
  
  

Chemistry of the Carbonyl Group  
Aldehydes and Ketones  

Structure of carbonyl group 

The carbonyl group consists of a C=O which is polarized because oxygen is more electronegative 
than carbon. This polarization means that oxygen has a higher electron density than carbon. The 

electron-rich oxygen atom can act as a nucleophile in chemical reactions, and the electron deficient 
carbon atom can act as an electrophile. 

 

The molecule model of formaldehyde indicates the relative charges on the atoms. 
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IUPAC Nomenclature of Aldehydes and Ketones 
I. Identify the parent hydrocarbon 

Find the longest continuous chain of carbon atoms containing the carbonyl group. If the compound is 
an aldehyde change the -ane ending of the parent alkane to -al. If the compound is a ketone change 

the -ane ending of the parent alkane to -one.  

II. Number the parent chain and name each substituent 

Number the parent chain starting from the carbonyl carbon if the compound is an aldehyde. If the 
compound is a ketone, start numbering from the end nearer the carbonyl group. Use the number of 
the carbonyl carbon as a prefix to the parent name if the compound is a ketone. For aldehydes the 
number 1 is not necessary. Name and number any other substituents and attach them as a prefix to 

the parent name. 

If the ketone is part of a cycloalkane, begin numbering from the carbonyl carbon and proceed in the 
direction of the nearer substituent. 

III. If other functional groups are present 

Aldehydes and ketones have priority over alkyl, halo, hydroxy, and alkoxy groups. Name and 
number these substituents and attach them as prefixes to the parent name. 

Examples. Click on a structure for its IUPAC name. 
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Aldehydes and ketones have priority over carbon-carbon double and triple bonds. If these groups are 
present, name of the parent hydrocarbon as an alkene or alkyne and change the -e ending to -al for 

aldehydes or -one for ketones. 

If the aldehyde or ketone contains groups with higher priority such as carboxylic acids, give the 
carbonyl group the prefix oxo- and indicate its position.  

Aldehydes have priority over ketones. 

IV. If the aldehyde is attached to a ring. 

If the aldehyde is attached to a ring, give the -CHO the suffix -carbaldehyde and beginning 
numbering the ring from this group. 
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Addition Reactions of Carbonyl Compounds 
The characteristic reaction of aldehydes is addition across the carbon-oxygen double bond. The 
difference in electronegativity between carbon and oxygen results in polarization of the carbonyl 
group and this polarization directs the orientation of addition to aldehydes and ketones. In general, a 
nucleophile attacks the electron deficient carbon and hydrogen ions are attacked by the 
electronegative oxygen.  

  

   

  

  

  

Reaction Map for Carbonyl Addition Reactions 

Some important addition reactions to carbonyl compounds are summarized below. Click on a 
reaction for more information.  
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Addition of Alcohols 
Alcohols, like water, undergo reversible addition to carbonyl groups. If the carbonyl compound is an 

aldehyde, the addition product is a hemiacetal. If the carbonyl compound is a ketone, the addition 
product is a hemiketal. Both of these products are characterized by an sp3 carbon bonded to both an 

alcohol (OH) and ether (OR) group.  
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Like the addition of water, the carbonyl compounds are usually much more stable than the 
hemiacetals or hemiketals. The exception to this generalization occurs when the carbonyl and 
alcohol groups are in the same carbon chain and can react intramolecularly to form a 5 or 6 

membered ring. 

 

The importance of this reaction is in the stability of the cyclic hemiacetal and hemiketal forms of 
carbohydrates. For example, less than 1% of glucose in solution exists in the open chain aldehyde 

form, while greater than 99% exists as a cyclic hemiacetal. 
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In the presence of acids, carbonyl compounds add two equivalents of an alcohol to give acetals or 
ketals. The mechanism involves (1) nucleophilic addition of an alcohol to the carbonyl group to form 

the hemiacetal and (2) substitution of the OH group by an OR group in an SN1 reaction. 

 

Ketals are often used as protecting groups in organic reactions. They mask a sensitive functional 
group during a chemical reaction and are removed to regenerate the functional group. They act as a 
chemical "masking tape". Consider the reduction reactions of ethyl acetoacetate. Lithium aluminum 
hydride is a very reactive hydride donor and reduces both the ester and ketone groups to produce a 
diol. The less reactive sodium borohydride, does not reduce the ester but does react with the ketone 
to form the hydroxyester. Is there a way to reduce the less reactive ester in the presence of the more 

reactive ketone? 
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Yes, by using a protecting group. Ethyl acetoacetate reacts with ethylene glycol in the presence of 
acid to produce a ketal. The ester group can then be reduced with lithium aluminum hydride without 
affecting the ketal. The ketal can then be removed by acid catalysis hydrolysis, reversing the reaction 

that was used to form the ketal.  

  

Addition of Amines 
Amines undergo nucleophilic addition to carbonyl compounds. If the amine is primary or secondary, 

the initial adduct will lose water and yield a species with a carbon-nitrogen double bond called an 
imine. 
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Primary amines such as methyl amine form imines in a reversible reaction. 

 

If the primary amine is hydroxylamine, the product is called an oxime. Oximes are important as 
intermediates in several organic reactions. 

 

A classical test for aldehydes and ketones is the reaction with 2,4-dinitrophenylhydrazine. The 
formation of an orange precipitate, called a hydrazone, is evidence for the presence of a carbonyl 

group. This reaction has been replaced by the use of infrared spectroscopy to determine the presence 
of a carbonyl compound. 

An important application of the formation of amines is the Wolf-Kishner reaction which reduces a 
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carbonyl to a methylene group. In he Wolf-Kishner reaction hydrazine forms an intermediate 
hydrazone which decomposes upon heating in base to give the alkane and nitrogen gas. 

 

  

  

  

  

Addition of Water 
Simple aldehydes and ketones undergo reversible addition of water to form hydrates. The 

equilibrium usually strongly favors the carbonyl compound with a few notable exceptions in which 
the carbonyl group is especially susceptible to nucleophilic attack.  

 

Formaldehyde is a gas at ambient temperature but dissolves in water to form a 37% solution known 
as formalin. Formalin has long been used to preserve biological specimens until studies revealed that 

exposure was linked to nasal cancer. 

 

Chloral (trichloroethanal or tricholoroacetaldehyde) forms a hydrate, chloral hydrate, which is used 
as a sedative. A solution of chloral hydrate in ethanol is the Mickey Finn featured in many detective 

movies.  
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Wittig Reaction 
In 1979 George Wittig received the Nobel Prize in Chemistry for his discovery of a new method for 

the formation of carbon-carbon double bonds. This reaction which now bears his name is a very 
useful reaction for converting carbonyl compounds to alkenes. 

This reaction involves the nucleophilic addition of a carbanion stabilized by a phosphonium cation. 
This dipolar but neutral species is called an ylide.  

The ylide (pronounce as "ill id") contains a carbanion but the positively charged phosphorus leaves 
the molecule with no net charge. The carbanion is a good nucleophile which attacks the carbonyl 

group of an aldehyde or ketone to give an intermediate which closes to form a four membered ring 
which undergoes a rearrangement to give an alkene and trimethylphosphonium oxide. 
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The Wittig reaction has two advantages over other methods for making an alkene from a carbonyl 
compound:  

The Wittig reaction is performed under mild, neutral conditions.  
The position of the double bond is known unambiguously. Other methods for making alkenes 

such as the dehydration of an alcohol usually give mixtures of products.  

Compare the Grignard reaction of methyl magnesium bromide followed by acid catalyzed 
dehydration. 

 

An example of the utility of the Wittig reaction can be shown by the synthesis of muscalure, the sex 
pheromone of the house fly. 
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Oxidation of Alcohols 
Ethanol is the alcohol least toxic to humans. Ingestion of methanol can lead to blindness and 

acidosis. Propanol and higher alcohols are more toxic than ethanol but are rarely abused. Ethylene 
glycol, a common ingredient in antifreeze, is also toxic. Deaths of animals and humans have 

occurred from drinking antifreeze containing ethylene glycol. The lower toxicity of ethanol is due to 
the body's ability to metabolize it into acetic acid, an important chemical in many biochemical 

processes in the body.  

Ethanol is metabolized to acetaldehyde in the liver by an enzyme called alcohol dehydrogenase. 
Acetaldehyde is quite toxic and is rapidly metabolized to acetic acid by another enzyme 

(acetaldehyde dehydrogenase).  

 

Acetic acid is used in the body as a building block for fats, carbohydrates, and as an energy source. 
The products of metabolism of other alcohols are responsible for their toxic effects. Methanol is 

metabolized to formaldehyde and formic acid, products that are responsible for toxicity. Ethylene 
glycol is metabolized to oxalic acid which binds calcium ions and is probably responsible for the 

kidney failure associated with ethylene glycol ingestion.  
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Organic chemists classify these transformations as oxidation reactions. Inorganic chemists usually 
think of oxidation as the loss of electrons and reduction as the gain of electrons. Organic chemists 
usually use operation definitions of oxidation and reduction based on changes in the composition of 
a molecule. While there are rules for calculating the oxidation number of an atom in an organic 
molecule, these numbers are usually not used by organic chemists. The ability to classify a reaction 
as an oxidation or reduction is more important in understanding the processes involved and in 
selecting reagents to accomplish a desired transformation.  

X is a halogen.  

The loss or gain of H2O, or HX are not considered oxidation-reduction reactions. 
 

Oxidation of Primary and Secondary Alcohols  

The fate of an alcohol in an oxidation reaction depends on its structure. Let's compare the reactivity 
of ethanol (a primary alcohol), 2-propanol (a secondary alcohol), and 2-methyl-2-propanol (a tertiary 
alcohol) toward chromic acid. The Cr(VI) ion in chromic acid is yellow. The solution turns to green 
reflecting the reduction to Cr(III).  

In general, any primary alcohol can be oxidized to an aldehyde by removal of H2.
 

   

An aldehyde can be oxidized to a carboxylic acid. One way to visualize this process is to imagine 
that the aldehyde reacts with water to form a tetrahedral intermediate. This step is not an oxidation 

since H2O was added. Elimination of H2 , an oxidation, results in a carboxylic acid. 

oxidation  loss of H2
 gain of O, O2, or X2

 

reduction gain of H2
 loss of O, O2, or X2

 

Exercise  
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A secondary alcohol such as 2-propanol can be oxidized to a ketone by elimination of H2. Ketones 
usually resist further oxidation. 

   

A tertiary alcohol such as 2-methyl-2-propanol, is resistant to oxidation because there are no 
hydrogen atoms on the carbon containing the -OH group. 

   

Oxidation of Aldehydes  
Aldehydes are readily oxidized to carboxylic acids by a variety of oxidizing agents. Tollens reagent, 
Ag2O in a basic aqueous solution, is a very mild oxidizing agent which oxidizes aldehyde groups but 
not alcohols or carbon-carbon double bonds that would react with more vigorous oxidizing agents.  
The silver (I) oxide is reduced to metallic silver which can plate on the glass sides of the reaction 
vessel producing a mirror.  This reaction is often used as a test to distinguish aldehydes from ketones 
which are not oxidized by this reagent.  
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Oxidizing agents 

Primary and secondary alcohols may be oxidized with a variety of reagents. The table shows the 
most common oxidizing agents and the active species.  

Oxidation of secondary alcohols to ketones is easily accomplished using a variety of oxidizing 
reagents. For example, borneol can be oxidized to camphor using sodium hypochlorite (household 
bleach) in aqueous acetic acid. 

   

Chromic acid is also commonly used. In this reaction the alcohol is oxidized to a ketone and the 
orange-red Cr(VII) is reduced to the green Cr(III).  

oxidizing agent formula active species 

chromic acid H2CrO4
 Cr(VI) 

potassium permanganate KMnO4
 Mn(VII) 

sodium hypochlorite NaOCl Cl(I) 
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Oxidation of primary alcohols to aldehydes is difficult because aldehydes are readily oxidized to 
carboxylic acids. Chromic acid usually oxidizes primary alcohols all the way to carboxylic acids. 

   

The reagent of choice to prepare aldehydes from primary alcohols is pyridinium chlorochromate 
(PCC). 

   

  

  

Reduction of Carbonyl Compounds 
Reduction of carbonyl compounds is a very common organic transformation. Usually reduction 

occurs by the addition of hydrogen across the carbon-oxygen double bond, but in some cases 
reduction can occur to give the methylene group.  
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Reaction Map 

The following reaction map shows some of the major products of the oxidation/reduction cycle for 
carbonyl compounds. Click on a reaction for more information.  

 .. 

Reducing Agents 

Two types of reducing agents are commonly used for carbonyl compounds.  

Hydrogen with a catalyst (catalytic hydrogenation)  
Hydride donors  

Catalytic Hydrogenation 

Molecular hydrogen (H2) can undergo addition to carbon-oxygen double bonds just like carbon-
carbon double bonds, but this reagent is not commonly used. The most common reagents for the 
reduction of carbonyl compounds are sodium borohydride and lithium aluminum hydride. These 

hydride reagents are selective for polar carbonyl groups and do not reduce simple alkenes. Lithium 
aluminum hydride is highly reactive and can reduce carboxylic acids, esters, and amides as well as 

simple aldehydes and ketones.  

Hydride Donors 

Sodium borohydride and lithium aluminum hydride serve to donate a hydride ion to the polarized 
carbonyl group. Addition of hydride ion followed by addition of a proton from the solvent or during 

workup of the reaction is the equivalent of the addition of H2.  
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The relationship between hydrogen atoms, protons, and hydride ions.  

 

Reduction of a carbonyl group with hydride ion followed by protonation.  

Sodium borohydride is made by the reaction of sodium hydride with the Lewis acid borane. The 
resulting compound is a white solid that is stable in alcohol solvents and is easily handled.  

 

Lithium aluminum hydride is much more reactive and reacts explosively with water to generate 
hydrogen gas which may ignite from the heat of reaction. Lithium aluminum hydride reacts with 

moist air and must be handled carefully and the excess reagent must be disposed of carefully. Ether 
solvents such as tetrahydrofuran are commonly used for lithium aluminum hydride reductions.  

 

Reduction of Aldehydes and Ketones 

Aldehydes are reduced to primary alcohols and ketones are reduced to secondary alcohols.  
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Reduction of Carboxylic Acids 

Carboxylic acids are less reactive than aldehydes or ketones but can be reduced with lithium 
aluminum hydride to give primary alcohols.  

 

Reduction of Esters 

The carbonyl group of esters is also much less reactive toward nucleophilic attack than that of 
aldehydes and ketones. Lithium aluminum hydride will reduce esters to primary alcohols.  

 

Reduction of Amides 

Lithium aluminum hydride will reduce amides to amines. The intermediate undergoes elimination of 
an aluminum oxide to form an imine which is further reduced to the amine.  

Page 20 of 24

6/14/02file://D:\MYWEBP~1\aldehyde&keton\aldehyde_keton11.htm



 

  

  

α-Substitution Reactions of Carbonyl Compounds 
The iodoform reaction is a classical test for methyl ketones. When treated with iodine and sodium 

hydroxide, methyl ketones react to give carboxylate anions and the yellow solid iodoform. 

 
Positive iodoform test for 2-
pentanone (left). 3-pentanone 
(right) gives a negative test.  
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This reaction has been supplanted by spectroscopic methods for structure determination, but the 
analogous reaction with chlorine is responsible for the production of chloroform and other 

trihalomethanes from organic compounds during the chlorination of drinking water. 

How does this reaction occur? In examining the mechanism of the iodoform reaction we find that the 
initial product of the reaction is a trihaloketone. In our previous discussion of carbonyl chemistry, we 
examined nucleophilic addition to the carbonyl group. We shall see that a second mode of carbonyl 
reactivity involves the acidity of hydrogen atoms next to the carbonyl group. Such hydrogens are 

called α- hydrogens. The carbon atoms of carbonyl compounds and their corresponding hydrogens 
are designated with Greek letters beginning with the carbon adjacent to the carbonyl group as shown 

for 4-heptanone. 

 

Acidity of α-hydrogens 

Strong bases can remove the α-hydrogens of carbonyl compounds forming enolate anions. The α-
hydrogens are acidic because their conjugate bases are stabilized by delocalization. The 

delocalization of enolate anions resembles that of carboxylate ions except that a carbon atom must 
bear some negative charge. Because oxygen is more electronegative than carbon, we would predict 
that enolate anions would be less stable than carboxylate anions. The corresponding ketone would 
then be a weaker acid than a carboxylic acid. The pKa of carboxylic acids is about 5 while that of 

ketones is about 20.  

Hydrogens in the α-position can also be removed by acid catalysts forming an isomer called an enol 
(for alkene + alcohol). The enol is in equilibrium with the keto form. Isomers that are converted only 

by changing the position of a hydrogen atom are called tautomers and the process is called 
tautomerization. 
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Tautomerization takes place without acid catalysis but normally occurs only a very small extent. For 
example, at room temperature there is about 1 enol molecule for every 100,000,000 ketone 

molecules. 
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