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Chapter 6

Formation of Carbon-Carbon σ Bonds via Enolate Anions

6.1 – 1,3-Dicarbonyl and Related Compounds

– Relative pKa

– Malonic Acid Esters

– β-Keto Esters

6.2 – Direct Alkylation of Simple Enolates

– Ester Enolates

– From Carboxylic Acids, Amines, and Nitriles

– Ketone Enolates

6.3 – Cyclization Reactions – Baldwin’s Rules 

– Intramolecular Aldol Reactions

– Intermolecular Alkylation of Enolates

6.1 – 1,3-Dicarbonyl and Related Compounds

http://daecr1.harvard.
edu/pdf/evans_pKa_t
able.pdf
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6.1 – 1,3-Dicarbonyl and Related Compounds

6.1 – 1,3-Dicarbonyl and Related Compounds

Malonic Ester Synthesis
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6.1 – 1,3-Dicarbonyl and Related Compounds

Michael Addition

6.1 – 1,3-Dicarbonyl and Related Compounds

Michael Addition – use of chiral phase transfer reagents

T. Ooi, D. Ohara, K. Fukumoto, K. Maruoka, Org. Lett., 2005, 7, 3195-3197. 



4

6.1 – 1,3-Dicarbonyl and Related Compounds

T. Ooi, D. Ohara, K. Fukumoto, K. Maruoka, Org. Lett., 2005, 7, 3195-3197. 

6.1 – 1,3-Dicarbonyl and Related Compounds
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6.1 – 1,3-Dicarbonyl and Related Compounds

T. Hara, S. Kanai, K. Mori, T. Mizugaki, K. Ebitani, K. Jitsukawa, K. Kaneda, 
J. Org. Chem., 2006, 71, 7455-7462. 

6.1 – 1,3-Dicarbonyl and Related Compounds

Knoevenagel Condensation

J. S. Yadav, B. S. S. Reddy, A. K. Basak, B. Visali, A. V. Narsaiah, K. Nagaiah, 
Eur. J. Org. Chem., 2004, 546-551. 
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6.1 – 1,3-Dicarbonyl and Related Compounds

6.1 – 1,3-Dicarbonyl and Related Compounds

T. Hara, S. Kanai, K. Mori, T. Mizugaki, K. Ebitani, K. Jitsukawa, K. Kaneda, 
J. Org. Chem., 2006, 71, 7455-7462. 
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6.1 – 1,3-Dicarbonyl and Related Compounds

β-Keto Esters

6.1 – 1,3-Dicarbonyl and Related Compounds

β-Keto Esters – via the Claisen Condensation

β-Keto Esters – via the Dieckman Condensation

β-Keto Esters – via Acylation
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6.1 – 1,3-Dicarbonyl and Related Compounds

β-Keto Esters – Alkylation

β-Keto Esters – Double Deprotonation

6.1 – 1,3-Dicarbonyl and Related Compounds

1,3-Diketones

1,3-Diketones - Limitations

O-alkylation competes, outcome depends on amount of enol
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6.2 – Direct Alkylation of Simple Enolates

HMPA, and similar additives, break up Li aggregates

6.2 – Direct Alkylation of Simple Enolates
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6.2 – Ketone Enolates

6.2 – Ketone Enolates

pKa ~20 NaOEt EtOH pKa~16

K ~10-4

pKa ~20 LDA (i-Pr)2NH  pKa~36
K ~1016

Typical bases used:
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6.2 – Ketone Enolates

Regioselective Enolate Formation

Using 1.02 equivalents of ketone to 1.0 equivalent of LDA, i.e. slight 
excess of ketone (weak base)

Also use of KH and BEt3 gives thermodynamic enolate

6.2 – Ketone Enolates

Regioselective Enolate Formation

Using 1.0 equivalents of ketone to 1.05 equivalents of LDA, i.e. slight 
excess of the strong base

More accessible proton removed, no chance of equilibration



12

6.2 – Ketone Enolates

Deprotonation of Enones

Conjugated

(more stable)

Cross-conjugated

(less stable)

6.2 – Ketone Enolates

Enolates via Conjugate Addition

Use of Activating Groups
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6.3 – Baldwin’s Rules

Favoured paths to transition states are:

YX- α
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6.3 – Baldwin’s Rules
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6.3 – Baldwin’s Rules

6.3 – Baldwin’s Rules
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6.3 – Baldwin’s Rules

6.3 – Baldwin’s Rules
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6.3 – Baldwin’s Rules

6.3 – Baldwin’s Rules

Why are all exo-Trig cyclisations favoured?
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5-endo-Trig versus 5-exo-Trig

6.3 – Baldwin’s Rules

6.3 – Baldwin’s Rules
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All endo-Dig cyclizations are favoured

3- and 4-exo-Dig cyclisations are disfavoured

6.3 – Baldwin’s Rules

6.3 – Baldwin’s Rules – Enolate Alkylation

Endocyclic alkylations

Exocyclic alkylations

• 6- to 7- membered RC
Favoured

• 3- to 5- membered RC
Disfavoured

• 3- to 7- membered RC
Favoured
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6.3 – Baldwin’s Rules – Intramolecular Aldol

Endocyclic reactions

Exocyclic reactions

• 3- to 7- membered RC 
Favoured

• 3- to 5- membered RC 
Disfavoured

• 6- to 7- membered RC 
Favoured

6.3 – Baldwin’s Rules - Enolates

Statistics : 4 possibilities to form a 5-membered ring
2 possibilities to form a 6-membered ring

Thermodyn. : 6-membered ring would be predominant or exclusive

6-(enolendo)-exo-trig versus 5-(enolendo)-exo-trig
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6.3 – Baldwin’s Rules - Enolates

Formation of cyclohexanone totally dominates over even statistically 
preferred cyclopentanones production.

6.3 – Baldwin’s Rules - Enolates

• Only give information about whether processes are favoured or 
disfavoured and not allowed and forbidden.

• Nucleophilic RC feasibility strongly depends on ring size, geometry 
of reacting atom and exo or endo nature of reaction.

• Structural modification can dramatically affect the cyclization mode.

• If favoured trajectory of attack valid, then reaction will follow the 
Baldwin’s rules.
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6.4 – Stereochemistry of Cyclic Ketone Alkylation

Local groups will have an obvious effect on the direction of 
approach of the electrophile

6.5 – Imine and Hydrazone Anions

Often cleaner reactions than with aldehyde and ketone
enolates due to no overalkylation
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6.5 – Imine and Hydrazone Anions

H. Yu et al. Tetrahedron 2004, 60, 8405–8410

6.5 – Imine and Hydrazone Anions

Enantioselective variants – SAMP/RAMP

Simple case -
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6.5 – Imine and Hydrazone Anions

Enders, D.; et. al. Tetrahedron 2002, 58, 2253-2329

Formation of Hydrazones

6.5 – Imine and Hydrazone Anions

Enders, D.; et. al. Tetrahedron 2002, 58, 2253-2329
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6.5 – Imine and Hydrazone Anions

Enders, D.; et. al. Tetrahedron 
2002, 58, 2253-2329

6.5 – Imine and Hydrazone Anions

Rationale for Diastereoselectivity

Enders, D.; et. al. Tetrahedron 2002, 58, 2253-2329
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6.5 – Imine and Hydrazone Anions

6.6 – Enamines

Work well with reactive electrophiles and give mainly C-
alkylation products
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6.6 – Enamines

Total synthesis of Aspidospermine

G. Stork and J.E. Dolfini, J. Am. Chem. Soc. 1963, 85, 2872

6.6 – Enamines

Preferred conformation of enamine avoids interaction between 
pyrrolidine ring and CH3 group; alkylation from below
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6.6 – Enamines – Stereoselective Alkylation

C2 symmetric pyrrolidine biases the system such that 
electrophile attacks preferably from one face

6.7 – The Aldol Reaction – Intermolecular Cases

ald-ol
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6.7 – The Aldol Reaction – Position of the Equilibrium

• These reactions are reversible (base used) and will give 
mixtures based on relative thermodynamic stabilities

• Aldehydes are more reactive than ketones and there is less 
strain in the aldol products (H vs. R group)

• Ketone aldols sent to completion by heating and loss of H2O:

6.7 – The Aldol Reaction - Catalysis

Via the enol – acid also catalyzes keto-enol tautomerism and often 
will catalyze loss of H2O to give the α,β-unsaturated product
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6.7 – The Aldol Reaction - Catalysis

Via the enolate – deprotonation of enol or keto form generates the 
enolate and basic conditions will often catalyze loss of H2O to give 

the α,β-unsaturated product

6.7 – The Aldol Reaction – Intramolecular Cases

Chiu et. al. Tetrahedron Lett. 
1998, 39, 9229-9232
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6.7 – Mixed (Crossed) Aldol Reactions

ArCHO + ketone is known as the Claisen-Schmidt reaction

One substrate is non-enolizable to avoid mixtures of enolates/products

6.7 – Mixed (Crossed) Aldol Reactions

Hiratani; et. al. Tetrahedron Lett. 2001, 42, 8351-8355
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6.7 – Mixed (Crossed) Aldol Reactions – Mukaiyama

Other Lewis acids – SnCl4, TiCl4, InCl3, BF3.OEt2

6.7 – Mukaiyama in Ionic Liquids

Ollevier, T.; et. al. Eur. J. Org. Chem. 2005, 4971-4973
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6.7 – Mixed (Crossed) Aldol Reactions – Mukaiyama

Dubac, J.; et. al. Synlett 1998, 1249-1251

6.7 – Mixed (Crossed) Aldol Reactions – Mukaiyama

Ji, S.-J.; et. al. Tetrahedron Lett. 2005, 46, 507-508

No solvent
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6.7 – Asymmetric Mukaiyama aldol

Mlynarski, J. and Jankowska, J.; Adv. Synth. Catal. 2005, 347, 521-525

6.7 – Asymmetric Mukaiyama aldol
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6.7 – Asymmetric Mukaiyama aldol

Diastereoselectivity (syn/anti) is 
set by large group on aldehyde
wanting to be equatorial (to avoid 
1,3-diaxial interations.

Enantioselectivity is set by the 
need to avoid interactions 
between the i-Pr group of the 
ligand and the Ph group of the 
TMS-enol ether nucleophile

6.7 – E/Z Enolates
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6.7 – Aldol Reactions Using Boron Enolates

kinetic

thermodynamic

6.7 – Zimmerman-Traxler TS for aldol
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6.7 – Zimmerman-Traxler TS for aldol

6.7 – Evans Asymmetric Aldol Reaction – Chiral Auxiliaries
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6.7 – Evans Asymmetric Aldol Reaction – Chiral Auxiliaries

6.7 – Evans Asymmetric Aldol Reaction – Chiral Auxiliaries
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6.7 – Evans Asymmetric Aldol Reaction – Migrastatin

Migrastatin - Gaul, C.; Njardarson, J.T.; Danishefsky, S. J. 
J. Am. Chem. Soc. 2003, 125, 6042-6043.

6.7 – Evans Asymmetric Aldol Reaction – Migrastatin
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6.7 – Evans Asymmetric Aldol Reaction – Migrastatin

Southern (red) portion of Migrastatin

6.7 – Evans Asymmetric Aldol Reaction – Migrastatin

Finishing the required aldehyde
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6.7 – Evans Asymmetric Aldol Reaction – Migrastatin

Evans chiral auxiliary – asymmetric aldol

6.7 – Evans Asymmetric Aldol Reaction – Migrastatin

Evans chiral auxiliary
JACS 2002, 124, 392
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6.7 – Evans Asymmetric Aldol Reaction

6.7 – Mannich Reaction
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6.7 – Mannich Reaction

C. Lindquist et al. Tetrahedron, 
2006, 62, 3439-3445

6.7 – Mannich Reaction

G. Kabalka et al. Synlett, 2001, 
676-678

No solvent!
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6.7 – Mannich Reaction

6.7 – Michael Addition
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6.7 – Michael Addition in Water

Rodriquez et al. Synlett, 2001, 
715-717

6.7 – Michael Addition - Intramolecular

Fall et al. Tetrahedron Lett. 2005, 
46, 5819-5822
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6.7 – Michael Addition - Intramolecular

Fall et al. Tetrahedron Lett. 2005, 
46, 5819-5822

Srikrishna et al. Tetrahedron 
2005, 61, 8855-8859

6.7 – Michael Addition - Intramolecular

Intermolecular Michael addition followed 
by intramolecular Michael addition
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6.7 – Robinson Annulation

Wichterle variant


