
4.5  Nucleophilic Reac@ons on Carbonyl Groups (SAE, AN)



Carbonyl Compounds
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• carbonyl compounds are all compounds contains a carbonyl (C=O) func@on 
• carboxyl compounds have addi@onal bond to an electronega@ve element (leaving group!)
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see also chapters 2.2, 2.3, 2.4

Carbonyl Compounds are Electrophiles
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• oxygen (high electronega@vity) gives posi@ve par@al charge (–I effect) 
• resonance structures of the C=O π-bond give addi@onal posi@ve formal charge (–M effect) 
• empty π* orbital (LUMO) has large lobe on carbon protruding from molecular plane

• carbonyl carbon atoms are inherently very reac;ve electrophilic centers
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II. Nature of the Carbonyl Group

The carbon–oxygen double bond of a carbonyl group is similar in many respects
to the carbon–carbon double bond of an alkene. The carbonyl carbon atom is
sp2-hybridized and forms three ! bonds. The fourth valence electron remains in
a carbon p orbital and forms a " bond to oxygen by overlap with an oxygen 
p orbital. The oxygen atom also has two nonbonding pairs of electrons, which
occupy its remaining two orbitals.

Like alkenes, carbonyl compounds are planar about the double bond and
have bond angles of approximately 120°. Figure 1 shows the structure of acet-
aldehyde and indicates its bond lengths and angles. As you might expect, the
carbon–oxygen double bond is both shorter (122 pm versus 143 pm) and
stronger [732 kJ/mol (175 kcal/mol) versus 385 kJ/mol (92 kcal/mol)] than a
C!O single bond.

As indicated by the electrostatic potential map in Figure 1, the carbon–
oxygen double bond is strongly polarized because of the high electronegativity
of oxygen relative to carbon. Thus, the carbonyl carbon atom carries a partial
positive charge, is an electrophilic (Lewis acidic) site, and reacts with nucleo-
philes. Conversely, the carbonyl oxygen atom carries a partial negative charge,
is a nucleophilic (Lewis basic) site, and reacts with electrophiles. We’ll see in the
next five chapters that the majority of carbonyl-group reactions can be ration-
alized by simple polarity arguments.

III. General Reactions of Carbonyl Compounds

Both in the laboratory and in living organisms, the reactions of carbonyl com-
pounds take place by one of four general mechanisms: nucleophilic addition,
nucleophilic acyl substitution, alpha substitution, and carbonyl condensation. These
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Overview of Nucleophilic Reac@ons on the Carbonyl Compounds
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• if one subs@tuent is a leaving group (LG), nucleophilic subs@tu@on is preferred (Nu for LG) 
• if no subs@tuent is a leaving group (H, alkyl), nucleophilic addi@on occurs (of H–Nu) 
• if the nucleophile carries an addi@onal hydrogen (XH), subsequent water elimina@on occurs

• all reac;on sequences start with nucleophilic adack on the electrophilic carbonyl carbon
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Nucleophilic Subs@tu@ons



KEY CONCEPT

Nucleophilic Subs@tu@on: Addi@on–Elimina@on Mechanism (SAE)
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• carbonyl carbons are tetravalent, but sp2 hybridized and coordina@vely unsaturated 
• stable intermediate by addi@on of nucleophile prior to cleavage of leaving group is possible 
• nucleophile addi@on results in racemic intermediate, but no consequences for product
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Factors Favoring Kine@cally / Thermodynamically the SAE Reac@on
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• carbonyl carbons are tetravalent, but sp2 hybridized and coordina@vely unsaturated 
• stable intermediate by addi@on of nucleophile prior to cleavage of leaving group is possible 
• nucleophile addi@on results in racemic intermediate, but no consequences for product
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• more electrophilic carbonyl carbon 
• (stronger nucleophile)

• beNer leaving group 
• (more stable product)



Reac@vity of Carbonyl Group as an Electrophilic Center
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• amides, acids, carboxylates have poor leaving groups, do not easily undergo subs@tu@on 
• aldehydes, ketones have no leaving groups (H, R’) but are reac@ve for nucleophile addi@on!

• carbonyl carbon electrophilicity increased by electron-withdrawing carbonyl subs;tuents:
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• both subs;tuents relevant, residue R tunes reac;vity of the electrophilic center for given X:



Reac@vity of the Leaving Group in Carbonyl Compounds
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• amides, acids, carboxylates have poor leaving groups, do not easily undergo subs@tu@on 
• aldehydes / ketones have no leaving groups, cannot complete nucleophilic subs@tu@on 

• reac;vity in second step depends on leaving group quality (see SN1) of carbonyl subs;tuent:
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Reac@vity of Ac@ve Ester Leaving Group
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• regular esters have poor alcoholate leaving groups 
• ac@ve esters result in well stabilized  phenolate/alcoholate leaving groups (–M / –I effects) 

• ac;ve esters are formed from alcohols/phenols with strongly electron-withdrawing residues
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Trivial Names and Acronyms of Important Reactants
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Example: Protec@on by Acetyla@on, Electrophilic Ac@va@on by Tosyla@on
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KEY CONCEPT

Electrophilic Ac@va@on
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• Lewis acid (e.g., ZnCl2, AlCl3, BF3) or Brønsted acid (H⊕) adds to carbonyl oxygen 
• carbonyl carbon obtains formal posi@ve charge, becomes more electron-deficient 
• different leaving group (conjugate acid of original leaving group) with lower pKA, much beNer 
• electrophilic catalysis: new sequence with two addi@onal steps but overall lower ac@va@on energies

• electrophilic intermediates can be ac@vated by even beNer electrophiles (Lewis or Brønsted acids)
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Example: Esterifica@on
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• since OH– is a very poor leaving group, acid catalysis is required for electrophilic ac@va@on 
• reac@on proceeds under proton migra@on, any oxygen of the star@ng material can leave 
• equilibrium means that reverse reac@on (“ester hydrolysis”) is equally well possible 
• equilibrium in closed system typically 60% ester, can be shiMed in open system (product removal)

• esterifica;ons are typically performed using acid catalysts for electrophilic ac;va;on  
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Example: Pep@de Coupling Reac@ons
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• pep@de coupling agents are Lewis acid for electrophilic ac@va@on of the acid component  
• pep@de coupling agents “chemically remove” (bind) water

• problem: no amide (pep;de) forma;on between carboxylic acid and amine:
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carbodiimide + chemically bound water



Nucleophilic Addi@ons



Mechanism of Nucleophilic Addi@ons (AN)
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• instead, addi@on of the nucleophile followed by addi@on of an electrophile (typically H⊕) 
• product remains tetrahedral, becomes chiral if R ≠ R’, but is generated as racemic mixture 
• the reac@on is also a reduc@on of the carbonyl carbon (to lower oxida@on state)

• if the carbonyl group has no leaving group, nucleophilic subs;tu;on is impossible!
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Examples: Nitrile Addi@on and Reduc@ons
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• cyanide anion (CN–) is a strong nucleophile, results in forma;on of organic nitriles (R–CN)
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• reduc;on with hydride (H–) sources (NaBH4, LiAlH4) or Grignard reagents (R–Mg–X)



A Peculiar Example: Acetaliza@on of Aldehydes or Ketones
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• reac@on similar to esterifica@on but path diverges because H– is not a leaving group at all 
• electrophilic ac@va@on and proton migra@on convert carbonyl oxygen into leaving group 
• reac@on sequence is terminated with a second addi@on of an alcohol molecule

• acetaliza;on of aldehydes and ketones typically using acid catalysts for electrophilic ac;va;on
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Learning Outcome
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• carbonyl carbon atoms are inherently very reac@ve electrophilic centers 

• reac@vity can be enhanced by electrophilic ac@va@on 

• all reac@ons start with nucleophilic aNack on the electrophilic center 

• reac@on sequence then dominated by presence/absence of leaving group 

• if leaving group present, nucleophilic subs;tu;on is preferred 

• if no leaving group present, nucleophilic addi;on occurs


