
Chapter 18Chapter 18 Additions to the 
Carbonyl Groups

Nucleophilic substitution (SN2 and SN1) reaction occurs at sp3Nucleophilic substitution (SN2 and SN1) reaction occurs at sp3 
hybridized carbons with electronegative leaving groups

Why?

The carbon is electrophilic!

Addition to the  carbonyl group also occurs at the 
carbon of a carbonyl groups which is also electrophilic.
Why?
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Substitution vs AdditionSubstitution vs. Addition
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18.1 General Mechanisms

Possible both in basic and acidic conditions !Possible both in basic and acidic conditions !

+ CH3 Cl +HO CH3 ClH Osubstitution
δ+ δ−
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reaction leaving group
(L-)

nucleophile
(Nu:-)

electrophile
(R-L) (Nu-R)



1. Mechanism under basic condition

N b t la. Nu: can be neutral

b. If Nu: is a strong base, acidic solvents (H2O, alcohol) 
must be avoided. Then solvent without acidic proton 
such as ether is used. Acid is added after the anionic 
compound is formed (during workup)compound is formed (during workup).

c. If Nu: is less basic, acidic solvents can be used. 
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d. If Nu: is less nucleophilic, use acidic condition!



2. Mechanism for acidic condition 

T i l F tTypical Features
a. Stereochemistry is not a concern (no way to determine whether syn or 

anti addition)anti addition)

b.  Equilibrium favors the products or the reactants 

⇒ strong Nu: equilibrium is toward the product
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⇒ strong Nu:, equilibrium is toward the product  

⇒ Structural effect, which will be discussed



Electrophilic additions to C=C vs to C=O
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Acid base reaction



18.2 Addition of Hydride;
Reduction of Aldehydes and KetonesReduction of Aldehydes and Ketones

Hydride ⇒ H: ⇒ very strong nucleophile (pKa of H2 = 35)y y g p (p 2 )

This is a reduction, because hydrogen content increase
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This is a reduction, because hydrogen content increase

Aldehyde ⇒ primary alcohol, Ketone ⇒ secondary alcohol



Sources of hydride nucleophile: Lithium aluminium hydride (LiAlH4) 

or Sodium borohydride (NaBH4)

LiAlH4 and NaBH4 only react with carbonyls not C-C double bonds!

LiAlH vs NaBHLiAlH4 vs  NaBH4

LiAlH is very reactive ⇒ cannot use a solvent with acidic protonLiAlH4 is very reactive ⇒ cannot use a solvent with acidic proton   

alcohol ⇒ explosove!

Ether can be used as a solvent!

NaBH4 is less reactive, therefore alcohols can be used as 
solvents
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Examples
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LiAlH4 and NaBH4 only react with 4 4 y
carbonyls not C-C double bonds!
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18.3 Addition of Water 

P ibl b th i b i d idi diti !Possible both in basic and acidic conditions !
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A id d b i d i th fi t t d th t d
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Acid and base is consumed in the first step and then regenerated 
in the last step, therefore it is a acid catalyzed or base catalyzed 
reaction



The structure of the carbonyl compound on 
th ilib i t tthe equilibrium constant

1 Inductive effect1. Inductive effect

e- w/drawing group: destabilize the aldehyde or ketone
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e w/drawing group: destabilize the aldehyde or ketone

e- donating group: stabilize the aldehyde or ketone



2. Steric effect

Larger substituent shift the equilibrium toward the reactant
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18.4 Addition of Hydrogen Cyanide

K > K
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K cyanohydrin formation > K hydrate formation 

⇒ CN- is stronger nucleophile than H2O



Unfavorable equilibrium constant for ketones 
conjugated with benzeneconjugated with benzene

Reactant has resonance stabilization                              
d d l t hili it f th b l b⇒ reduced electrophilicity of the carbonyl carbon
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18.5 Preparation and Properties of 
O t lli N l hilOrganometallic Nucleophiles

Organometallic Nu: R-M(metal) ≡ Rδ-Mδ+

⇒ R is more electronegativeg
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Examples
1 Acetylide anion (see Section 10 12): 1 alkyne + sodium amide1. Acetylide anion (see Section 10.12): 1-alkyne + sodium amide 

⇒ Hydrogens bonded to sp3 and sp2 C’s cannot be removed because not acidic   
enough (sp: pKa ~25, sp2: pKa ~45, sp3 pKa ~50)g ( p p p p p p )

2. Grignard reagent (organometallic halides)

Reactivity of R XReactivity of R-X

R-I > R-Br > R-Cl, R-F is not used ⇒ see leaving group property
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3. Organolithium reagent
R-X + 2Li  → RLi + LiX 



Chemical behavior of organometallic reagent

Very close to carbanion and strong base, although M-R is a 
covalent bond(?)( )

Therefore it react rapidly with even with weak acids

avoid compounds with acidic proton ( OH NH C H )⇒ avoid compounds with acidic proton (-OH, -NH, ≡C-H…)

Examples
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Therefore solvents for the reactions should be very dry !
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18.6 Addition of Organometallic Nucleophiles18.6 Addition of Organometallic Nucleophiles

1. This reaction is conducted in basic condition

2. As –R: is very strong nucleophile the reaction is 
irreversible.

3 I th t ti t k id h3. In the protonation step, use weaker acids such as 
NH4Cl (pKa~ 9)                                                                    ⇒
strong acid:acid catalyzed elimination rxn 
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(see ch9. P378, next page)



Examples  See p 379
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Reactions of Grignard reagent

Grignard reagent ⇒ formation of alcohols

Primary alcohol formationy
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Secondary alcohol formation



Br is more reactives o e eact e

25

When strong acid is used



Reactions of Grignard reagentReactions of Grignard reagent

26



Reactions of Grignard reagentg g
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Reactions of Grignard reagent

Organolithium reagent ⇒ formation of alcohols
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18.7 Addition of Phosphorus Ylides; The Wittig 
Reaction
⇒ Method for the synthesis of alkene
⇒ 1979 Nobel prize Georg Wittig

++ 

LiCl + butane
Acid + base rxn

Or SN2
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P(Ph)3 + CH3I
(triphenyl phosphine)



Ylide

+
-

Ylid i t bili d bYlide is stabilized by
1. Inductive effect of the positive P atom

2. Delocalization of the e- pairs by the 
overlap
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Mechanism of the Wittig Reaction
⇒ Addition-elimination reaction

betaine

Never been isolated

oxaphosphetaneoxaphosphetane
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Examples of the Wittig Reaction
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18.8 Addition of Nitrogen Nucleophilesg p
Aldehyde  

or + Amine → imine + H2Oor 
ketone

   Amine      → imine    H2O

It is Addition  +   Elimination.

Optimum pH = 4 6Optimum pH = 4 ~ 6

If too acidic, the amine nucleophile is protonated.
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If too basic, the concentration of the protonated 
carbinolamine is low.



Mechanism for the addition of an amine to 
an aldehyde to form an iminean aldehyde to form an imine

At low pH, this 
amine is 
protonated.

Then the conc. of 
Nu: is very low 

At hi h H th f H O+ i l
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Optimum pH = 4 ~ 6 ! At higher pH, the conc. of H3O+ is low. 
Then the conc. of the protonated 
carbinolamine is low



C=O bond is stronger than C=N bond.
To shift the equilibrium, remove the water! 

Equilibrium favors the product, because the 
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q p
product is very stable (resonance stabilization →
aromatic ring formation)



Examples

More nucleophilicMore nucleophilic
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Until now, the rxn of primary amines,
How about secondary amines? → Enamines are formedHow about secondary amines? → Enamines are formed

TsOH + reflux →removal of water

Using Dean-Stark water separator
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Imine AmineImine Amine
Reductive  amination

Using reducing agent such as hydrogen and catalysthydrogen and catalyst

It does not 
reduce the 
ld h d daldehydes and 

ketones

Unstable! Cannot be isolated!  Because it can be easily hydrolyzed
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Wolff-Kishner reduction (17.13); carbonyl groups  can be 
converted to CH2 groupsconverted to CH2 groups
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Another reducing agent
→ sodium cyanoborohydride

Sodium cyanoborohydride is less nucleophilic than sodium 
borohydride. → CN is electro withdrawing group

Therefore it do not react with aldehyde and ketone.  
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18.9 Addition of Alcohol

Acidic condition → to remove the water

Electro withdrawing groups in the 
reactant → destabilize the reactant
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Mechanism
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The equilibrium does not favor the product, because alcohols are weak nucleophile. 



To shift the equilibriumTo shift the equilibrium

1. Electro withdrawing groups in the reactant →
destabilize the reactant

2. The alcohol nucleophile is part of the same 
molecule then form 5- or 6-membered ringsmolecule, then form  5- or 6-membered rings

3. Remove the water using acids such as TsOH

4. Use difunctional  alcohol or dithiol →
intramolecular reactionintramolecular reaction
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The alcohol nucleophile is part of the same 
l l th f 5 6 b d imolecule, then form  5- or 6-membered rings
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Use difunctional  alcohol or dithiol → intramolecular reaction
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A major use of acetals (cyclic) →
protective groups for aldehyde and ketoneprotective groups for aldehyde and ketone 
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18.10 Conjugated Additionj g
→ α,β-unsaturated carbonyl compound 
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1,2-addition

1,4-addition
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1,2-addition or 1,4-addition
1. Highly reactivenucleophile: Grignard reagent   → 1,2 additon

2. Less reactive nucleophile: cyanide, amine     → 1,4 additon
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Steric hindrance



Hydride nucleophileHydride nucleophile
1. LiAlH4 : 1,2 additon > 1,4 additon

2. NaBH4 : 1,2 additon < 1,4 additon
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Lithium diorganocuprates g p
→ 1,4-addition 
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18.11 Synthesis
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Example
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Example
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