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Carbonyl Groups

Chapter 12
• Oxidation results in an increase in the number of C−Z bonds 

(usually C−O bonds) or a decrease in the number of C−H bonds.
• Reduction results in a decrease in the number of C−Z bonds 

(usually C−O bonds) or an increase in the number of C−H bonds.

Oxidation and Reduction of Organic Molecules

• The addition of H2 occurs only in the presence of a metal catalyst, and thus it is 
called catalytic hydrogenation.

• The catalyst consists of a metal—usually Pd, Pt, or Ni, adsorbed onto a finely 
divided inert solid, such as charcoal.

• H2 adds in a syn fashion.

Catalytic Hydrogenation (Review) Summary of Alkyne Reductions (Review)



(Review) Retrosynthetic Analysis: 

1) Outline a synthesis of cis-2-pentene from alkyl halides with three or 
fewer carbons as your only source of carbon atoms in the final structure.

2) Outline a synthesis of the following compound from starting materials 
shown as your only source of carbon atoms in the final structure.

Br

• H2 is to added by a hydride (H¯) ion and a proton (H+). 

• The most common hydride reducing agents contain a hydrogen atom bonded to 
boron or aluminum. 

• Simple examples include sodium borohydride (NaBH4) and lithium aluminum 
hydride (LiAlH4). 

• NaBH4 and LiAlH4 deliver H¯ to the substrate, and then a proton is added from 
H2O or an alcohol.

Hydride Reduction

Mild reducing agent. 
May be used in basic, 
aqueous conditions.

Strong reducing 
agent. Must be used 
in an aprotic solvent.

Reduction of Polar C-X s Bonds with LiAlH4 Oxidation Reactions

• There are two main categories of oxidizing agents:

1. Reagents that contain an oxygen-oxygen bond.

2. Reagents that contain metal-oxygen bonds.



• Oxidizing agents containing an O-O bond include O2, 
O3 (ozone), H2O2 (hydrogen peroxide), (CH3)COOH (tert-butyl hydroperoxide), 
and peroxyacids.

• Peroxyacids (or peracids) have the general formula RCO3H.

Common peroxyacids:

Peroxide Oxidizing Agents

• Epoxidation is the addition of a single oxygen atom to an alkene to form 
an epoxide.

• Epoxidation is typically carried out with a peroxyacid.

Epoxidation

• Epoxidation occurs via syn addition of an O atom to either side of a planar double bond.

• Epoxidation is stereospecific because cis and trans alkenes yield different stereoisomers as
products.

• A cis alkene gives an epoxide with cis substituents.

• A trans alkene gives an epoxide with trans substituents.

• Mechanism: • Transition State:

Epoxidation Mechanism

• Disparlure, the sex pheromone of the gypsy moth, is synthesized by a stepwise 
sequence that uses an epoxidation reaction as the final step.

• Retrosynthetic analysis of disparlure illustrates three key operations:

Retrosynthetic Analysis of Disparlure



Synthesis of 
Disparlure

See Chapter 9 notes for the 
reactions of epoxides.

• The most common oxidizing agents with metal-oxygen bonds 
contain either chromium +6 or manganese +7.

• Common Cr6+ reagents include CrO3 and equivalent sources 
of CrO3: Na2Cr2O7 ,K2Cr2O7, and H2CrO4. 

• Pyridinium chlorochromate (PCC) is a more selective Cr6+

oxidant.

• The most common Mn7+ reagent is KMnO4 (potassium 
permanganate).

• Other oxidizing agents that contain metals include OsO4
(osmium tetroxide) and Ag2O [silver(I) oxide].

Oxidizing Agents with Metal Oxygen Bonds
• Alcohols are oxidized to a variety of carbonyl compounds.

Oxidation of Alcohols



• Oxidation of alcohols to carbonyl compounds is typically carried out with Cr6+

oxidants, which are reduced to Cr3+ products.

• CrO3, Na2Cr2O7, and K2Cr2O7 are strong, nonselective oxidants used in aqueous 
acid (H2SO4 + H2O).

• PCC is soluble in CH2Cl2 (dichloromethane) and can be used without strong acid 
present, making it a more selective, milder oxidant.

Chromium Oxidizing Reagents
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• Any of the Cr6+ oxidants effectively oxidize 2� alcohols to ketones.

Oxidation of 2� Alcohols

Mechanism of CrO3 Oxidation of a 2º Alcohol

Cr

O

O

OH

Important Notes:

• Any of the Cr6+ oxidants has a similar mechanism. The one represented here, with CrO3 is the simplest.

• The departing chromium species is in the +4 oxidation state (Cr+4).

• The proton transfer is a rapid, 2-step process that involves removal of proton on the formally positive oxygen 
by water and the protonation of the formally negative oxygen by an acidic proton in solution. 

• Primary alcohols are oxidized to either aldehydes or carboxylic acids, depending 
on the reagent:

Oxidation of 1� Alcohols



Mechanism of Oxidation of 1�Alcohols by aqueous Cr+6 species 

• The mechanism will be worked out in lecture. It involves 3 parts:

1) Oxidation of a 1º alcohol to an aldehyde (nearly identical to the oxidation of a 2º 
alcohol to a ketone).

2) Formation of the aldehyde hydrate:

3) Oxidation of the aldehyde hydrate to a carboxylic acid via the same mechanism in 
step 1.

Important Notes:

• This is generally the preferred method (aqueous Cr+6) to oxidize a 1º alcohol to a carboxylic 
acid, because it happens in a single reaction mixture.

• The oxidation of a starting aldehyde to a carboxylic acid is achieved using the same 
aqueous Cr+6 reagents and the mechanism follows steps 2 & 3.

H H H H H

Mechanism of Oxidation of 
1� Alcohols to Aldehydes 

Using PCC 
in Non-aqueous Solvent 

• The mechanism for the oxidation to the aldehyde is nearly identical to that of the other 
alcohol oxidations to carbonyls discussed previously. 

• However, because PCC is soluble in CH2Cl2 the reaction mixture can be free of water.

• Without water present, the formation of the aldehyde hydrate is not possible, preventing 
subsequent oxidation to the carboxylic acid. 

• Dihydroxylation is the addition of two hydroxy groups to a double bond, forming a
1,2-diol or glycol.

• Depending on the reagent, the two new OH groups can be added to the opposite
sides (anti addition) or the same side (syn addition) of the double bond.

Dihydroxylation

• Anti dihydroxylation is achieved in two steps—epoxidation, followed by ring 
opening with ¯OH or H3O+.

Anti Dihydroxylation via Epoxide



• Syn hydroxylation results when an alkene is treated with either KMnO4 or OsO4.

Syn Dihydroxylation

Examples:

Mechanism:

Low Temp.

• Oxidative cleavage of an alkene breaks both the s and p bonds of the double 
bond to form two carbonyl compounds. 

• Cleavage with ozone (O3) is called ozonolysis.

Ozonolysis: Oxidative Cleavage of Alkenes

• Addition of O3 to the p bond of an alkene forms an unstable intermediate called a molozonide, 
which rearranges to an ozonide in a stepwise process. The unstable ozonide is reduced to 
afford carbonyl compounds.

Mechanism of Ozonolysis

Detailed View:

• Ozonolysis of dienes or other polyenes results in oxidative cleavage of all 
C=C bonds.

• When oxidative cleavage involves a double bond that is part of a ring, the 
ring opens up affording a single chain with two carbonyls at the carbons 
where the double bonds were originally.

• Oxidative cleavage is a valuable tool in structure determination, helping to 
pinpoint the location of double bonds in complex alkene structures.

Oxidative Cleavage of Rings 



• Alkynes undergo oxidative cleavage of the s and both p bonds of the triple bond.

• Internal alkynes are oxidized to carboxylic acids (RCOOH).

• Terminal alkynes afford a carboxylic acid and CO2 from the
sp hybridized C-H bond.

Oxidative Cleavage of Alkynes

• Green chemistry is the use of environmentally benign methods to synthesize 
compounds.

• Its purpose is to use safer reagents and less solvent, and develop reactions that 
form fewer by-products and generate less waste.

• Since many oxidation methods use toxic reagents (such as OsO4 and O3) and 
corrosive acids such as H2SO4, or generate carcinogenic by-products (such as 
Cr3+), alternative less problematic regents have been developed.

• One method uses a polymer supported Cr6+ reagent—Amberlyte A-26 resin-
HCrO4—that avoids the use of strong acid, and forms a Cr3+ by-product that 
can easily be removed from the product by filtration.

Green Chemistry

• Heating the insoluble polymeric reagent with an alcohol results in oxidation to a 
carbonyl compound.

A Green Oxidizing Reagent

• With Amberlyst A-26 resin-HCrO4¯, 1�alcohols are oxidized to aldehydes and 
2� alcohols are oxidized to ketones.

• Potassium peroxymonosulfate, KHSO5 is a sulfur derivative of hydrogen peroxide.

• Sold as a triple salt (2 KHSO5.KHSO4.K2SO4) called Oxone.

• Oxone oxidizes a variety of functional groups without the presence of a heavy metal 
like chromium or magnesium.

• The weak oxygen-oxygen bond of the reagent is cleaved during oxidation.

Green Oxidizing Reagent - Oxone



• In the body, ingested ethanol is oxidized in the liver first to CH3CHO (acetaldehyde), 
and then to CH3COO− (the acetate anion) catalyzed by alcohol dehydrogenase.

• If more ethanol is ingested than can be metabolized, the concentration of 
acetaldehyde increases. 

• Acetaldehyde, which is toxic, is responsible for the feelings associated with a 
hangover.

Metabolism of Ethanol

• If methanol is ingested, it is metabolized by the same enzyme to give an aldehyde
and an acid: formaldehyde and formic acid.

• These compounds are extremely toxic since they cannot be used by the body.

• Blood pH decreases, and blindness and death can follow.

Metabolism of Methanol

• Achiral starting materials react with achiral reagents to give either achiral 
products, or a racemic mixture of two enantiomers.

Achiral Reactions
• In the Sharpless epoxidation, the double bonds of allylic alcohols are oxidized to 

epoxides.

• Since the formation of only one enantiomer is favored, the reaction is said to be 
enantioselective.

• An enantioselective reaction affords predominantly or exclusively one enantiomer.

• A reaction that converts an achiral starting material into predominantly one 
enantiomer is called an asymmetric reaction.

The Sharpless Asymmetric Epoxidation – An Enantioselective Reaction



• The Sharpless reagent consists of three different components: tert-butylhydroperoxide
(CH3)3COOH; a titanium catalyst—usually titanium(IV) isopropoxide, Ti[OCH(CH3)2]4; and 
diethyl tartrate (DET).

• There are two different chiral diethyl tartrate isomers, labeled as (+)-DET or (−)-DET to 
indicate the direction in which they rotate plane polarized light.

• The identity of the DET isomer 
determines which enantiomer is 
the major product obtained in the 
epoxidation.

Sharpless Epoxidation

• To determine which enantiomer is formed from a given isomer of DET, draw the 
allylic alcohol in a plane, with the OH group in the bottom right hand corner.

• Epoxidation with (−)-DET adds an oxygen atom from above the plane.

• Epoxidation with (+)-DET adds an oxygen atom from below the plane.

Determining the Product of Sharpless Epoxidation

• Synthesis of chiral insect pheromones using Sharpless Asymmetric Epoxidation
as a key step.

Synthesis using Asymmetric Epoxidation


