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Carbonyl Compounds

Introduction

• Between carbon in its elemental state, as represented by graphite or

diamond, and carbon in its most oxidised state, as represented by

carbon dioxide, there exist many families at carbon-containing

compounds which comprise a class of compounds known as

organic.

• Among these families, the one which has the greatest membership

and claims a central place in organic chemistry, contains carbon in a

partially oxidised state represented by the general formula

R1R2C=O. The C=O entity is called a “carbonyl group,” and the

members of the family of compounds containing this group are

called “carbonyl compounds”.
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Carbonyl Compounds

1. Compounds containing the carbonyl group, C=O. The term is

commonly used in the restricted sense of aldehydes and ketones,

although it actually includes carboxylic acids and derivatives.

2. Metal carbonyls, in which carbon monoxide is a formal ligand.

Nomenclature of Aldehydes

• The common names of aldehydes are derived from the names of

the corresponding carboxylic acids by replacing -ic acid by

-aldehyde. For IUPAC names of aldehydes, the longest chain

carrying the CHO group is considered the parent structure and is

named by replacing the -e of the corresponding alkane by -al.

The position of a substituent is indicated by a number, the -CHO

carbon always being considered as C-l.



Nomenclature of Ketones

• The simplest aliphatic ketone has the common name of acetone. For

most other aliphatic ketones, the two groups that are attached to

carbonyl carbon are named, and follow these names by the word

ketone. According to the IUPAC system, the longest chain carrying

the carbonyl group is considered the parent structure, and is named

by replacing the -e of the corresponding alkane with -one. The

positions of various groups are indicated by numbers, the carbonyl

carbon being given the lowest possible number.



Nomenclature of Ketones

• A ketone in which the carbonyl

group is attached to a benzene

ring is named as a -phenone, as

illustrated in the Figure 3.



Classification of Carbonyl Compounds



Carbonyl Compounds
• Both aldehydes and ketones contain the carbonyl group, C=O, and

are often referred to collectively as carbonyl compounds. It is the

carbonyl group that largely determines the chemistry of aldehydes

and ketones. Aldehydes and ketones resemble each other closely

in most of their properties. However, there is a hydrogen atom

attached to the carbonyl group of aldehydes, and there are two

organic groups attached to the carbonyl group of ketones.

• This difference in structure affects their properties in two ways:

(a) aldehydes are quite easily oxidized, whereas ketones are

oxidized only with difficulty;

(b) aldehydes are usually more reactive than ketones toward

nucleophilic addition, the characteristic reaction of carbonyl

compounds.



The Structure of the Carbonyl Group 

• The carbonyl double bond, like that found in alkenes,

consists of two parts: one σ bond and one π bond. The σ bond

between the two sp2 hybridized atoms-carbon and oxygen-is formed

from two sp2 hybrid orbitals. The other sp2 orbitals on carbon form

the two σ bonds to the substituents while those on oxygen are filled

by the two lone pairs. The sp2 hybridization means that the carbonyl

group has to be planar, and the angle between the substituents is

close to 120°.

• The remaining p orbital of carbon overlaps with a

p orbital of oxygen to form a π bond; carbon and

oxygen are thus joined by a double bond.

• The part of the molecule immediately surrounding carbonyl carbon

is flat; oxygen, carbonyl carbon, and the two atoms directly

attached to carbonyl carbon lie in a plane.



The Structure of the Carbonyl Group 

• The electrons of the carbonyl double bond hold together atoms of

quite different electronegativity, and hence the electrons are not

equally shared; in particular, the mobile π cloud is pulled strongly

toward the more electronegative oxygen atom.

• The facts are consistent with the orbital picture (Figure 5) of the

carbonyl group. The large dipole moments (2.3-2.8 D) of aldehydes

and ketones indicate that the electrons of the carbonyl group are

quite unequally shared.

• The polarity of the carbon-oxygen “double bond” is thought to

reside both in the σ bond and the π bond and to be partly

responsible for the extra strength as compared with the

carbon-carbon “double bond”.

This Lecture is prepared by Dr. K. K. Mandal, SPCMC, Kolkata



The Structure of the Carbonyl Group 

• Whereas the C=C bond strength (143 kcal mol-1) is less than twice

the C-C bond strength (83 kcal mol-1), the C=O bond strength

(179 kcal mol-1) is more than twice the C-O bond strength

(86 kcal mol-1). This is accounted for by the fact that oxygen (unlike

carbon) has nonbonded electrons and that the repulsion among these

is lower when the oxygen is doubly bonded (sp2 hybridised) than

when singly bonded (sp2 hybridised) .

Table 1: Comparison of Bond Length and 

Bond Strength

Bond/group Bond Length (Ǻ) Bond Energy (kcal mol-1)

C-C (in CH3CH3) 1.54 83

C=C (in H2C=CH2) 1.33 143

C-O (in H3COCH3) 1.43 86

C=O (in isolated 

Carbonyl Compounds)

1.22 179



The Structure of the Carbonyl Group 

• Therefore, the lone pairs are further apart, and so more stable, in

C=O than in C-O. Carbon-oxygen, unlike carbon-carbon, bonds are

polar linkages also plays a part.

• The following diagram (Figure 5) illustrates the bonding of the

simplest carbonyl compound, formaldehyde (CH2O). The π bond

results from overlap of p orbitals of both carbon and oxygen.



The Structure of the Carbonyl Group 

• In the diagram it is seen that the π bond is skewed towards oxygen

atom. This is because oxygen is more electronegative than carbon,

polarizing the orbital as shown. On the other hand, the unfilled π*

antibonding orbital is skewed in the opposite direction, with a larger

coefficient at the carbon atom. The complete picture of the orbitals

of a carbonyl group is shown in the following diagram (Figure 6).



The Structure of the Carbonyl Group 

• Though the C=O double bond is strong, yet it is highly reactive.

Polarization of the C=O bond is the key factor for this. The

polarized C=O bond gives the carbon atom some degree of positive

charge, and this charge attracts negatively charged species, i.e.,

nucleophiles (like cyanide) and encourages reaction.

• The polarization of the antibonding π* orbital towards carbon is

also important, because, when the carbonyl group reacts with a

nucleophile, electrons move from the HOMO of the nucleophile

into the LUMO of the electrophile-in other words the π* orbital of

the C=O bond. The greater coefficient of the π* orbital at carbon

means a better HOMO-LUMO interaction, so this is where the

nucleophile attacks.



General Properties of Aldehydes and Ketones

• Dipole moment measurements of aldehydes and ketones have

shown that the values (2.3-2.8 D) are larger than can be accounted

for by the inductive effect of the oxygen atom, but can be accounted

for if carbonyl compounds are resonance hybrids:

• Thus the carbon atom of the C=O group has a positive charge,

hence positively polarised (electrophilic in character), and

consequently can be attacked by nucleophilic reagents. The

carbonyl group also exhibits basic properties; it is readily

protonated by strong acids to form oxonium salts. Since oxygen is

more electronegative than carbon, it is negatively polarised, and

consequently protonation occurs on oxygen.



General Properties of Aldehydes and Ketones

• Protonation on oxygen atom increases the electrophilic character of

the carbonyl group further and so it is expected that nucleophilic

additions will be catalysed by acids. Therefore, because of the

positive charge on the carbon atom, the C=O group has a strong

-I effect under this condition.

• Many addition reactions of carbonyl compounds may be

represented by the general equation:
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General Properties of Aldehydes and Ketones

• The nuclophilic addition on C=O changes the hybridisation of the

carbonyl carbon atom from sp2 to sp3. This results in increased

crowding and so this reaction is expected to be increasingly

sterically hindered with increasing size of R1 and R2. For aldehydes,

R1 or R2 = H (for formaldehyde, R1 = R2 = H), and hence it can be

anticipated that aldehydes will be more reactive than ketones. This

is observed in practice, reaction being faster and the equilibrium is

shifted more to the right.

• The +I effect of an alkyl group also decreases the reactivity of the

carbonyl group towards nucleophilic reagents, this being due to the

partial neutralisation of the positive charge on the carbonyl carbon

atom. Hence, ketones will be less reactive than aldehydes due to

both steric and electronic factors.
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General Properties of Aldehydes and Ketones



General Properties of Aldehydes and Ketones

• Since, ∆G° = ∆H° - T∆S° = -RTlnK and since the number of

product molecules in both cases is less than the number of reactant

molecules, there will be a decrease of entropy, i.e., the term -T∆S°

will be positive.

• With water, i.e., for hydration of carbonyl compounds, ∆G° must be

positive and the reaction is therefore thermodynamically

unfavourable.

• For hydrogen cyanide, i.e., for cyanohydrin formation of carbonyl

compounds, ∆G° will be considerably less positive (it may actually

be negative if ∆H° > T∆S°) than for the hydration reaction and

consequently, relative to the latter, will be highly

thermodynamically favourable.



Physical  Properties of Aldehydes and Ketones

• The polar carbonyl group makes aldehydes and ketones polar

compounds and hence they have higher boiling points (b.p.) than

nonpolar compounds of comparable molecular weight. By

themselves, they are incapable to form intermolecular hydrogen

bonds, since they contain hydrogen bonded only to carbon; as a

result they have lower boiling points than comparable alcohols or

carboxylic acids.

• For example, n-butyraldehyde (b.p. 76 °C) and ethyl methyl ketone

(b.p. 80 °C) can be compared with n-pentane (b.p. 36 °C) and

diethyl ether (b.p. 35 °C) on the one hand, and with n-butyl alcohol

(b.p. 118 °C) and propionic acid (b.p. 141 °C) on the other. On the

other hands, carbonyl compounds have higher boiling point than the

corresponding alkanes, and this is due to dipole-dipole interactions

in the former.



Physical  Properties of Aldehydes and Ketones

• Since carbonyl compounds can form hydrogen bonds with water

and also form hydrates (to various extents), they are soluble (or

partially soluble) in water. The lower aldehydes and ketones are

appreciably soluble in water. This is because of possibility of the

formation of hydrogen bonding between solute (carbonyl

compounds) and solvent water molecules. Borderline solubility is

reached at about five carbons. Aldehydes and ketones are soluble in

the usual organic solvents.

Table 2: Physical Properties of Aldehydes and Ketones

Compound Boiling Point (°C) Solubility (g/100 g H2O)

Formaldehyde -21 Highly soluble

Acetaldehyde 20 ∞

Propanaldehyde 49 16

n-Butyraldehyde 76 7

Acetone 56 ∞

Ethyl methyl ketone 80 26

2-Pentanone 102 6.3


