbocation.

Regular alcohols dehydrate only in the presence of acid, not
base, because hydroxide is a poor leaving group.
However, when the hydroxy group is B to a carbonyl, loss of H
and OH from the a and B carbons forms a conjugated double
bond, and the stability of the conjugated system makes up for
having such a poor leaving group.
Dehydration of the initial B-hydroxy carbonyl compound drives
the equilibrium of an aldol reaction to the right, thus favoring

product formation. =



Retrosynthetic Analysis of Aldol Products

* To utilize the aldol reaction in synthesis, you must be able to
determine which aldehyde or ketone is needed to prepare a
particular f-hydroxy carbonyl compound or o,-unsaturated
carbonyl compound—that is, you must be able to work
backwards in the retrosynthetic direction.

How To Synthesize a Compound Using the Aldol Reaction _—

Example What starting material is needed to prepare sach compound by an aldol reaction?
a
HH o
O OO
h 6\4

Step[1] Locate the o and p carbons of the carbonyl group.

# Whan a carbaonyl group haa two different @ carbons, chooss the side that containa the OH group (m a fi-hydroscy
carbonyl compound) or ia part of the C=C {in an o, f-unsaturated carbonyl compound).

Retrosynthetic Analysis of Aldol Products
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Step[2] Break the molecule into two components between the o and [ carbons.

* The o carbon and all remaining atoms bonded to it belong to one carbonyl component. The B carbon and all remaining

atoms bonded to it belong to the other carbonyl component. Both components are identical in all aldols we have thus
far examined.

a. Break the molecule into two halves. b. Break the molecule into two halves.

'

|
OHIH o Q,
Bl | lo &
<:>7(3H2—(‘) c=C

i |\ &
H i H two molecules of cyclohexanone

two molecules of the same aldehyde

-
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Crossed Aldol Reactions

+ Sometimes it is possible to carry out an aldol reaction
between two different carbonyl compounds.

* Such reactions are called crossed or mixed aldol reactions.
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Four different products
CH4CHO oH
CHg—C-+CH,CHO
o] 0 I
o 4 ~OH, H,0 _ 7 H
s - .. OH
H CH4CH,CHO \
acetaldehyde T ——=* CchHf(‘:*CHZCHO
H
two different enolates
CHLCHO ge
> CH;—C—CHCHO
O - e} 1|1
o P -OHHO £ b CH,
CHSCHZ*C\ _ (I;ch\ — i
H CHy, H CH4CH,CHO 7
propanal = & CHscHg*L‘T*f‘JHCHO
H CHy

* Conclusion: When two different aldehydes have o hydrogens, a crossed aldol reaction
is not synthetically useful.

Use of Crossed Aldol Reactions

Crossed aldols are synthetically useful in two different

situations:

[1] When only one carbonyl component has o hydrogens—
such cases often lead to the formation of only one product.
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Only this component (component of cinnamon)

can form an enolate.

from the enolate

2 _
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t CHy H CHj z CHg
oH's =



Use of Crossed Aldol Reactions

[2] When one carbonyl component has especially acidic
o hydrogens, these hydrogens are more readily removed
than the other a H atoms.

* As a result, the p-dicarbonyl compound always becomes
the enolate component of the aldol reaction.
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R R Y
General N NaOEt N\ /
reaction £=0  + Y-CH~Z 57 £=C
R R 1z
Fo=Foralol LE =gg§%NCHO’ new C—C ¢ and n bonds

B-dicarbonyl compound
(and related compounds)

CHO . COOE
Example ©/ + CH,(COOE), %1 moa

benzaldehyde  diethyl malonate

Example of Crossed Aldol Reactions

* In this type of crossed aldol reaction, the initial p-hydroxy
compound always loses water to form the highly conjugated
product.

Figure 24.2

Crossed aldol reaction
between benzaldehyde and
diethyl malonate
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< The B-dicarbonyl compound

CH,(COOE), forms the enolate.
" NaOEt
s EtOH H 0
e~
@ALH :CH(COOEY), ©)<CH{COOE1)2

The aldehyde is 1 EtOH

the electrophile. o S

s COOEt
CH(COOEY), | —Hz0: =
COOEt

not isolated 18



Active Methylene Compounds

* B-Dicarbonyl compounds are sometimes called active methylene
compounds because they are more reactive towards base than
other carbonyl compounds.

» 1,3-Dinitriles and a-cyano carbonyl compounds are also active
methylene compounds.
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Active methylene (I:I) (\jl 9 (I:I) (|:|)
compounds L L C.__ G, Py N=C—-CH,—C=N
EtO CH, OEt CH; CH; OEt CH; CH,CN
B-diester B-keto ester o-cyano 1,3-dinitrile

carbonyl compound

Useful Transformations of Aldol Products

* The aldol reaction is synthetically useful because it forms new
carbon—-carbon bonds, generating products with two functional
groups.

* B-Hydroxy carbonyl compounds formed in aldol reactions are
readily transformed into a variety of other compounds.

Capyright ® The McGrarw-Hil Companies, Inc. Permission required for reproduction or display

F]gure 24.3 aldol product
Conversion of a B-hydroxy o] o] OH
carbonyl compound into other CHy=0 /L\ ~oH NaBH, (’L\J/\ou

compounds r\/] “OH, H,0 \JJ CH,OH
1
cyclohexanone B-hydroxy carbony! ] 1,3-diol
compound
[2]1 “OH, H,0

OH o R, OH o

I i N G

- f NaBH, ¢ j/ [1]R-M ( “T* [’ " TR
——ra T or

e CH;OH M 12] ?20 ~ ~

allylic alcohol il o, B-unsaturated 2 (with RMgX) (with RzCuLi)

carbonyl compound

[4]| Ho, Pd-C
(1 equiv)

Py
*vI 20

ketone
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Directed Aldol Reactions

* A directed aldol reaction is one that clearly defines which
carbonyl compound becomes the nucleophilic enolate and
which reacts at the electrophilic carbonyl carbon:

[1] The enolate of one carbonyl component is prepared with
LDA.

[2] The second carbonyl compound (the electrophile) is added
to this enolate.

* Both carbonyl components can have o hydrogens because
only one enolate is prepared with LDA.

* When an unsymmetrical ketone is used, LDA selectively
forms the less substituted kinetic enolate.

21

Directed Aldol Reactions

* Periplanone B is an extremely active compound produced in
small amounts by the American cockroach.

* Its structure was determined using 200 pg isolated from more
than 75,000 female cockroaches.
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Figure 24.4

A directed aldol reaction LDA
in the synthesis of THF B 2] HQO
periplanone B
H OH
RO

depmlunatlun nuc\eophlllc addition several
sleps

periplanone B
sex pheromone of the female
American cockroach 22

@ William Weber/Visuals Unlimited
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Intramolecular Aldol Reactions

Aldol reactions with dicarbonyl compounds can be used to
make five- and six-membered rings.

The enolate formed from one carbonyl group is the
nucleophile, and the carbonyl carbon of the other is the
electrophile.

For example, treatment of 2,5-hexadienone with base forms a
five-membered ring.
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2,5-hexanedione

o]
e 9 I i
Lo PeN e NaOEt E
CH; CH,CHz CH, re-draTN [\ o E1OH { /\

new C—C o and & bonds

2,5-Hexanedione is called a 1,4-dicarbonyl compound to
emphasize the relative positions of its carbonyl groups.

1,4-Dicarbonyl compounds are starting materials for

synthesizing five-membered rings.
23
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i 2\ Mechanism 24.2 The Intramolecular Aldol Reaction
v

Step [1] Formation of an enolate

= Deprotonation of the CH; group

o
o o o o i with base forms a nucleophilic
o o NaOE{ 4 B - & enolate, which is re-drawn to more
CH;" "CH,CH; "CHy 1] CHy “CH,CH; “CH, re-draw o clearly show the intramolecular

2,5-hexanedione reaction in Step [2].

+
EtOH

Steps [2]-[4] Cyclization and dehydration

In Step [2], the nucleophilic enalate

o]

)J\;“C‘e"ph"e 2 2 ,0 attacks the electrophilic carbonyl
w7l [2] r [3] 4] carbon in the same molecule,
o
P —_ H g o

[ & A G -H,O A forming a new carbon-carbon &

\ﬁ iy new bond B (two steps) B \ \ bond. This generates the five-
/ Ho BN :OH \ membered ring.

electrophile

Protonation of the alkoxide in

Step [3] and loss of H,O by the two
steps outlined in Mechanism 24.2
form a new C-C n bond.

l'il—b'El +30Et new C-C = bond
\5

24
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Use of Crossed Aldol Reactions

* When 2,5-hexanedione is treated with base in Step [1], two
different enolates are possible—enolates A and B, formed by
removal of H, and H, respectively.

+ Although enolate A goes on to form the five-membered ring,
intramolecular cyclization using enolate B would lead to a
strained three-membered ring.
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Hoo H, 0
? e NaOEt Q ' A The more stable
Lo C. —_— G o r )‘v— five-membered ring
CHy CHCH; 'CHy EtOH CHy 'CH,CH; CH;  Mechanism ~4 is formed.
1
2,5-hexanedione il A 243 \
+ 0 Q
o Y s
i I % g
B T I et - L w +=—— < |« newbond
CHy "CH,CH™ "CHy re-draw f(') Nor
8 t

The strained three-membered
ring does not form.

* Because the three-membered ring is much higher in energy than
the enolate starting material, equilibrium greatly favors the

starting materials and the three-membered ring does not fornZIS.

Intramolecular Aldol Reactions

* In a similar fashion, six-membered rings can be formed from
the intramolecular aldol reaction of 1,5-dicarbonyl
compounds.
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o o]

o o
‘ T NaOEt

CH;  “CH,CH,CH; ~CH, re-draw O EtOH
2,6-heptanedione

a 1,5-dicarbonyl compound

o=
o=

<«— new C—C ¢ and n bonds
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Synthesis of Progesterone Using
Intramolecular Aldol Reactions
* The synthesis of the female sex hormone progesterone
involves an intramolecular aldol reaction.
Figure 24.5
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o
Step [1] Step [2]

[11 0z e “OH, H,0

-_—= — =

[2] Zn, H,O )

0% 0 O/‘ e
1,5-dicarbonyl T progesterone
compound

Ozone oxidatively cleaves the C=C. Intramolecular aldol reaction

forms the six-membered ring.

* Step [1]: Oxidative cleavage of the alkene with O, followed by Zn, H,O (Section 12.10), gives the
1,5-dicarbonyl compound.

* Step [2]: Intramolecular aldol reaction of the 1,5-dicarbonyl compound with dilute “OH in H,O
solution forms progesterone.

* This two-step reaction sequence converts a five-membered ring into a six-membered ring.
Reactions that synthesize larger rings from smaller ones are called ring expansion reactions.

27

The Claisen Reactions

* In the Claisen reaction, two molecules of an ester react with
each other in the presence of an alkoxide base to form a
B-keto ester.

* Unlike the aldol reaction which is base-catalyzed, a full
equivalent of base is needed to deprotonate the p-keto ester
formed in Step [3] of the Claisen reaction.
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Il [1] NaOEt 1] Il
_—

SN N /C
CH; TOEt [21HO0"  CH; fCH; “OEt
ethyl acetate

The Claisen reaction 2 B-keto ester

new C—C bond

ethyl acetoacetate

» Since esters have a leaving group on the carbonyl carbon,
loss of the leaving group occurs to form the product of
substitution, not addition.

28
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(2) Mechanism 24.4 The Claisen Reaction

Step [1] Formation of a nucleophilic enolate

U]

QEt QEt
resonance-stabilized enolate

l4y+} E
<
= ’aHz'—G’: «~— CH,=C + E,(::‘?H * In Step [1], the base removes a proton from the

o carbon to form a resonance-stabilized
enolate.

Steps [2]-[3] Nucleophilic addition and loss of the leaving group

Swm T
H-C —=  C._ C..
‘ot T CHy "“CH; TOE

In Step [2], the nucleophilic enolate attacks the
electrophilic carbonyl carbon of another
molecule of ester, forming a new carbon—carbon
bond. This joins the o carbon of one ester to

nucleophilic attack loss of the leaving group N the carbonyl carbon of a second ester.
+ Elimination of the leaving group, EtO", forms
a p-keto ester in Step [3]. Steps [1]-[3] are
reversible equilibria.
Steps [4]-[5] Deprotonation and protonation
=ﬁ’= o =?= ﬂ‘:": hbe K = Because the f-keto ester formed in Step [3]
. 0 A o TN — Az B i 2 G has especially acidic protons between its two
CHy -C7 OBt [a CHy "¢7 "QEt 5 CHs CH carbonyl groups, a proton is removed under
,—~HH H p-keto ester the basic reaction conditions to form an enolate
EtGF resonance-stabilized +H,0: (Step [4]). The formation of this resonance-
= enolate - 2 S
+EBH stabilized enolate drives the equilibrium in

the Claisen reaction.

Protonation of this enolate with strong acid
re-forms the neutral B-keto ester to complete
the reaction.

29

Claisen Reaction—Example of
Nucleophilic Substitution

* The characteristic reaction of esters is nucleophilic
substitution.

* A Claisen reaction is a nucleophilic substitution in which an
enolate is the nucleophile.

Figure 24.6
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Nucleophilic (_’,ﬁi//’—\ ?) :?:
substitution B oy INU" == CH;—C—Nu = CL - The enolate is the
QEt 1OEt CH3  [Nu nucleophile.
leaving group +EtO7 |
& — 05 10
Example CCH’/ N, O 05 e 0
C + CH-C === CHyG—CH,—C === _ .C,
CH; “OEt SoEt e ot CH;

leaving group

nucleophilic attack loss of the leaving group

¢ Esters react by nucleophilic substitution. In a Claisen reaction, an enolate is the nucleophile that
adds to the carbonyl group.

30



Crossed Claisen Reaction

 Like the aldol reaction, it is sometimes possible to carry out
a Claisen reaction with two different carbonyl components as
starting materials.

« A Claisen reaction between two different carbonyl
compounds is called a crossed Claisen reaction.

* A crossed Claisen is synthetically useful in two different
instances:
[1] Between two different esters when only one has

o hydrogens, one product is usually formed.
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oH's
o o (‘{\ /3\ <— from the enolate
i I [1] NaOEt CH; TOEt
C\ = iy 2] HyO*
ot CHs TOEt [2]H4
ethyl benzoate ethyl acetate B-keto ester

Only this ester can

form an enolate. 31

Crossed Claisen Reaction

[2] Between a ketone and an ester—the enolate is always
formed from the ketone component, and the reaction works
best when the ester has no a hydrogens.

* The product of this crossed Claisen reaction is a
B-dicarbonyl compound, not a B-keto ester.
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O @ Form the enolate on this o carbon. 0 0
<
I

0
o [1] NaOEt H
¥ w%or @ H5O* = new C—C bond

B-dicarbonyl compound

32
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Forming pB-Dicarbonyl Compounds

* B-Dicarbonyl compounds are also prepared by reacting an
enolate with ethyl chloroformate or diethyl carbonate.

Gopyright ® The McGraw-Hill Comparies, Ine. Permission required o reproducton of display

o} O
I} Il

C. C.
ClI” TOEt EtO” TOEt
ethyl chloroformate  diethyl carbonate
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new C—C bond
o]
I [1] NaOEt ﬂ 9
m . .Co —_— _Cy_ _C._ + -OEt
CH; TOEt [2] ? EtO” "CH, ~OEt
C. diethyl malonate
EtO” TOEt
new C—C bond
0 o] “)
[1] NaOEt G + Ccr
2 LA o = P8 i
[2] 2 o é/ OEt
G

SN

Cl OEt B-keto ester 33

Preparing B-Keto Esters

* Reaction [2] is noteworthy because it provides easy access
to (-keto esters, which are useful starting materials in the
acetoacetic ester synthesis.

* In this reaction, CI- is eliminated rather than “OEt in Step [3]
because CI” is a better leaving group, as shown in the
following steps.
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H % O~

B s :0: :0 :.‘.‘:/ :0: 08
ou? R oD C—OEt Cowe
—_ . — oTR— OB g
0l C7T0E (2] T [3] 2

+ EIQH leaving group B-reto estor

34
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The Dieckmann Reaction

¢ An intramolecular Claisen reaction is called a Dieckmann
reaction.

» Two types of diesters give good yields of cyclic products.

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

* 1,6-Diesters yield five-membered rings by the Dieckmann reaction.
new C—C bond

S S 7/

9 . o [1] NaOEt &/ﬂ\

E10” C GH,OH,CH,CHy C OFt  re-draw [21H0" =
1,6-diester \/\f

+ 1,7-Diesters yield six-membered rings by the Dieckmann reaction.

new C—C bond
0 (0]

? ? NaOEt OEt

o R o St
EtO” CHQCHchQCHECHQ “OEt re-draw HaO* 35
1,7-diester
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(?) Mechanism 24.5 The Dieckmann Reaction

nucleophilic attack

* In Step [1], the base removes a
proton to form an enolate, which
attacks the carbonyl group of the
second ester in Step [2], thus
forming a new carbon-carbon bond.

loss of the SR i

H [81* teaving group In Step [3], elimination of “OEt forms

the B-keto ester.

To complete the reaction, the proton

between the two carbonyl groups

is removed with base, and then

- protonation of the enolate re-forms

| + E1OH B-keto ester the B-keto ester (Steps [4] and [5]).

[5] 1

‘
o
m
=
O
O=
j
[o]
m
.

+ 0Bt

36
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The Michael Reaction

* The Michael reaction involves two carbonyl components—

the enolate of one

carbonyl compound and an

o,f-unsaturated carbonyl compound.
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Two components of
a Michael reaction

HoH O
1 I |
/C\%'/ /C\(_‘;//C\
enolate o,f-unsaturated

carbonyl compound

* Recall that o,pf-unsaturated carbonyl compounds are
resonance stabilized and have two electrophilic sites—the
carbonyl carbon and the  carbon.

Gopyright © The MeGraw-Hill Companies, Inc. Permission required for reproduction or display.

The hybrid
10z OF OF Hok'n
! ¥ | i g
Aol T RO T G0 AL
three resonance structures for an two electrophilic sites 37
o, f-unsaturated carbonyl compound

Michael Acceptors
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* The Michael reaction involves the conjugate addition (1,4-addition) of a resonance-
stabilized enolate to the 3 carbon of an o,-unsaturated carbonyl system.

* The o,B-unsaturated carbonyl component is often called a

Michael acceptor.
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(0]
Conjugate addition g
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(i? " The nucleophile attacks
Nu~ H,0 5'-{ at the f carbon.
|
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Michael reaction 1] cHy “cH=CH, CHE(CPQEt)g CHz  "CH,CH,TCH(CO,EY,

Michael acceptor
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L.l
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These compounds new C—C bond
form enolates.
o |} 0
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new C—C bond
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{ E) Mechanism 24.6 The Michael Reaction

Step [1] Enolate formation

£ . 1 5
Eor + Hg <l + EOH
CO,Et CO,Et
resonance-stabilized
enclate

ired for reproduction or display

» Base removes the acidic proton between the
two carbonyl groups, forming the enolate in
Step [1]. Only one of the three resonance
structures is drawn.

Steps [2]-[3] Nucleophilic attack at the B carbon and protonation

o
04
(3] HCtk

CO,Et

o) nucleophilic attack

I ,'HLE'ZéEt
=
o 2] =L g
R

CO,Et CO,Et

+ IOEt

Michael Reaction

» The nucleophilic enolate adds to the
carbon of the «,3-unsaturated carbonyl
compound, forming a new carbon-carbon
bond and a resonance-stabilized enolate.

» Protonation of the enolate forms the
1,4-addition product in Step [3].

39

Products

* When the product of a Michael reaction is also a B-keto ester,

it can be hydrolyzed and decar
aqueous acid.

* This forms a 1,5-dicarbonyl compou

* 1,5-dicarbonyl compounds
intramolecular aldol reactions.

are

boxylated by heating in

nd.

starting materials for
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(@]
o] H;O*
A
CO,Et
Michael reaction
product

1,5-dicarbonyl
compound

40
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Using the Michael Reaction

Figure 24.7
Using a Michael reaction in the
synthesis of the steroid estrone
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new C—C bond

o] l o]
=
+ -
o o OH o) o) several
CHZ0H steps
CH30 CH30 HO
t estrone
o,B-unsaturated carbonyl compound
carbonyl compound  that forms the enolate
41

The Robinson Annulation

* The Robinson annulation is a ring-forming reaction that
combines a Michael reaction with an intramolecular aldol
reaction.

* The starting materials for a Robinson annulation are an
o,pf-unsaturated carbonyl compound and an enolate.
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new C—C o bond

'
Robinson annulation K = Q base L:O
o o 0”4

o,B-unsaturated carbonyl compound new C—C o and 1 bond
carbonyl compound that forms an enolate
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The Robinson Annulation

* The Robinson annulation forms a six-membered ring and
three new C-C bonds—two ¢ bonds and one & bond.

* The product contains an a,p-unsaturated ketone in a
cyclohexane ring—that is, a 2-cyclohexenone.

* To generate the enolate component of the Robinson
annulation, "OH in H,0 or "OEt in EtOH are typically used.
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Examples
T L
1] H,O
o] O 0]
(@] @]
" = . “OH
s
(2l H,O
O 0] O
methyl vinyl 2-methyl-1,3- New C—C bonds are
ketone cyclohexanedione shown in red.

43
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{ E) Mechanism 24.7 The Robinson Annulation—Part [A] Michael Addition to Form
a 1,5-Dicarbonyl Compound

Step [1] Enolate formation
+ Base removes the most acidic proton—

— (o] [o]
M H that is, the proton between the two
- (o (1 B T oo i carbonyl groups—forming the enclate in
: 2= Step [1]. Only one of the three resonance
(o) (o]

structures is drawn.
enolate

Steps [2]-[3] Nucleophilic attack at the B carbon and protonation

+ Conjugate addition of the enolate to

(xRS the P carbon of the o,p-unsaturated

H—CH
B o PE / o o carbonyl compound forms a new carbon-
/" RN L /ﬂ\\/'K H. carbon bond and a resonance-stabilized
ee N 2 = 3] !
()] ] I\ ?J = enolate.
o~ o T o~ o [e] 0/ « Protonation of the enolate forms the
nucleophilic attack 1,5-dicarbony! 1,5-dicarbonyl compound.
compound
+ IOH
44
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{ E) Mechanism 24.8 The Robinson Annulation—Part [B] Intramolecular Aldol Reaction
to Form a 2-Cyclohexenone

Steps [4]-[6] Intramalecular aldol reaction to form a B-hydroxy ketone

o 9 o + The intramolecular aldol reaction
51 6] consists of three steps: [4] enolate
=l | — P formation, [5] nucleophilic attack,
7> 0 :-Z;-- z o o and [6] protonation. This forms
! ~J fo’ S :0H another carbon-carbon o bond and
HO: enolate, H-OH + OH a B-hydroxy carbonyl compound

: new C-C o bond H
+ HO [3-hydroxy (compare Section 24.4).
carbonyl compound

Steps [7]-[8] Dehydration to form the «,B-unsaturated ketone

Dehydration consists of two steps:

(o] o (o]
deprotonation and loss of "OH
ﬂ. 8] =5 (Section 24.1B). This reaction
T — *o forms th bond in th
o S o o =11 B o T/ orms the new x bona in the
—, OH VioH

o,}-unsaturated ketone.

HO? + M3 newC-Crbond
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Drawing Products of Robinson Annulation

* To draw the product of Robinson annulation without writing
out the entire mechanism each time:

[1] Place the a carbon of the carbonyl compound that becomes
the enolate next to the  carbon of the o,f-unsaturated carbonyl
compound.

[2] Join the appropriate carbons together as shown. If you follow
this method of drawing the starting materials, the double bond
in the product always ends up in the same position of the six-
membered ring.
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Join these 2 C's together.

Drawing the product in ZB g P base
a Robinson annulation
’ \/O i
The n bond always

Join these 2 C’s together. ends up in this position. 46
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How To Synthesize a Compound Using the Robinson Annulation

Example What starting materials are needed to synthesize the following compound using a Robinson annulation?

=]
o

Step[1] Locate the 2-cyclohexenone ring and re-draw the target molecule if necessary.

* To most easily determine the starting materials, always arrange the o.3-unsaturated carbonyl system in the same
location. The target compound may have to be flipped or rotated, and you must be careful not to move any bonds to the
wrong location during this process.

CHOT ™ ™. ==5== > OCH,4
S P

Synthesize this ring. Arrange the C=0 and C=C in the same positions as
in previous examples of the Robinson annulation.

47

Synthesis Using the Robinson Annulation
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Step [2] Break the 2-cyclohexenone ring into two components.

* Break the C=C. One half becomes the carbonyl group of the enolate component.
* Break the bond between the B carbon and the carbon to which it is bonded.

Cleave the ¢ bond. Add a  bond.

Cleave the ¢ and n bonds. Add an O atom.

two components needed for the
Robinson annulation
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