Aldol Addition
Aldol Reaction
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'Aldol' is an abbreviation of aldehyde and alcohol. When the enolate of an
aldehyde or a ketone reacts at the a-carbon with the carbonyl of another

molecule under basic or acidic conditions to obtain B-hydroxy aldehyde or
ketone, this reaction is called Aldol Reaction.

Mechanism

Base catalyzed:
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Acid catalyzed:
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Under conditions of kinetic control, the mixed Aldol Addition can be used to
prepare adducts that are otherwise difficult to obtain selectively. This process
begins with the irreversible generation of the kinetic enolate, e.g. by employing a
sterically hindered lithium amide base such as LDA (lithium diisopropylamide).
With an unsymmetrically substituted ketone, such a non-nucleophilic, sterically-
demanding, strong base will abstract a proton from the least hindered side.
Proton transfer is avoided with lithium enolates at low temperatures in ethereal
solvents, so that addition of a second carbonyl partner (ketone or aldehyde) will
produce the desired aldol product.
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Aldol Condensation
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In some cases, the adducts obtained from the Aldol Addition can easily be
converted (in situ) to a,B-unsaturated carbonyl compounds, either thermally or
under acidic or basic catalysis. The formation of the conjugated system is the
driving force for this spontaneous dehydration. Under a variety of protocols, the
condensation product can be obtained directly without isolation of the aldol.

The aldol condensation is the second step of the Robinson Annulation.
Mechanism

For the addition step see Aldol Addition

Base catalyzed condensation :

ka .

Acid catalyzed condensation :
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Aldol Type Reactions

The Reaction:

This reaction has become an extremely important tool in the reaction toolbox of organic chemists.
Because of the variety of approaches to the aldo] products, this summary section is prepared.

Most synthetically useful approaches use a preformed enolate as one of the reactants.

O

With a weaker base and / or slow addition
R \/U\CH3 0© of base to the ketone, an equilibrium will be

Strong Base - R established and a "thermodynamic enolate™

Ketone added to base CH; will ]Jrﬂdﬂllliﬂﬂtﬂ.
"Kinetic enolate”
PN
0 H\T 0 ) 0©
R CHy ——™ R R .~
\ACHZ R o= CH, CH,
O ) "Thermodynamic enolate”

The most useful approach is when the enolate can be trapped and used in a configurationally stable
form.
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An aldol condensation 1s an organic reaction in which an enol or an enolate ion reacts with a carbonyl compound to

form a f-hydroxyaldehyde or f-hydroxyketone, followed by a dehydration to give a conjugated enone.

Aldol condensations are important in organic synthesis, providing a good way to form carbon—carbon bonds. The
Robinson annulation reaction sequence features an aldol condensation; the Wieland-Miescher ketone product is an
important starting material for many organic syntheses. Aldol condensations are also commonly discussed in
university level organic chemistry classes as a good bond-forming reaction that demonstrates important reaction
mechanisms.' | ! Bl n its usual form, it involves the nucleophilic addition of a ketone enolate to an aldehyde to
form a p-hydroxy ketone, or "aldol” (aldehyde + alcohol), a structural unit found in many naturally occurring

molecules and pharmaceuticals.[d] 116l
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The name aldol condensation is also commonly used, especially in biochemistry, to refer to the aldol reaction itself,
as catalyzed by aldolases. However, the aldol reaction is not formally a condensation reaction because it does not
involve the loss of a small molecule.

The reactions between a ketone and an aldehyde (crossed aldol condensation) or between two aldehydes also go by
the name Claisen-Schmidt condensation. These reactions are named after two of its pioneering investigators Rainer
Ludwig Claisen and J. G. Schmidt, who independently published on this topic in 1880 and 1881 TIRIPI 5y example
18 the synthesis of dibenzylideneacetone.

Mechanism

The first part of this reaction is an aldol reaction, the second part a dehydration—an elimination reaction.
Dehydration may be accompanied by decarboxylation when an activated carboxyl group is present. The aldol
addition product can be dehydrated via two mechanisms; a strong base like potassium t-butoxide, potassium

. . L ) 11 . . )
hydroxide or sodium hydride in an enolate mechamsm,[ "or in an acid-catalyzed enol mechanism.

Base catalyzed aldol reaction (shc-wn using ‘DCH3 as base)
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Base catalyzed dehydration (sometimes written as a single step)

0: 0 0: :0H 0:
Aldol III:I:' OH I b loses OH I
N T =Y

CH40s
.3 _ Enolate of aldol o, f-unsaturated
(Lost H shown for clarity) (shown as carbanion) aldehyde

Acid catalyzed aldol reaction
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Acid catalyzed dehydration

O - ¥ :0: *OH 0
u: H %2 — A0 “\I/\I
= - =
H {TH R R
Aldol R R H0: R R p-unsaturated
o, [f-unsaturate
(Lost H shown for clarity) aldehyde
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Notes:

If the starting materials are not the same, the reaction is known as a "mixed" aldol condensatiosn.

R
R _ " '
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( anti / threo
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D-f »
RE OH O
syn/ erythro

M. B. Smith, J. March in March’s Advanced Organic Chemistry, 5™ ed., John Wiley and Sons, Inc.
New York, 2001, pp 1218-1213; T. Laue, A. Plagens, Named Organic Reactions, John Wiley and
Sons, Inc., New York, 1998, pp. 4-10; A. T. Nielsen, W. J. Houlihan, Organic Reactions 16 (full
volume); T. Mukaiyama, Organic Reactions, 28, 3; C. 1. Cowden, I. Patterson, Organic Reactions
51, 1.
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Condensation types

It is important to distinguish the aldol condensation from other addition reactions to carbonyl compounds.

When the base is an amine and the active hydrogen compound is sufficiently activated the reaction is called a
Knoevenagel condensation.

In a Perkin reaction the aldehyde i1s aromatic and the enolate generated from an anhydride.

A Claisen condensation involves two ester compounds.

A Dieckmann condensation involves two ester groups in the same molecule and vields a cyclic molecule

A Henry reaction involves an aldehyde and an aliphatic nitro compound,

A Robinson annulation involves a a.f-unsaturated ketone and a carbonyl group, which first engage in a Michael
reaction prior to the aldol condensation.

In the Guerbet reaction, an aldehyde, formed in situ from an alcohol, self-condenses to the dimerized alcohol.

In the Japp-Maitland condensation water 1s removed not by an elimination reaction but by a nucleophilic

displacement

1/9/2019
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Reactions based on the Aldol Reaction:

Claisen-Schmidt:
O O OH

O
1. Base 3. I-I(:EJ
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Knoevenagel Reaction
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o=<X X — bam!
H EWG H EWG H
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Perkin reaction
OAcO O “pH o
AcONa
Ar—CHO + Ac.0O
2 Ar)\/u\DJ\ H,0 ArMDH
Henry Reaction
O
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or ketone
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Knoevenagel Condensation (Reaction)

The Knoevenagel condensation reaction is an organic reaction named after Emil Knoevenagel. It is a modification

of the Aldol condensatinn“ 2] ;

A Knoevenagel condensation i1s a nucleophilic addition of an active hydrogen compound to a carbonyl group
followed by a dehydration reaction in which a molecule of water is eliminated (hence condensation). The product 1s

often an alpha, beta conjugated enone.

The Reaction:

H
R iNH EWG. R
EWG,_ H R
0 + X — —
=(H EWG H EWG H

no a protons methylene with two

electron withdrawing groups

Proposed Mechanism:
R

H /--\\
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H
no aprotons gEwG H
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Knoevenagel condensation
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Example 1°

LDA, THF, then OH O
O MgBrs, =110 °C, th
gBra, , then
Bno~ 0”7 :
z 85% yield
B
Example 2
LDA, THF, =78 to =40 °C, then
aldehyde, 1 h, 43%, 3:2 dr
= “COzH
O OTBS |
~ =" ™CO,4H
A, O OTBS
o 22% of of 85, 7R diastereomer
and 10% recovered SM

Example 3, Enantioselective Mukaiyama-aldol reaction'

]
O 0
P N 1ﬁh
N N—
t. 2 _
OTMS 0 e ~—0Sii-Pry MH
+ OSii-Prs
Ph CO,CHPh; -~ Ph CO,CHPh;
Sc(OTf)s, 4 AMS, CHoCly, =40 °C 83% yield, 98% ee
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Perkin reaction

Cinnamic acid synthesis from aryl aldehyde and acetic anhydride.
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Example 17

MeD

Example 2°

CHO + MeD‘Q—\
COuH

Ac,0, EtsN, 90 °C

5h, B6%

CIF,C Acs0, A CIF,C

o)
PH AcONa, 46%  PH  CO,H
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Henry nitroaldol reaction

The nitroaldol condensation reaction involving aldehydes and nitronates, derived
from deprotonation of nitroalkanes by bases.

R, Ry
o . R:1><H Base HOﬁ—\LNO_g
F{1)I\R2 Ry™ "NO3 Rz Rs

2-nitroaleohols

H R Ry O Ry 0©
5 5 e 1 HB_ ™M ]
R; HB R R, Oe B R, OH
ritroalkanes nitronates nitronic acids
0 or aci-nitroalkanes
F{a)J\H
NO, Fq
. NO2 R, HB R
R, Ose B :

2-nitroalcohols

Example 1*

Amberlyst A-21 (basic)
NO, rt, 62% i

HO

NO,
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Examples:

CHO

86%
M. Haussermann, Helvetica Chimica Acta 1951, 34, 1482 (Reported mn A. T. Nielsen, W. J.
Houlihan, Organic Reactions 16, page 8).

0 0
0
2% NaOH e
Me Me EtOH + Me
O Me 3

94 : 6
P. M. McCurry, Jr., R. K. Singh, Journal of Organic Chemistry 1974, 39, 2316

0O Me Me
AL me B
—_—

i-Pr ~ 0 Et{:}H i-Pr O
Me 50% Me
E. J. Corey, S. Nozoe, Journal of the American Chemical Society 1965, 87, 5728
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S e TR 5
Me TiCl,, TMEDA :
N s > Ph/H)L N s+ Ph/\.)LN S
\/ PhCHO . ve
hﬂﬁ‘7{j 625% hdﬂ f‘ hﬂﬁ -
N : A
Me Me Me Me 9733 Me Me

M. T. Crimmins, K. Chaudhary, Organic Letters 2000, 2, 775

P P YL
Sn(OTf),, EtCHO :
M ]
E\)LN s - Et/\:)LN s
/ ve
Meh{ o7 CBaCh Ma-{
Me é Me

95%
D. Zuev, L. A. Paquette, Organic Letters 2000, 2, 679
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Michael addition

Also known as conjugate addition, Michael addition is the [,4-addition of a nu-

cleophile to an «.,B-unsaturated system.

R, O 1
Nuc: Nuc
Sy
RE Rg
R, O
1 Ry O
Nuc: .r"'_“--,\ R @ conjugate Nuc workup ~ Nuc
R TRV @ R; Y
R; Y addition R4 H .0
3
Rs enclate

Example 1, Asymmetric Michael addition

0
zj k/\ Si(Me),Ph  PhMgBr, CuBr-DMS @JJ\/]\SJ{MEJEPh

ether, THF, =55 °C

92%, 92% d
CF’ha o 927 g8 O“‘CPha

Example 2, Thia-Michael addition’

O O

H,5 MaOMe
N=K MeOH, 75% N=’\
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Example 3, Phospha-Michael addition’

)_OL\//\ (EtO):P(O)H 0 R
OEt R=H,71%
MeO Z R cat. NH MEOJJ\‘)\,‘P:. R =Me, 51%
Me.N MM o Ot
4 =)

Example 4, Asymmetric aza-Michael addition’

" () oo L)
: MeOC_ ' MeO,C N

MeO CW -
SRR A cl J. .

Mal, Nas;C0s, BusMNBr
CH4CN, 82% Ph

Example 5, Intramolecular Michael addition'

Me O O LIHMDS, DMF
e L :
r NN =60 2C, 20 min.

CO,Me 95%
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