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FOREWORD 
 

     This course has been planned for fulfilling the content capability of future 

teachers who will be enrolled in B. Ed 4 years or B. Ed 2.5 years in Allama Iqbal 

Open University. This book may be beneficial for meeting the needs of the 
advance content for students and teachers. Scientific knowledge is expanding at a 

high speed. This is the age of scientific revolution and conceptions. which need 

skillful technologies. Allama Iqbal Open University and Science Education 
Department has accepted to maintain the excellence and adequacy. This book is 

one of those series of books which will enable the teachers to cope with changing 

needs of the society and students. 
 

This book is not written by a single author but a group of authors having 

vast experience in the field of Chemistry. The course development team was 
committed to make it possible in this shape. Now it is a complete book written 

according to the approved content and format of AIOU. Students of this level 

from any university can also get assistance from this manuscript.  
 

The focus of this book is to provide the students with best knowledge, 

skills and content in the subject of Chemistry. With the help of this book science 
students can explore the natural world, can understand the dynamics of Chemistry 

and discover new dimensions in the field. Keeping in view the qualitative aspect 

of education and an increasing demand of science teachers, stress is rested upon 
science content as well as strengthening their professional skills and knowledge. 

The elements of motivation and love are also considered.    

 
We welcome suggestions and comments for improvements from the 

readers, teachers and public at large for the improvement of this course. 

 
 

 
 

Prof. Dr. Nasir Mahmood 
Chairman  

Science Education Department 
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PREFACE 

Nevertheless, there is lot of books accessible in market, but there is no book 
which fulfills the requirements of University approved outlines. Some cover one area of 
content, while other covers another area. In this way there would be a lot of financial 
burden and dispersed focus. 

 
 Further AIOU has its own requirement either to provide compiled material or 
textbook. This book is one of those series for coverage of content area requirement for B. 
Ed 4 Years and B. Ed 2.5 years in the field of Chemistry. 
 
 This book is written as per prescribed procedure of book development. After 
approval of content from all statuary bodies, approval for starting development of this 
book was sought. Great stress has been laid in making the course to facilitate prospectus, 
in service and pre-service teachers for content knowledge regarding Chemistry. The 
course is equipped with illustrations for better understanding of the reader. Each unit is 
equipped with necessary illustrations, activities and self-assessment exercises. This is a 
quick effort and may have some errors and omissions for which we shall welcome 
suggestions for improvement in the next edition. 
 

AIOU hopes that this book will prove finest for the content knowledge regarding 
Chemistry at this level. 
 
 
 
 

Dr. Aftab Ahmed 
Course Development Coordinator 
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OBJECTIVES OF THE COURSE 
 

After completing this course, you will be able to: 

 explain the behaviour of Organic Compounds. 

 explain the saturated and unsaturated Hydrocarbons. 

 understand the formal introduction of Functional Groups. 

 elaborate the Alkyl Halides and Aromatic Hydrocarbons. 

 explain the interconversion of various functional groups. 

 describe the Alcohols, Phenols, and Ethers, etc. 

 differentiate various types of Stereoisomerism 
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Introduction 
A covalent bond is a chemical bond that involves the sharing of 

pairs between atoms. These electron pairs are known as shared pairs or bonding 
pairs, and the stable balance of attractive and repulsive forces between atoms, 
when they share electrons, is known as covalent bonding. For many molecules, 
the sharing of electrons allows each atom to attain the equivalent of a full outer 
shell, corresponding to a stable electronic configuration. In organic chemistry, 
covalent bonds are much more common than ionic bonds.

The simplest example of bonding can be demonstrat
molecule. We can see from the periodic table that each hydrogen atom has a 
single electron. If 2 hydrogen atoms come together to form a bond, then each 
hydrogen atom effectively has a share in both electrons and thus each resembles a 
noble gas and is more stable. The 2 electrons that are shared can be represented 
either by 2 dots or a single dash between the atoms.

Valence bond theory describes a chemical bond as the overlap of atomic 
orbitals. In the case of the hydrogen molecule, the 1s 
atom overlaps with the 1s orbital of the second hydrogen atom to form a 
molecular orbital called a sigma bond. Attraction increases as the distance 
between the atoms gets closer but nuclear
the atoms approach too close. In the molecule H
two electrons via covalent bonding. Covalency is greatest between atoms of 
similar electronegativities. Thus, covalent bonding does not necessarily require 
that the two atoms be of
electronegativity. Covalent bonding that entails sharing of electrons over more 
than two atoms is said to be delocalized.

There are a number of theories to describe chemical bonding including 
Valance Bond Theory
attempts to rationalize the geometry o
In both cases the idea of a chemical bond results from two (or more) atoms 
"sharing" electrons between them to complete the valance shell octet of the atom 
(i.e. a covalent bond). The atoms can share electrons when
interact with each other, overlapping to produce a common orbital shared by both 
atoms and containing two electrons. 
The strength of the interaction between 
 The relative energies of the two atomic orbitals which will combine to 

form the new "bonding" orbital. The closer the two atomic orbitals 
energies are to start, the stronger the interaction. 
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A covalent bond is a chemical bond that involves the sharing of 
pairs between atoms. These electron pairs are known as shared pairs or bonding 
pairs, and the stable balance of attractive and repulsive forces between atoms, 
when they share electrons, is known as covalent bonding. For many molecules, 

of electrons allows each atom to attain the equivalent of a full outer 
shell, corresponding to a stable electronic configuration. In organic chemistry, 
covalent bonds are much more common than ionic bonds. 

The simplest example of bonding can be demonstrated by the H
molecule. We can see from the periodic table that each hydrogen atom has a 
single electron. If 2 hydrogen atoms come together to form a bond, then each 
hydrogen atom effectively has a share in both electrons and thus each resembles a 

and is more stable. The 2 electrons that are shared can be represented 
either by 2 dots or a single dash between the atoms. 

Valence bond theory describes a chemical bond as the overlap of atomic 
orbitals. In the case of the hydrogen molecule, the 1s orbital of one hydrogen 
atom overlaps with the 1s orbital of the second hydrogen atom to form a 
molecular orbital called a sigma bond. Attraction increases as the distance 
between the atoms gets closer but nuclear-nuclear repulsion becomes important if 

atoms approach too close. In the molecule H2, the hydrogen atoms share the 
two electrons via covalent bonding. Covalency is greatest between atoms of 
similar electronegativities. Thus, covalent bonding does not necessarily require 
that the two atoms be of the same elements, only that they be of comparable 
electronegativity. Covalent bonding that entails sharing of electrons over more 
than two atoms is said to be delocalized. 

There are a number of theories to describe chemical bonding including 
Valance Bond Theory and Molecular Orbital Theory. In both cases the theory 
attempts to rationalize the geometry of a molecule based on how the bonds form. 
In both cases the idea of a chemical bond results from two (or more) atoms 
"sharing" electrons between them to complete the valance shell octet of the atom 

a covalent bond). The atoms can share electrons when the 
interact with each other, overlapping to produce a common orbital shared by both 
atoms and containing two electrons.  
The strength of the interaction between two orbitals depends on:  

The relative energies of the two atomic orbitals which will combine to 
form the new "bonding" orbital. The closer the two atomic orbitals 
energies are to start, the stronger the interaction.  

A covalent bond is a chemical bond that involves the sharing of electron 
pairs between atoms. These electron pairs are known as shared pairs or bonding 
pairs, and the stable balance of attractive and repulsive forces between atoms, 
when they share electrons, is known as covalent bonding. For many molecules, 

of electrons allows each atom to attain the equivalent of a full outer 
shell, corresponding to a stable electronic configuration. In organic chemistry, 

ed by the H2 
molecule. We can see from the periodic table that each hydrogen atom has a 
single electron. If 2 hydrogen atoms come together to form a bond, then each 
hydrogen atom effectively has a share in both electrons and thus each resembles a 

and is more stable. The 2 electrons that are shared can be represented 

 
Valence bond theory describes a chemical bond as the overlap of atomic 

orbital of one hydrogen 
atom overlaps with the 1s orbital of the second hydrogen atom to form a 
molecular orbital called a sigma bond. Attraction increases as the distance 

nuclear repulsion becomes important if 
, the hydrogen atoms share the 

two electrons via covalent bonding. Covalency is greatest between atoms of 
similar electronegativities. Thus, covalent bonding does not necessarily require 

the same elements, only that they be of comparable 
electronegativity. Covalent bonding that entails sharing of electrons over more 

There are a number of theories to describe chemical bonding including 
. In both cases the theory 

f a molecule based on how the bonds form. 
In both cases the idea of a chemical bond results from two (or more) atoms 
"sharing" electrons between them to complete the valance shell octet of the atom 

the atomic orbitals 
interact with each other, overlapping to produce a common orbital shared by both 

The relative energies of the two atomic orbitals which will combine to 
form the new "bonding" orbital. The closer the two atomic orbitals 
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 The degree of overlap between two orbitals. For the two atomic orbitals to 
form a new bonding orbital they must merge together to form a common 
volume for the two electrons to share. Due to their relative shapes two "s" 
orbitals can overlap to a greater extent than two "p" orbitals. This means 
that sigma (σ) type bonds are stronger than pi (π) type bonds.  

This orbital overlap can produce two unique types of bonds based on where the 
electron density of the resulting "bonding orbital" is located:  
 Sigma (σ) bonds have the maximum electron density located along the 

internuclear axis.  
 Pi (π) bonds have the maximum electron density located off the 

internuclear axis. 
The reason atoms form bonds is that the molecule is more stable (lower in 

energy) than the isolated atoms. The "sharing" of electrons in a bond allow both 
atom to achieve a stable electronic structure, a full shell configuration similar to 
the noble gases (i.e. the so called "octet rule").  

 
Objectives 
After reading this unit, you will be able to learn about: 

1.  what are the atomic and molecular orbitals 

2.  how orbitals take part in the formation of covalent molecules  

3.  electronegativity and polarity of covalent bond 

4.  inductive effect and dipole moment of covalent molecules 

 
 
 
 
 
 
 
 
 
 
  



 

1.1  Atomic Structure, Atomic Orbital, Mo
Atoms consist of a nucleus containing protons and neutrons, surrounded 

by electrons revolving in definite paths around nucleus called orbitals. Total 
number of electrons in an atom is always equal to the total number of protons, so 
atom as a whole is neutral. The numbers of subatomic particles in an atom can be 
calculated from its atomic number and mass number.

A more detailed model of covalent bonding requires a consideration of 
valence shell atomic orbitals. For second period elements suc
and oxygen, these orbitals have been designated 2
distribution of electrons occupying each of these orbitals is shown in the diagram 
below.  
 

Figure 1.1: Atomic Orbitals
The valence shell electronic 

2pz
0. If this were the configuration used in covalent bonding, carbon would only 

be able to form two bonds. In this case, the valence shell would have six 
electrons- two shy of an octet. However, the tetrahedral 
carbon tetrachloride demonstrate that carbon can form four equivalent bonds, 
leading to the desired octet. In order to explain this covalent bonding, Linus 
Pauling proposed an orbital hybridization model in which all the valence s
electrons of carbon are reorganized. 
 
Hybrid Orbitals 

In order to explain the structure of methane (CH
orbitals are converted to four equivalent 
25% s and 75% p character, and designated sp
specific orientation, and the four are naturally oriented in a tetrahedral fashion. 
Thus, the four covalent bonds of methane consist of shared electron pairs with 
four hydrogen atoms in a tetrahedral configuration, as predict
theory.  
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Atomic Structure, Atomic Orbital, Molecular Orbitals
Atoms consist of a nucleus containing protons and neutrons, surrounded 

by electrons revolving in definite paths around nucleus called orbitals. Total 
number of electrons in an atom is always equal to the total number of protons, so 

a whole is neutral. The numbers of subatomic particles in an atom can be 
calculated from its atomic number and mass number. 

A more detailed model of covalent bonding requires a consideration of 
valence shell atomic orbitals. For second period elements such as carbon, nitrogen 
and oxygen, these orbitals have been designated 2s, 2px, 2py& 2p
distribution of electrons occupying each of these orbitals is shown in the diagram 

Figure 1.1: Atomic Orbitals 
The valence shell electronic configuration of carbon is 2

. If this were the configuration used in covalent bonding, carbon would only 
be able to form two bonds. In this case, the valence shell would have six 

two shy of an octet. However, the tetrahedral structures of methane and 
carbon tetrachloride demonstrate that carbon can form four equivalent bonds, 
leading to the desired octet. In order to explain this covalent bonding, Linus 
Pauling proposed an orbital hybridization model in which all the valence s
electrons of carbon are reorganized.  

In order to explain the structure of methane (CH4), the 2s and three 2p 
orbitals are converted to four equivalent hybrid atomic orbitals
25% s and 75% p character, and designated sp3. These hybrid orbitals have a 
specific orientation, and the four are naturally oriented in a tetrahedral fashion. 
Thus, the four covalent bonds of methane consist of shared electron pairs with 
four hydrogen atoms in a tetrahedral configuration, as predict

lecular Orbitals 
Atoms consist of a nucleus containing protons and neutrons, surrounded 

by electrons revolving in definite paths around nucleus called orbitals. Total 
number of electrons in an atom is always equal to the total number of protons, so 

a whole is neutral. The numbers of subatomic particles in an atom can be 

A more detailed model of covalent bonding requires a consideration of 
h as carbon, nitrogen 

& 2pz. The spatial 
distribution of electrons occupying each of these orbitals is shown in the diagram 

 

configuration of carbon is 2s
2, 2px

1, 2py
1& 

. If this were the configuration used in covalent bonding, carbon would only 
be able to form two bonds. In this case, the valence shell would have six 

structures of methane and 
carbon tetrachloride demonstrate that carbon can form four equivalent bonds, 
leading to the desired octet. In order to explain this covalent bonding, Linus 
Pauling proposed an orbital hybridization model in which all the valence shell 

), the 2s and three 2p 
hybrid atomic orbitals, each having 

. These hybrid orbitals have a 
specific orientation, and the four are naturally oriented in a tetrahedral fashion. 
Thus, the four covalent bonds of methane consist of shared electron pairs with 
four hydrogen atoms in a tetrahedral configuration, as predicted by VSEPR 
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1.2  Hybridization of Atomic Orbitals 
Hybridization is defined as the concept of mixing two atomic orbitals with 

the same energy levels to give a degenerated new type of orbitals. This 
intermixing is based on quantum mechanics. The atomic orbitals of the same 
energy level can only take part in hybridization and both full filled and half-filled 
orbitals can also take part in this process provided they have equal energy. So, 
hybridization can be defined as 

“Redistribution of the energy of orbitals of individual atoms to give 
orbitals of equivalent energy happens when two atomic orbitals combine together 
to form hybrid orbital in a molecule. This process is called hybridization. The 
new orbitals thus formed are known as hybrid orbitals.” 
During the process of hybridization, the atomic orbitals of similar energy are 
mixed together such as the mixing of two ‘s’ orbitals or two ‘p’ orbital’s or 
mixing of an ‘s’ orbital with a ‘p’ orbital or ‘s’ orbital with a ‘d’ orbital. 
 
1.2.1 Key Features of Hybridization 
 Atomic orbitals with equal energies undergo hybridization. 
 The number of hybrid orbitals formed is equal to the number of atomic 

orbitals mixing. 
 It is not necessary that all the half-filled orbitals must participate in 

hybridization. Even completely filled orbitals with slightly different 
energies can also participate. 

 Hybridization happens only during the bond formation and not in an 
isolated gaseous atom. 

 The shape of the molecule can be predicted if hybridization of the 
molecule is known. 

 The bigger lobe of the hybrid orbital always has a positive sign while the 
smaller lobe on the opposite side has a negative sign. 

1.2.2  Types of Hybridization 
Based on the types of orbitals involved in mixing, the hybridization can be 

classified as sp3, sp2, sp, sp3d, sp3d2, sp3d3. Let us now discuss the various types of 
hybridization along with their examples. 
sp Hybridization 

sp hybridization is observed when one s and one p orbital in the same 
main shell of an atom mix to form two new equivalent orbitals. The new orbitals 
formed are called sp hybridized orbitals. It forms linear molecules with an angle 
of 180° 
 This type of hybridization involves the mixing of one ‘s’ orbital and one 

‘p’ orbital of equal energy to give a new hybrid orbital known as an sp 
hybridized orbital. 



 

 sp hybridization is also called diagonal hybridization.
 Each sp hybridized orbital has an eq

50% s and p character.

Figure 1.2: Examples of sp Hybridization:
 All compounds of beryllium
 All compounds of carbon
sp2 Hybridization 
sp2 hybridization is observed when one s and two p orbitals of the same shell of 
an atom mix to form 3 equivalent orbital.
called sp2 hybrid orbitals.
 sp2 hybridization is also called trigonal hybridization.
 It involves mixing of one ‘s’ orbital and two ‘p’ orbitals of equal energy to 

give a new hybrid orbital known as sp
 A mixture of s and p orbital formed

maintained at 120
 All the three hybrid orbitals remain in one plane and make an angle of 

120° with one another. Each of the hybrid orbitals formed has 33.33% s 
character and 66.66%

 The molecules
hybridized have a triangular planar shape.

Figure 1.3: Examples of sp
 All the compounds of Boron i.e. BF
 All the compounds of carbon

Ethylene (C2H4
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sp hybridization is also called diagonal hybridization. 
Each sp hybridized orbital has an equal amount of s and p character, i.e., 
50% s and p character. 

Figure 1.2: Examples of sp Hybridization: 
compounds of beryllium like BeF2, BeH2, BeCl2 

All compounds of carbon-containing triple Bond like C2H2. 

is observed when one s and two p orbitals of the same shell of 
an atom mix to form 3 equivalent orbital. The new orbitals formed are 

hybrid orbitals.  
hybridization is also called trigonal hybridization. 

It involves mixing of one ‘s’ orbital and two ‘p’ orbitals of equal energy to 
give a new hybrid orbital known as sp2. 
A mixture of s and p orbital formed in trigonal symmetry and is 
maintained at 1200. 
All the three hybrid orbitals remain in one plane and make an angle of 
120° with one another. Each of the hybrid orbitals formed has 33.33% s 
character and 66.66% ‘p’ character. 

molecules in which the central atom is linked to 3 atoms and is sp2 
hybridized have a triangular planar shape. 

Figure 1.3: Examples of sp2 Hybridization 
All the compounds of Boron i.e. BF3, BH3 

compounds of carbon containing a carbon-carbon double bond, 

4) 

ual amount of s and p character, i.e., 

 

 

is observed when one s and two p orbitals of the same shell of 
itals formed are 

It involves mixing of one ‘s’ orbital and two ‘p’ orbitals of equal energy to 

in trigonal symmetry and is 

All the three hybrid orbitals remain in one plane and make an angle of 
120° with one another. Each of the hybrid orbitals formed has 33.33% s 

in which the central atom is linked to 3 atoms and is sp2 

 

carbon double bond, 



 

 
sp3 Hybridization 
When one ‘s’ orbital and 3 ‘p’ orbitals belonging to the same shell of an atom mix 
together to form four new equivalent orbital, the type of hybridization is called 
a tetrahedral hybridization or sp
called sp3 hybrid orbitals.
 These are directed towards the four corners of a regular 

make an angle of 109°28’ with one another.
  The angle between the sp3 hybrid orbitals is 109.28
 Each sp3 hybrid orbital has 25% s character and 75% p character.
 Example of sp3

Figure 1.4: example of sp3 hybridization
sp3d Hybridization 
sp3d hybridization involves the mixing of 3p orbitals and 1d orbital to form 5 sp3d 
hybridized orbitals of equal energy. They have trigonal bipyramidal geometry.
 The mixture of s, p and d orbital forms trigonal bipyramidal symmetry.
 Three hybrid orbitals lie in the horizontal plane inclined at an angle of 

120° to each other known as the equatorial o
 The remaining two orbitals lie in the vertical plane at 90 degrees plane of 

the equatorial orbitals known as axial orbitals.

Figure 1.5  Hybridization in
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When one ‘s’ orbital and 3 ‘p’ orbitals belonging to the same shell of an atom mix 
to form four new equivalent orbital, the type of hybridization is called 

tetrahedral hybridization or sp3. The new orbitals formed are 
hybrid orbitals. 

These are directed towards the four corners of a regular tetrahedron
make an angle of 109°28’ with one another. 
The angle between the sp3 hybrid orbitals is 109.280 

hybrid orbital has 25% s character and 75% p character.
3 hybridization: ethane (C2H6), methane. 

 

Figure 1.4: example of sp3 hybridization 

d hybridization involves the mixing of 3p orbitals and 1d orbital to form 5 sp3d 
orbitals of equal energy. They have trigonal bipyramidal geometry.

The mixture of s, p and d orbital forms trigonal bipyramidal symmetry.
Three hybrid orbitals lie in the horizontal plane inclined at an angle of 
120° to each other known as the equatorial orbitals. 
The remaining two orbitals lie in the vertical plane at 90 degrees plane of 
the equatorial orbitals known as axial orbitals. 

 
Hybridization in Phosphorus pentachloride (PCl5) 

When one ‘s’ orbital and 3 ‘p’ orbitals belonging to the same shell of an atom mix 
to form four new equivalent orbital, the type of hybridization is called 

. The new orbitals formed are 

tetrahedron and 

hybrid orbital has 25% s character and 75% p character. 

 

d hybridization involves the mixing of 3p orbitals and 1d orbital to form 5 sp3d 
orbitals of equal energy. They have trigonal bipyramidal geometry. 

The mixture of s, p and d orbital forms trigonal bipyramidal symmetry. 
Three hybrid orbitals lie in the horizontal plane inclined at an angle of 

The remaining two orbitals lie in the vertical plane at 90 degrees plane of 



 

 
sp3d2 Hybridization 
 sp3d2 hybridization has 1s, 3p and 2d orbitals, that undergo intermixing to 

form 6 identical sp
 These 6 orbitals are directed towards the corners of an octahedron.
 They are inclined at an angle of 90 degrees to 
 

 
1.3  Shapes of Molecules, Bond Order, 

Length, and Bond Energies
Covalent bonds can be characterized on the basis of several bond 

parameters such as bond order, bond angle, bond length, and bond energy (also 
known as bond enthalpy). These bond parameters offer insight into the stability of 
a chemical compound and the strength of the chemical bonds holding its atoms 
together. 
 
1.3.1  Bond Order 

The bond order of a covalent bond is the total number of covalently 
bonded electron pairs between two atoms in a molecule. It can be found by 
drawing the Lewis structure
electron pairs between the atoms in question.
 Single bonds have a bond order of 1.
 Double bonds have a bond order of 2.
 Triple bonds have a bond order of 3.
Note:  If the bond order of a covalent bond is 0, the two atoms in question are not 

covalently bonded (no bond exists).
Examples 
 The bond order of the 

1 and that of the carbon
 The bond order of the oxygen
 In a carbon monoxide molecule, the carbon

of 3, as illustrated in th

 Since the nitrate ion is stabilized by resonance, the bond order of the 
nitrogen-oxygen bond is 4/3 or 1.33. It is calculated by dividing the total 
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hybridization has 1s, 3p and 2d orbitals, that undergo intermixing to 
form 6 identical sp3d2 hybrid orbitals. 
These 6 orbitals are directed towards the corners of an octahedron.
They are inclined at an angle of 90 degrees to one another. 

Shapes of Molecules, Bond Order, Bond Angle, Bond 
nd Bond Energies 

Covalent bonds can be characterized on the basis of several bond 
parameters such as bond order, bond angle, bond length, and bond energy (also 

enthalpy). These bond parameters offer insight into the stability of 
a chemical compound and the strength of the chemical bonds holding its atoms 

The bond order of a covalent bond is the total number of covalently 
on pairs between two atoms in a molecule. It can be found by 

Lewis structure of the molecule and counting the total number of 
electron pairs between the atoms in question. 

onds have a bond order of 1. 
Double bonds have a bond order of 2. 
Triple bonds have a bond order of 3. 
If the bond order of a covalent bond is 0, the two atoms in question are not 
covalently bonded (no bond exists). 

The bond order of the carbon-hydrogen bond in C2H2 (ethyne/acetylene) is 
1 and that of the carbon-carbon bond is 3. 
The bond order of the oxygen-oxygen bond in an O2 molecule is 2.
In a carbon monoxide molecule, the carbon-oxygen bond has a bond order 
of 3, as illustrated in the Lewis structure provided below. 

 
Since the nitrate ion is stabilized by resonance, the bond order of the 

oxygen bond is 4/3 or 1.33. It is calculated by dividing the total 

hybridization has 1s, 3p and 2d orbitals, that undergo intermixing to 

These 6 orbitals are directed towards the corners of an octahedron. 
 

Bond Angle, Bond 

Covalent bonds can be characterized on the basis of several bond 
parameters such as bond order, bond angle, bond length, and bond energy (also 

enthalpy). These bond parameters offer insight into the stability of 
a chemical compound and the strength of the chemical bonds holding its atoms 

The bond order of a covalent bond is the total number of covalently 
on pairs between two atoms in a molecule. It can be found by 

of the molecule and counting the total number of 

If the bond order of a covalent bond is 0, the two atoms in question are not 

(ethyne/acetylene) is 

molecule is 2. 
oxygen bond has a bond order 

Since the nitrate ion is stabilized by resonance, the bond order of the 
oxygen bond is 4/3 or 1.33. It is calculated by dividing the total 



 

number of nitrogen
bonded nitrogen

Bond Order as per the Molecular Orbital Theory
As per the molecular orbital theory

equal to half of the difference betwee
electrons, as represented by the following formula:
Bond Order = (½)*(total no. of bonding electrons 
electrons) 
 
1.3.2  Bond Angle 

Bond angle can be defined as the angle formed between two 
bonds that originate from the same atom. An illustration detailing the bond angle 
in a water molecule (104.5

The geometric angle between any two adjacent covalent bonds is 
angle. This bond parameter provides insight into the molecular geometry of a 
compound. 
1.3.3 Bond Length 
Bond length is a measure of the distance between the nuclei of two chemically 
bonded atoms in a molecule. It is approximately equal to th
radii of the two bonded atoms. For covalent bonds, the bond length is inversely 
proportional to the bond order 
which are accompanied by stronger forces of attraction holding the atoms 
together. Short bonds are a consequence of these strong forces of attraction.

Figure 1.6 Bond length of a covalent bond
An illustration describing the bond length of a covalent bond in terms of 

the sum of the individual covalent radii of the participating a
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number of nitrogen-oxygen bonds (4) by the total number of covalently 
bonded nitrogen-oxygen groups (3). 

Bond Order as per the Molecular Orbital Theory 
molecular orbital theory, the bond order of a covalent bond is 

equal to half of the difference between the number of bonding and antibonding 
electrons, as represented by the following formula: 
Bond Order = (½)*(total no. of bonding electrons – total no. of antibonding 

Bond angle can be defined as the angle formed between two 
that originate from the same atom. An illustration detailing the bond angle 

in a water molecule (104.5oC) is provided below. 

 
The geometric angle between any two adjacent covalent bonds is 
angle. This bond parameter provides insight into the molecular geometry of a 

Bond length is a measure of the distance between the nuclei of two chemically 
bonded atoms in a molecule. It is approximately equal to the sum of the covalent 
radii of the two bonded atoms. For covalent bonds, the bond length is inversely 
proportional to the bond order – higher bond orders result in stronger bonds, 
which are accompanied by stronger forces of attraction holding the atoms 

ether. Short bonds are a consequence of these strong forces of attraction.

 
Figure 1.6 Bond length of a covalent bond 

An illustration describing the bond length of a covalent bond in terms of 
the sum of the individual covalent radii of the participating atoms is provided 

oxygen bonds (4) by the total number of covalently 

, the bond order of a covalent bond is 
n the number of bonding and antibonding 

total no. of antibonding 

Bond angle can be defined as the angle formed between two covalent 
that originate from the same atom. An illustration detailing the bond angle 

The geometric angle between any two adjacent covalent bonds is called a bond 
angle. This bond parameter provides insight into the molecular geometry of a 

Bond length is a measure of the distance between the nuclei of two chemically 
e sum of the covalent 

radii of the two bonded atoms. For covalent bonds, the bond length is inversely 
higher bond orders result in stronger bonds, 

which are accompanied by stronger forces of attraction holding the atoms 
ether. Short bonds are a consequence of these strong forces of attraction. 

An illustration describing the bond length of a covalent bond in terms of 
toms is provided 



 

above. This bond parameter can be experimentally determined via the following 
techniques: 
 Rotational spectroscopy.
 X-ray diffraction.
 Neutron diffraction.

Bonded atoms tend to absorb thermal energy from their surroundings and 
constantly vibrate. This vibration causes the bond length to vary. Therefore, it is 
important to note that the bond length of a covalent bond represents the average 
distance between the nuclei of the participating atoms.

 
Periodic Trends in Bond Length
Bond lengths are directly proportional to the atomic radii of the participating 
atoms. The periodic trends that can be observed in the bond lengths of elements 
are similar to the periodic trends in the atomic radii of the elements
across the period, increases down the group).
 
1.3.4  Bond Energy or Bond Enthalpy

Bond energy is a measure of the strength of a chemical bond. It can be 
defined as the energy required to 
mole of a chemical compound (which is in its gaseous state).

Figure 1.7: Bond energy or Bond Enthalpy
It is important to note that bond energy is not the same as bond 

dissociation energy. The latter is t
homolytic cleavage of a bond whereas the former is the average of the 
dissociation enthalpies

 
1.3.5  Factors Affecting Bond Energy

The strength of a chemical bond is directly proportional to the amount of 
energy required to break it. Therefore, bond energy is:
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above. This bond parameter can be experimentally determined via the following 

Rotational spectroscopy. 
ray diffraction. 

Neutron diffraction. 
Bonded atoms tend to absorb thermal energy from their surroundings and 

vibrate. This vibration causes the bond length to vary. Therefore, it is 
important to note that the bond length of a covalent bond represents the average 
distance between the nuclei of the participating atoms. 

Periodic Trends in Bond Length 
re directly proportional to the atomic radii of the participating 

atoms. The periodic trends that can be observed in the bond lengths of elements 
periodic trends in the atomic radii of the elements

across the period, increases down the group). 

Bond Energy or Bond Enthalpy 
Bond energy is a measure of the strength of a chemical bond. It can be 

defined as the energy required to break all covalent bonds of a specific type in one 
mole of a chemical compound (which is in its gaseous state). 

Figure 1.7: Bond energy or Bond Enthalpy 
It is important to note that bond energy is not the same as bond 

dissociation energy. The latter is the change in enthalpy associated with the 
homolytic cleavage of a bond whereas the former is the average of the 
dissociation enthalpies of all bonds (of a specific type) in a molecule.

Factors Affecting Bond Energy 
The strength of a chemical bond is directly proportional to the amount of 

energy required to break it. Therefore, bond energy is: 

above. This bond parameter can be experimentally determined via the following 

Bonded atoms tend to absorb thermal energy from their surroundings and 
vibrate. This vibration causes the bond length to vary. Therefore, it is 

important to note that the bond length of a covalent bond represents the average 

re directly proportional to the atomic radii of the participating 
atoms. The periodic trends that can be observed in the bond lengths of elements 

periodic trends in the atomic radii of the elements (decreases 

Bond energy is a measure of the strength of a chemical bond. It can be 
break all covalent bonds of a specific type in one 

 

It is important to note that bond energy is not the same as bond 
he change in enthalpy associated with the 

homolytic cleavage of a bond whereas the former is the average of the bond 
le. 

The strength of a chemical bond is directly proportional to the amount of 
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 Inversely proportional to the bond length, i.e. longer bonds have lower 
bond energies. 

 Directly proportional to the bond order, i.e. multiple bonds have high bond 
energies. 

 Inversely proportional to the atomic radii of the atoms participating in the 
bond (since the atomic radius is directly proportional to bond length). 

Note:  The difference in the electronegativities of the atoms participating in the 
chemical bond also contributes to the bond energy 

 

1.4  Ionic Character of Covalent Bonds 
The electron pairs shared between two atoms are not necessarily shared 

equally. For example, while the bonding electron pair is shared equally in the 
covalent bond in Cl2Cl2, in NaClNaCl the 3s electron is stripped from the Na 
atom and is incorporated into the electronic structure of the Cl atom - and the 
compound is most accurately described as consisting of individual Na+ and Cl− 
ions (ionic bonding). For most covalent substances, their bond character falls 
between these two extremes. As demonstrated below, the bond polarity is a 
useful concept for describing the sharing of electrons between atoms within a 
covalent bond: 
 A nonpolar covalent bond is one in which the electrons are shared equally 

between two atoms. 
 A polar covalent bond is one in which one atom has a greater attraction 

for the electrons than the other atom. If this relative attraction is great 
enough, then the bond is an ionic bond. 
 

1.4.1  Electronegativity 
The elements with the highest ionization energies are generally those with 

the most negative electron affinities, which are located toward the upper right 
corner of the periodic table. Conversely, the elements with the lowest ionization 
energies are generally those with the least negative electron affinities and are 
located in the lower left corner of the periodic table. 
Because the tendency of an element to gain or lose electrons is so important in 
determining its chemistry, various methods have been developed to quantitatively 
describe this tendency. The most important method uses a measurement called 
electronegativity (represented by the Greek letter chi, χ, pronounced “ky” as in 
“sky”), defined as the relative ability of an atom to attract electrons to itself in a 
chemical compound. Elements with high electronegativities tend to acquire 
electrons in chemical reactions and are found in the upper right corner of the 
periodic table. Elements with low electronegativities tend to lose electrons in 
chemical reactions and are found in the lower left corner of the periodic table. 
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Unlike ionization energy or electron affinity, the electronegativity of an 
atom is not a simple, fixed property that can be directly measured in a single 
experiment. In fact, an atom’s electronegativity should depend to some extent on 
its chemical environment because the properties of an atom are influenced by its 
neighbors in a chemical compound. Nevertheless, when different methods for 
measuring the electronegativity of an atom are compared, they all tend to assign 
similar relative values to a given element. For example, all scales predict that 
fluorine has the highest electronegativity and cesium the lowest of the stable 
elements, which suggests that all the methods are measuring the same 
fundamental property. 

Electronegativity is defined as the ability of an atom in a particular 
molecule to attract electrons to itself. The greater the value, the greater the 
attractiveness for electrons. 
Electronegativity is a function of: 
 the atom's ionization energy (how strongly the atom holds on to its own 

electrons) and 
 the atom's electron affinity (how strongly the atom attracts other 

electrons). 
Both of these are properties of the isolated atom. An element will be 

highly electronegative if it has a large (negative) electron affinity and a high 
ionization energy (always endothermic, or positive for neutral atoms). Thus, it 
will attract electrons from other atoms and resist having its own electrons 
attracted away. 

 
1.4.2  The Pauling Electronegativity Scale 

The original electronegativity scale developed in the 1930s by Linus 
Pauling (1901– 1994) was based on measurements of the strengths of covalent 
bonds between different elements. Pauling arbitrarily set the electronegativity of 
fluorine at 4.0 (although today it has been refined to 3.98), thereby creating a 
scale in which all elements have values between 0 and 4.0. 

Pauling’s method is limited by the fact that many elements do not form 
stable covalent compounds with other elements; hence their electronegativities 
cannot be measured by his method. Other definitions have since been developed 
that address this problem, e.g., the Mulliken, Allred-Rochow, and Allen 
electronegativity scales. The Mulliken electronegativity of an element is the 
average of its first ionization energy and the absolute value of its electron affinity, 
showing the relationship between electronegativity and these other periodic 
properties. 

 
  



 

1.4.3  Percent Ionic Character of a Covalent Polar Bond
The two idealized extremes of chemical bonding: (1) ionic bonding

which one or more electrons are transferred completely from one atom
and the resulting ions are held together by purely electrostatic forces
covalent bonding, in which electrons are shared equally between two atoms. Most 
compounds, however, have polar covalent bonds, which means that electrons are 
shared unequally between the bonded atoms. Figure 8.4.48.4.4 compares the 
electron distribution in a polar covalent bond with those in an ideally covalent and 
an ideally ionic bond. Recall that a lowercase Greek delta (
that a bonded atom possesses a partial positive charge, indicated by 
partial negative charge, indicated by 
possess partial charges is a polar bond.

 
Figure.1.8: The Electron Distribution in a Nonpolar Covalent Bond, a Polar 

Bond, and an Ionic Bond Using Lewis Electron Structures. In a purely covalent bond (a), the 
bonding electrons are shared equally between the atoms. In a purely ionic bond (c), an electron has 
been transferred completely from one atom to the other.
between the two extremes: the bonding electrons are shared unequally between the two atoms, and 
the electron distribution is asymmetrical with the electron density being greater around the more 
electronegative atom. Electron

(positively charged) regions are shown in red

 
1.4.4  Bond Polarity

The polarity of a bond
largely by the relative electronegativi
(χ) was defined as the ability of an atom in a molecule or an ion to attract 
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Percent Ionic Character of a Covalent Polar Bond 
The two idealized extremes of chemical bonding: (1) ionic bonding

which one or more electrons are transferred completely from one atom
and the resulting ions are held together by purely electrostatic forces
covalent bonding, in which electrons are shared equally between two atoms. Most 
compounds, however, have polar covalent bonds, which means that electrons are 

d unequally between the bonded atoms. Figure 8.4.48.4.4 compares the 
electron distribution in a polar covalent bond with those in an ideally covalent and 
an ideally ionic bond. Recall that a lowercase Greek delta (δ) is used to indicate 

possesses a partial positive charge, indicated by 
partial negative charge, indicated by δ−δ−, and a bond between two atoms that 
possess partial charges is a polar bond. 

Figure.1.8: The Electron Distribution in a Nonpolar Covalent Bond, a Polar 
Bond, and an Ionic Bond Using Lewis Electron Structures. In a purely covalent bond (a), the 
bonding electrons are shared equally between the atoms. In a purely ionic bond (c), an electron has 
been transferred completely from one atom to the other. A polar covalent bond (b) is intermediate 
between the two extremes: the bonding electrons are shared unequally between the two atoms, and 
the electron distribution is asymmetrical with the electron density being greater around the more 

m. Electron-rich (negatively charged) regions are shown in blue; electron

(positively charged) regions are shown in red. 

Bond Polarity 
The polarity of a bond—the extent to which it is polar—

largely by the relative electronegativities of the bonded atoms. Electronegativity 
(χ) was defined as the ability of an atom in a molecule or an ion to attract 

The two idealized extremes of chemical bonding: (1) ionic bonding—in 
which one or more electrons are transferred completely from one atom to another, 
and the resulting ions are held together by purely electrostatic forces—and (2) 
covalent bonding, in which electrons are shared equally between two atoms. Most 
compounds, however, have polar covalent bonds, which means that electrons are 

d unequally between the bonded atoms. Figure 8.4.48.4.4 compares the 
electron distribution in a polar covalent bond with those in an ideally covalent and 

) is used to indicate 
possesses a partial positive charge, indicated by δ+, or a 

−, and a bond between two atoms that 

 

Figure.1.8: The Electron Distribution in a Nonpolar Covalent Bond, a Polar Covalent 
Bond, and an Ionic Bond Using Lewis Electron Structures. In a purely covalent bond (a), the 
bonding electrons are shared equally between the atoms. In a purely ionic bond (c), an electron has 

A polar covalent bond (b) is intermediate 
between the two extremes: the bonding electrons are shared unequally between the two atoms, and 
the electron distribution is asymmetrical with the electron density being greater around the more 

rich (negatively charged) regions are shown in blue; electron-poor 

—is determined 
ties of the bonded atoms. Electronegativity 

(χ) was defined as the ability of an atom in a molecule or an ion to attract 



 

electrons to itself. Thus there is a direct correlation between electronegativity and 
bond polarity. A bond is 
electronegativities. If the electronegativities of the bonded atoms are not equal, 
however, the bond is polarized
which the electronegativity of B (χ
(χA), for example, is indicated with the partial negative charge on the more 
electronegative atom: 

One way of estimating the ionic character of a bond
magnitude of the charge separation in a polar covalent bond
difference in electronegativity between the two atoms: Δχ = χ
To predict the polarity of the bonds in Cl
at the electronegativities of the relevant atoms: χ
0.93. Cl2 must be nonpo
hence the two chlorine atoms share the bonding electrons equally. In NaCl, Δχ is 
2.23. This high value is typical of an ionic compound (Δχ ≥ ≈1.5) and means that 
the valence electron of sodium has 
form Na+ and Cl− ions. In HCl, however, Δχ is only 0.96. The bonding electrons 
are more strongly attracted to the more electronegative chlorine atom, and so the 
charge distribution is 

Remember that 
different definitions produce slightly different numbers. In practice, the polarity of 
a bond is usually estimated rather than calculated.
Bond polarity and ionic character 
electronegativity. 
As with bond energies, the electronegativity of an atom depends to some extent 
on its chemical environment. It is therefore unlikely that the reported 
electronegativities of a chlorine atom in NaCl, Cl
exactly the same. 
 

1.5  Inductive Effect 
Inductive Effect refers to the phenomenon wherein a permanent dipole 

arises in a given molecule due to the unequal sharing of the bonding electrons in 
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electrons to itself. Thus there is a direct correlation between electronegativity and 
bond polarity. A bond is nonpolar if the bonded atoms have equal 
electronegativities. If the electronegativities of the bonded atoms are not equal, 

polarized toward the more electronegative atom. A bond in 
which the electronegativity of B (χB) is greater than the electronegativity of

), for example, is indicated with the partial negative charge on the more 
 

 
One way of estimating the ionic character of a bond

magnitude of the charge separation in a polar covalent bond—is to calculate the 
difference in electronegativity between the two atoms: Δχ = χB − χA

To predict the polarity of the bonds in Cl2, HCl, and NaCl, for example, we look 
at the electronegativities of the relevant atoms: χCl = 3.16, χH = 2.20, and χ

must be nonpolar because the electronegativity difference (Δχ) is zero; 
hence the two chlorine atoms share the bonding electrons equally. In NaCl, Δχ is 
2.23. This high value is typical of an ionic compound (Δχ ≥ ≈1.5) and means that 
the valence electron of sodium has been completely transferred to chlorine to 

ions. In HCl, however, Δχ is only 0.96. The bonding electrons 
are more strongly attracted to the more electronegative chlorine atom, and so the 

 
Remember that electronegativities are difficult to measure precisely and 

different definitions produce slightly different numbers. In practice, the polarity of 
a bond is usually estimated rather than calculated. 
Bond polarity and ionic character increase with an increasing difference in 

As with bond energies, the electronegativity of an atom depends to some extent 
on its chemical environment. It is therefore unlikely that the reported 
electronegativities of a chlorine atom in NaCl, Cl2, ClF5, and HClO

Inductive Effect  
Inductive Effect refers to the phenomenon wherein a permanent dipole 

arises in a given molecule due to the unequal sharing of the bonding electrons in 

electrons to itself. Thus there is a direct correlation between electronegativity and 
toms have equal 

electronegativities. If the electronegativities of the bonded atoms are not equal, 
toward the more electronegative atom. A bond in 

) is greater than the electronegativity of A 
), for example, is indicated with the partial negative charge on the more 

One way of estimating the ionic character of a bond—that is, the 
is to calculate the 

A. 
, HCl, and NaCl, for example, we look 

= 2.20, and χNa = 
lar because the electronegativity difference (Δχ) is zero; 

hence the two chlorine atoms share the bonding electrons equally. In NaCl, Δχ is 
2.23. This high value is typical of an ionic compound (Δχ ≥ ≈1.5) and means that 

been completely transferred to chlorine to 
ions. In HCl, however, Δχ is only 0.96. The bonding electrons 

are more strongly attracted to the more electronegative chlorine atom, and so the 

electronegativities are difficult to measure precisely and 
different definitions produce slightly different numbers. In practice, the polarity of 

ing difference in 

As with bond energies, the electronegativity of an atom depends to some extent 
on its chemical environment. It is therefore unlikely that the reported 

, and HClO4 would be 

Inductive Effect refers to the phenomenon wherein a permanent dipole 
arises in a given molecule due to the unequal sharing of the bonding electrons in 



 

the molecule. This effect can arise in sigma bonds, 
effect can only arise in pi bonds.

When an electron
introduced to a chain of atoms (generally a carbon chain), the corresponding 
negative or positive charge is relayed through the 
belonging to it. This causes a permanent dipole to arise in the molecule and is 
referred to as the inductive effect.

An illustration describing the inductive effect that 
molecule due to the more electronegative 
 
Basicity 

Using the inductive effect, we can predict the acidity and basicity of 
compounds. It can be sai
(EWG) increase the acidity of a compound and electron donating group decrease 
the acidity of a compound

This is because, if we take the conj
if R is electron withdrawing, then the conjugate base is stabilised via 
delocalisation of the formed negative charge.
If R had been electron donating, then the conjugate base would be destabilised 
because of inter-electronic repulsions.

Figure 1.9: Inductive Effect on Acidity and Basicity of Compounds

Thus, it can be said that, +I groups decrease acidity (or increase basicity) 
and –I groups increase acidity (or decrease basicity) of compounds.
For Example, Formic Acid ( HCOOH) is more acidic than 
(CH3COOH) due to the +I inductive effect of the methyl group attached to the 
carboxylic acid group.
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the molecule. This effect can arise in sigma bonds, whereas the
can only arise in pi bonds. 
When an electron-releasing or an electron-withdrawing species is 

introduced to a chain of atoms (generally a carbon chain), the corresponding 
negative or positive charge is relayed through the carbon chain
belonging to it. This causes a permanent dipole to arise in the molecule and is 
referred to as the inductive effect. 

 
An illustration describing the inductive effect that arises in a chloroethane 

molecule due to the more electronegative chlorine atom is provided above.

Using the inductive effect, we can predict the acidity and basicity of 
compounds. It can be said as a generalisation the electron withdrawing groups 
(EWG) increase the acidity of a compound and electron donating group decrease 

acidity of a compound. 
This is because, if we take the conjugate base of the acid, that is, RCOO

if R is electron withdrawing, then the conjugate base is stabilised via 
delocalisation of the formed negative charge. 
If R had been electron donating, then the conjugate base would be destabilised 

electronic repulsions. 

Figure 1.9: Inductive Effect on Acidity and Basicity of Compounds
 

Thus, it can be said that, +I groups decrease acidity (or increase basicity) 
I groups increase acidity (or decrease basicity) of compounds.

Formic Acid ( HCOOH) is more acidic than 
due to the +I inductive effect of the methyl group attached to the 

carboxylic acid group. 

whereas the electrometric 

withdrawing species is 
introduced to a chain of atoms (generally a carbon chain), the corresponding 

carbon chain by the atoms 
belonging to it. This causes a permanent dipole to arise in the molecule and is 

arises in a chloroethane 
is provided above. 

Using the inductive effect, we can predict the acidity and basicity of 
d as a generalisation the electron withdrawing groups 

(EWG) increase the acidity of a compound and electron donating group decrease 

ugate base of the acid, that is, RCOO-, 
if R is electron withdrawing, then the conjugate base is stabilised via 

If R had been electron donating, then the conjugate base would be destabilised 

 
Figure 1.9: Inductive Effect on Acidity and Basicity of Compounds 

Thus, it can be said that, +I groups decrease acidity (or increase basicity) 
I groups increase acidity (or decrease basicity) of compounds. 

Formic Acid ( HCOOH) is more acidic than acetic acid 
due to the +I inductive effect of the methyl group attached to the 



 

Note:  If Ka of acid is high, it is a 
to be a weak acid [pka = 

Consider, the acidity of mono

It can be said that t
electron deficient and thereby, polarizing the O
acidity order for the above compounds would be, III > II > I.

 
1.5.1  Types of Inductive Effect
 Negative inductive effect
 Positive inductive effect
-I Effect (Negative Inductive Effect)

When an electronegative atom
of atoms (generally carbon atoms), th
generates a positive charge which is transmitted through the chain.
This causes a permanent dipole to arise in the molecule wherein the 
electronegative atom holds a negative charge and the corresponding effect is 
called the electron withdrawing inductive effect, or the 
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If Ka of acid is high, it is a strong acid, but if PKa of acid is high, it is said 
to be a weak acid [pka = -log(ka)] Same logic applies to bases.

Consider, the acidity of mono-, di- and trichloroacetic acid. 

 
It can be said that the presence of three Cl atoms make oxygen highly 

electron deficient and thereby, polarizing the O-H bond the most. Therefore, the 
acidity order for the above compounds would be, III > II > I. 

Types of Inductive Effect 
inductive effect or -I effect 

inductive effect +I effect 
I Effect (Negative Inductive Effect) 

electronegative atom, such as a halogen, is introduced to a chain 
of atoms (generally carbon atoms), the resulting unequal sharing of electrons 
generates a positive charge which is transmitted through the chain. 
This causes a permanent dipole to arise in the molecule wherein the 
electronegative atom holds a negative charge and the corresponding effect is 

lled the electron withdrawing inductive effect, or the -I effect. 

 
, but if PKa of acid is high, it is said 

log(ka)] Same logic applies to bases. 

he presence of three Cl atoms make oxygen highly 
H bond the most. Therefore, the 

halogen, is introduced to a chain 
e resulting unequal sharing of electrons 

 
This causes a permanent dipole to arise in the molecule wherein the 
electronegative atom holds a negative charge and the corresponding effect is 
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+I Effect (Positive Inductive Effect) 
When a chemical species with the tendency to release or donate electrons, 

such as an alkyl group, is introduced to a carbon chain, the charge is relayed 
through the chain and this effect is called the Positive Inductive Effect or the +I 
Effect 
 
1.5.2  Inductive Effect on Stability of Molecules 

The charge on a given atom and the charge on a group bonded to the atom 
play a strong part when determining the stability of the resulting molecule as per 
the inductive effect. 

An example of this can be observed when a group displaying the -I effect 
is bonded to a positively charged atom and the positive charge on the resulting 
molecule is amplified, reducing its stability. 

On the other hand, when a negatively charged atom is introduced to a 
group displaying a -I effect, the charge disparity is somewhat quenched and the 
resulting molecule would be stable as per the inductive effect. 
Also, when a group displaying the -I effect is bonded to a molecule, the electron 
density of the resulting molecule effectively reduces, making it more likely to 
accept electrons and thereby increasing the acidity of the molecule. 

When a +I group attaches itself to a molecule, there is an increase in the 
electron density of the molecule. This increases the basicity of the molecule since 
it is now more capable of donating electrons. 

 

1.6  Dipole Moments 
The asymmetrical charge distribution in a polar substance such as HCl 

produces a dipole moment where Qr in meters (m) is abbreviated by the Greek 
letter mu (µ). The dipole moment is defined as the product of the partial charge Q 
on the bonded atoms and the distance r between the partial charges: 

μ=Qr 
where Q is measured in coulombs (C) and r in meters. The unit for dipole 
moments is the debye (D): 
1D=3.3356×10−30C⋅m 

When a molecule with a dipole moment is placed in an electric field, it 
tends to orient itself with the electric field because of its asymmetrical charge 
distribution (Figure). 



 

Figure1.10: Molecules That Possess a Dipole Moment Partially Align 
Themselves with an Applied Electric Field. In the absence of a field (a), the HCl 
molecules are randomly oriented. When an electric field is applied (b), the 
molecules tend to align themse
molecular dipole points toward the negative terminal and vice versa.
We can measure the partial charges on the atoms in a molecule such as HCl using 
Equation. If the bonding in HCl were purely ionic, a
transferred from H to Cl, so there would be a full +1 charge on the H atom and a 
full −1 charge on the Cl atom. The dipole moment of HCl is 1.109 D, as 
determined by measuring the extent of its alignment in an electric field, and the 
reported gas-phase H–

 
By dividing this calculated value by the charge on a single electron 

(1.6022 × 10−19 C), we find that the electron distribution in HCl is asymmetric and 
that effectively it appears that there is a net negative charge on the Cl of about 
−0.18, effectively corresponding to about 0.18 e
that there is a fraction
electron probability favors the Cl atom side of the molecule by about this amount.

To form a neutral compound, the charge on the H atom must be equal but 
opposite. Thus the measured dipole mome
has approximately 18% ionic character (0.1811 × 100), or 82% covalent 
character. Instead of writing HCl as
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Figure1.10: Molecules That Possess a Dipole Moment Partially Align 
Themselves with an Applied Electric Field. In the absence of a field (a), the HCl 
molecules are randomly oriented. When an electric field is applied (b), the 
molecules tend to align themselves with the field, such that the positive end of the 
molecular dipole points toward the negative terminal and vice versa.
We can measure the partial charges on the atoms in a molecule such as HCl using 
Equation. If the bonding in HCl were purely ionic, an electron would be 
transferred from H to Cl, so there would be a full +1 charge on the H atom and a 

−1 charge on the Cl atom. The dipole moment of HCl is 1.109 D, as 
determined by measuring the extent of its alignment in an electric field, and the 

–Cl distance is 127.5 pm. Hence the charge on each atom is

By dividing this calculated value by the charge on a single electron 
C), we find that the electron distribution in HCl is asymmetric and 

that effectively it appears that there is a net negative charge on the Cl of about 
−0.18, effectively corresponding to about 0.18 e−. This certainly does not mean 
that there is a fraction of an electron on the Cl atom, but that the distribution of 
electron probability favors the Cl atom side of the molecule by about this amount.

 
To form a neutral compound, the charge on the H atom must be equal but 

opposite. Thus the measured dipole moment of HCl indicates that the H
has approximately 18% ionic character (0.1811 × 100), or 82% covalent 
character. Instead of writing HCl as 

 
Figure1.10: Molecules That Possess a Dipole Moment Partially Align 

Themselves with an Applied Electric Field. In the absence of a field (a), the HCl 
molecules are randomly oriented. When an electric field is applied (b), the 

lves with the field, such that the positive end of the 
molecular dipole points toward the negative terminal and vice versa. 
We can measure the partial charges on the atoms in a molecule such as HCl using 

n electron would be 
transferred from H to Cl, so there would be a full +1 charge on the H atom and a 

−1 charge on the Cl atom. The dipole moment of HCl is 1.109 D, as 
determined by measuring the extent of its alignment in an electric field, and the 

Cl distance is 127.5 pm. Hence the charge on each atom is 

 

By dividing this calculated value by the charge on a single electron 
C), we find that the electron distribution in HCl is asymmetric and 

that effectively it appears that there is a net negative charge on the Cl of about 
. This certainly does not mean 

of an electron on the Cl atom, but that the distribution of 
electron probability favors the Cl atom side of the molecule by about this amount. 

To form a neutral compound, the charge on the H atom must be equal but 
nt of HCl indicates that the H–Cl bond 

has approximately 18% ionic character (0.1811 × 100), or 82% covalent 



 

we can therefore indicate the charge separation quantitatively as

Our calculated results are in agreement 
difference between hydrogen and chlorine χ
value well within the range for polar covalent bonds. We indicate the dipole 
moment by writing an arrow above the molecule. Mathematically, dipol
moments are vectors, and they possess both a magnitude and a direction. The 
dipole moment of a molecule is the vector sum of the dipoles of the individual 
bonds. In HCl, for example, the dipole moment is indicated as follows:

The arrow shows the direct
more electronegative atom.

The charge on the atoms of many substances in the gas phase can be 
calculated using measured dipole moments and bond distances. Figure shows a 
plot of the percent ionic character versus
bonded atoms for several substances. According to the graph, the bonding in 
species such as NaCl(g) and CsF(g) is substantially less than 100% ionic in 
character. As the gas condenses into a solid, however, dipol
between polarized species increase the charge separations. In the crystal, 
therefore, an electron is transferred from the metal to the nonmetal, and these 
substances behave like classic ionic compounds. The data in Figure
diatomic species with an electronegativity difference of less than 1.5 are less than 
50% ionic in character, which is consistent with our earlier description of these 
species as containing polar covalent bonds. The use of dipole moments to 
determine the ionic character of a polar bond is illustrated in Example
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we can therefore indicate the charge separation quantitatively as 

 
Our calculated results are in agreement with the electronegativity 

difference between hydrogen and chlorine χH = 2.20; χCl = 3.16, χCl

value well within the range for polar covalent bonds. We indicate the dipole 
moment by writing an arrow above the molecule. Mathematically, dipol
moments are vectors, and they possess both a magnitude and a direction. The 
dipole moment of a molecule is the vector sum of the dipoles of the individual 
bonds. In HCl, for example, the dipole moment is indicated as follows:

 
The arrow shows the direction of electron flow by pointing toward the 

more electronegative atom. 
The charge on the atoms of many substances in the gas phase can be 

calculated using measured dipole moments and bond distances. Figure shows a 
plot of the percent ionic character versus the difference in electronegativity of the 
bonded atoms for several substances. According to the graph, the bonding in 
species such as NaCl(g) and CsF(g) is substantially less than 100% ionic in 
character. As the gas condenses into a solid, however, dipole–dipole interactions 
between polarized species increase the charge separations. In the crystal, 
therefore, an electron is transferred from the metal to the nonmetal, and these 
substances behave like classic ionic compounds. The data in Figure
diatomic species with an electronegativity difference of less than 1.5 are less than 
50% ionic in character, which is consistent with our earlier description of these 
species as containing polar covalent bonds. The use of dipole moments to 

nic character of a polar bond is illustrated in Example

with the electronegativity 

Cl − χH = 0.96), a 
value well within the range for polar covalent bonds. We indicate the dipole 
moment by writing an arrow above the molecule. Mathematically, dipole 
moments are vectors, and they possess both a magnitude and a direction. The 
dipole moment of a molecule is the vector sum of the dipoles of the individual 
bonds. In HCl, for example, the dipole moment is indicated as follows: 

ion of electron flow by pointing toward the 

The charge on the atoms of many substances in the gas phase can be 
calculated using measured dipole moments and bond distances. Figure shows a 

the difference in electronegativity of the 
bonded atoms for several substances. According to the graph, the bonding in 
species such as NaCl(g) and CsF(g) is substantially less than 100% ionic in 

dipole interactions 
between polarized species increase the charge separations. In the crystal, 
therefore, an electron is transferred from the metal to the nonmetal, and these 
substances behave like classic ionic compounds. The data in Figure show that 
diatomic species with an electronegativity difference of less than 1.5 are less than 
50% ionic in character, which is consistent with our earlier description of these 
species as containing polar covalent bonds. The use of dipole moments to 

nic character of a polar bond is illustrated in Example 



 

Figure1.11: A Plot of the Percent Ionic Character of a Bond as Determined from Measured Dipole 
Moments versus the Difference in Electronegativity of the Bonded Atoms.In the gas phase, even 
CsF, which has the largest possible difference in electronegativity between atoms, is not 100% 
ionic. Solid CsF, however, is best viewed as 100% ionic because of the additional electrostatic 
interactions in the lattice. 

 
Self-assessment Questions
Q.  What are the different types of Hybridization?
Q.  What factors determine the shape of a molecule?
Q.  Discuss the Ionic Character of Covalent Bond.
Q.  What do you mean by Negative Inductive Effect?
Q.  What do mean by bond polarity?
Q.  Determine the hybridization of 

Start by determining the Lewis structure, then count the number of σ
bonds attached to the carbon atom. 
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A Plot of the Percent Ionic Character of a Bond as Determined from Measured Dipole 
Moments versus the Difference in Electronegativity of the Bonded Atoms.In the gas phase, even 

h has the largest possible difference in electronegativity between atoms, is not 100% 
ionic. Solid CsF, however, is best viewed as 100% ionic because of the additional electrostatic 

assessment Questions 
ifferent types of Hybridization? 

What factors determine the shape of a molecule? 
Discuss the Ionic Character of Covalent Bond. 
What do you mean by Negative Inductive Effect? 
What do mean by bond polarity? 
Determine the hybridization of carbon in the following molecules or ions. 
Start by determining the Lewis structure, then count the number of σ
bonds attached to the carbon atom.  

CO2   CH4   H-C≡C-H   CO3
2– 

  

 
A Plot of the Percent Ionic Character of a Bond as Determined from Measured Dipole 

Moments versus the Difference in Electronegativity of the Bonded Atoms.In the gas phase, even 
h has the largest possible difference in electronegativity between atoms, is not 100% 

ionic. Solid CsF, however, is best viewed as 100% ionic because of the additional electrostatic 

e following molecules or ions. 
Start by determining the Lewis structure, then count the number of σ-
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Introduction 
Organic Chemistry is the study of the structure, properties, composition, 

reactions and preparation of carbon-containing compounds, which include not 
only hydrocarbons but also compounds with any number of other elements, 
including hydrogen (most compounds contain at least one carbon–hydrogen 
bond), nitrogen, oxygen, halogens, phosphorus, silicon and sulfur. This branch of 
chemistry was originally limited to compounds produced by living organisms but 
has been broadened to include human-made substances such as plastics. The 
range of application of organic compounds is enormous and includes, but is not 
limited to, pharmaceuticals, petrochemicals, food, explosives, paints and 
cosmetics. In this unit, we shall try to explain the basic concepts of organic 
chemistry in order to get through the complex phenomena of Organic Chemistry. 
 

Objectives 
After studying this unit, the students will be able to: 
 explain delocalized bonding 
 discuss the resonance theory 
 apply resonance rules 
 draw resonance structures of different organic compounds 
 describe the hyperconjugation 
 differentiate between hyperconjugation and resonance 
 explain the significance of hydrogen bonds 
 discuss the tautomerism 
 
 
 
 
 
 
 
 
 
  



 

When the C atom has four sp
bonds in tetrahedral geometry.  When C is present in sp
three bonds at an angle of 120° in one plane with un
perpendicular to the plane having three sigma bonds. When two sp
orbitals come close to each other to form ethane. One sp
C atom get involved in formation of one sigma bond through head on overlap. 
Other two hybrid orbitals on each C atom will be involved in formation of sigma 
bonds with hydrogen atoms leading to four C
hybridized orbital on each atom will overlap sideways leading to the formation of 
one π bond. 
 

Figure 2.1. Sigma 
 

34 

When the C atom has four sp3 hybridized orbitals, it forms three sigma 
bonds in tetrahedral geometry.  When C is present in sp2 hybridized state it makes 
three bonds at an angle of 120° in one plane with un-hybridized orbit
perpendicular to the plane having three sigma bonds. When two sp
orbitals come close to each other to form ethane. One sp2 hybrid orbital from each 
C atom get involved in formation of one sigma bond through head on overlap. 

o hybrid orbitals on each C atom will be involved in formation of sigma 
bonds with hydrogen atoms leading to four C-H bonds in ethane. The un
hybridized orbital on each atom will overlap sideways leading to the formation of 

Figure 2.1. Sigma and pi bond formation in Ethane 

hybridized orbitals, it forms three sigma 
hybridized state it makes 

hybridized orbital residing 
perpendicular to the plane having three sigma bonds. When two sp2 hybridized 

hybrid orbital from each 
C atom get involved in formation of one sigma bond through head on overlap. 

o hybrid orbitals on each C atom will be involved in formation of sigma 
H bonds in ethane. The un-

hybridized orbital on each atom will overlap sideways leading to the formation of 
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The binding model for ethane is applicable to all linear or cyclic alkenes 
and alkynes where alternate double and single bonds are not present. Long chain 
alkane and alkyne can be explained by this model. But there are organic 
molecules where an adequate picture of bonding cannot be established by 
approximating that each molecular orbital is localized on only two atoms. The 
classic examples of the molecules which deviate from the normal trend of 
formation of pi localized bonds are; 
 The molecules having alternate double and single bonds with bonding 

atoms in sp2 or sp hybridization 
 More than one Lewis structures can be described for bond formation e.g. 

resonance can generate contributing structures. 
In such molecules delocalized molecular orbital can be used to describe binding 
properties.  It is important to note that sp3 hybridized molecular orbitals of C 
atoms will be involved in the formation of sigma bond only and electrons 
involved in the formation of sigma bonds are localized because these bonds are 
formed by head on overlap of two atomic orbitals. Thus, sigma bonds are 
localized bond. Thus, the property of delocalization is associated with pi bonds 
which are formed when hybridization of C is sp2 or sp.   
In fact, delocalized molecular orbitals and resonance are just different ways to 
describe the same type of bond. We will discuss both concepts used in organic 
chemistry one by one. 
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2.1  Delocalized Chemical Boding 
What is Delocalization? 
As the name indicates, delocalization happens when electrons are no more 

localized or bound to stay between two atoms. 
To understand the concept of delocalization, let us consider the example of 

acetate ion. The Figure 2 shows that two structures can be drawn for acetate ion. 
Out of two oxygen atoms in acetate ion, which oxygen atom is going to have a 
negative charge over it? What would be the criterion for deciding the oxygen 
atom having negative charge? Are both oxygen atoms are equivalent or different?  
The answer to the last question is that as both oxygen atoms are connected to 
same hybridized sp2 C atom at same geometry, both should be equivalent.  Now, 
when both are equivalent then why one is having negative charge and other is 
not? What criterion for pre-selectivity of negative charge? Logically, for oxygen 
atoms, we cannot define any criterion for probability of one of oxygen atom to 
have carried negative charge over it in the presence of other equivalent oxygen 
atom present in structure. Then it would be equally probable for both oxygen 
atoms to carry positive charge. So both structures in Figure 2 would be 
equivalent.   

 
Figure 2.2. Structure of acetate ion 

 
Thus, for acetate anion, first Lewis structure (on L.H.S. of Figure 2) does 

not equivalently represent the structure of covalent anion as a second equivalent 
structure can be drawn which will be equivalent to first one.  
What would be the actual structure of acetate ion? The experiments confirm that 
two carbonyl bonds are identical with a bond length between that of a single and 
double bond and that the charge on oxygen atom is same that is -1/2. This means 
that both oxygen atoms share the electron with average charge over each atom to 
be equal to half of the single negative charge. Therefore, the acetate ion is 
regarded as ‘resonance hybrid of two equivalent structures. 
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Figure 2.3. Delocalization and resonance of acetate anion 

 
The phenomenon responsible for this behavior of charge in acetate anion 

is called delocalization of charge/electron pair Figure 3. Both structures formed as 
result of delocalization of electron pair in acetate anion are called resonance 
structure. In real sample acetate anion exhibits hopping of negative charge 
between two oxygen atoms due to delocalization leading to average C-O bond 
order to be greater than 1 and less than 2.  

 
Figure 2.4. (a)Localized orbital (b) delocalized pi orbitals 

 
Figure 4 shows that atomic orbitals overlap to form delocalized molecular 

orbitals in acetate anion. If the molecular orbital were localized one p orbital of C 
would have overlapped with one p orbital over oxygen atom leading to a localized 
bond Figure 2.4(a). In that case the bond length of one of C=O would have been 
shorter than the bond length of one C-O and bond orders would have been 
different (2 for C=O and one for C-O). But this was not the case. Actually, three p 
orbitals combined to form three delocalized pi orbitals as shown in Figure 2.4(b). 
However, because delocalization lowers the energies of some of the MOs, the 
total energy of the electrons in the delocalized MOs is lower than what the total 
energy of these same electrons would be in the hypothetical localized MOs. The 
electrons are more stable in the delocalized MOs. This stabilization, or energy 
lowering, is termed resonance stabilization. In general, it is necessary to use 
resonance (or delocalized MOs) for any molecule that is conjugated, that is, any 
molecule that has a series of three or more overlapping parallel p orbitals on 
adjacent atoms. 
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Other than acetate ion there are many compounds in organic chemistry 
where delocalization is present. Although there are many compounds which are 
fully described by single Lewis structure, but many organic molecules are 
associated with delocalization.  

 
2.2   The Resonance Theory 

 As for acetate anion, two Lewis structures can be written for nitro-
methane. These structures are different on the basics of double bond being formed 
with which oxygen atom. Obviously, both of the structures are equivalent and 
contribute equally towards actual behavior of nitro-methane, because of equal 
stability. None of the single structure is an accurate representation of the actual 
structure. The actual structure will be a resonance hybrid of both of these 
structures in Figure 2.4. It is a blend of the extremes represented by these two 
structures. In each of the structure when one of oxygen atom is connected to the 
nitrogen atom through single bond it is connected to nitrogen through single bond 
in other resonance structure.  The actual bond between the nitrogen and this 
oxygen will be between double bond and single bond e.g. bond order will be more 
than a single bond but less than a double bond. The same analysis applies to the 
other oxygen, so the bonds to both of these oxygen atoms are identical. On the 
other hand, because each oxygen is neutral in one resonance structure and has a 
negative charge in the other structure, the actual charge on each in the resonance 
hybrid will be one-half of a full negative charge. In other words, the actual 
negative charge over the molecule is distributed between both oxygen atoms each 
of which carries half of negative charge. The R.H.S structure in Figure 2.4 shows 
the resonance hybrid, the real structure. 

Because there are partial bonds (represented by the dashed lines) between 
the nitrogen and the oxygen atoms and there is a pair of electrons that is shared by 
the two oxygen, even though they are not directly bonded, this structure looks 
strange [1]. Here, it is difficult to satisfy the octet rule for the oxygen and the 
nitrogen. Thus the real representation of such structure can be confusing it is 
better to present them as two equivalent resonance structure by placing a double 
headed arrow between the two. This double headed arrow (↔) is different from 
equilibrium arrow (⇌). The former shows resonance and later represents forward 
and reverse reactions taking place at same rate or equilibrium process.  

When the stability of nitro-methane was studied it was found that it is 
more stable than either of the its contributing resonance structures would indicate. 
This extra stability is associated with delocalization of charge and is termed as 
‘resonance stabilization energy’. 



 

Figure 2.5. R
 

When two equivalent structures can be written for a molecule such that no atoms 
has moved, and they make equal contributions to the hybrid, the structure 

represented using single bond with a dashed lines (
) to indicate partial bonds the hybrid structure. It has a partial double bond to 

each oxygen atom and an unshared pair of electrons that is located partly on each 
oxygen.  
 
 
2.2.1 Rules of resonance

The rules to be followed while drawing the reson
1. In drawing resonance structures, the nuclei of atoms should not be moved; 

only pi and nonbonding electrons in conjugated p orbitals may be moved. 
For example, Figure 2.6 does not represent the resonance structure as one 
structure has displaced the H from other structure.
 

2 Each resonance structure must have the same number of electrons and the 
same total charge. A common mistake that students make is to lose track 
of electrons or charges
then any other resonance structure must be neutral overall. It may have 
formal charges, even if the original structure does not, but each positive 
formal charge must be balanced by a negative formal cha
number of electrons the same in each structure, the sum of the pi and the 
unshared electrons must be the same. Often, but not always, resonance 
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Figure 2.5. Resonance structures of nitromethane

When two equivalent structures can be written for a molecule such that no atoms 
has moved, and they make equal contributions to the hybrid, the structure 

represented using single bond with a dashed lines ( ) instead of 
) to indicate partial bonds the hybrid structure. It has a partial double bond to 

each oxygen atom and an unshared pair of electrons that is located partly on each 

Rules of resonance 
The rules to be followed while drawing the resonance structures are:
In drawing resonance structures, the nuclei of atoms should not be moved; 
only pi and nonbonding electrons in conjugated p orbitals may be moved. 
For example, Figure 2.6 does not represent the resonance structure as one 

has displaced the H from other structure. 

 
Figure 2.6. In-valid resonance structure. 

Each resonance structure must have the same number of electrons and the 
same total charge. A common mistake that students make is to lose track 
of electrons or charges. For example, if one resonance structure is neutral, 
then any other resonance structure must be neutral overall. It may have 
formal charges, even if the original structure does not, but each positive 
formal charge must be balanced by a negative formal charge. To keep the 
number of electrons the same in each structure, the sum of the pi and the 
unshared electrons must be the same. Often, but not always, resonance 

 
ance structures of nitromethane 

When two equivalent structures can be written for a molecule such that no atoms 
has moved, and they make equal contributions to the hybrid, the structure 

) instead of double bond (
) to indicate partial bonds the hybrid structure. It has a partial double bond to 

each oxygen atom and an unshared pair of electrons that is located partly on each 

ance structures are: 
In drawing resonance structures, the nuclei of atoms should not be moved; 
only pi and nonbonding electrons in conjugated p orbitals may be moved.  
For example, Figure 2.6 does not represent the resonance structure as one 

Each resonance structure must have the same number of electrons and the 
same total charge. A common mistake that students make is to lose track 

. For example, if one resonance structure is neutral, 
then any other resonance structure must be neutral overall. It may have 
formal charges, even if the original structure does not, but each positive 

rge. To keep the 
number of electrons the same in each structure, the sum of the pi and the 
unshared electrons must be the same. Often, but not always, resonance 



 

structures have the same number of pi bonds and the same number of 
unshared electron pairs.

 
The Figure 2.7 represents two structures of CH
charges are not equal in both structures. So, we cannot regard these as 
valid resonance structure according to rule 2 to resonance. The Figure 8 
represents the valid resonance structures for CH
 For convenience it is better to draw arro
has started moving to the point where electron pair pi bond has been 
moved. One charge will be added to point where electron has moved and 
one charge will be deducted at point from where electron pair has been 
transferred.  

3. In order to determine the relative stability of resonance structures, apply 
same rule as applied for determining the stability of any Lewis structures. 
These rules include the octet rule, the number and location of formal 
charges, and the interactions 
atoms come closer to each other so that they can satisfy their outmost 
orbital by completing them through octet rule, structures which form more 
bonds are usually more stable than structures with fewer bonds. T
structures with less number of formal charges are usually more stable 
because the separation of positive and negative charge requires energy. 
The location of the formal charges is also an important factor. The 
placement of formal charges must be such th
together to minimize the energy of the system [1].
For example if we have to arrange following resonance structures in order 
of decreasing stability then 

1 
Figure 2.9. Resonance structure that can be written for C
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structures have the same number of pi bonds and the same number of 
unshared electron pairs. 

 
Figure 2.7. In-valid resonance structures 

 
Figure 2.8. Valid resonance structures 

The Figure 2.7 represents two structures of CH2N2 molecule where 
charges are not equal in both structures. So, we cannot regard these as 
valid resonance structure according to rule 2 to resonance. The Figure 8 
represents the valid resonance structures for CH2N2. 
For convenience it is better to draw arrows from the point where electron 

has started moving to the point where electron pair pi bond has been 
moved. One charge will be added to point where electron has moved and 
one charge will be deducted at point from where electron pair has been 

In order to determine the relative stability of resonance structures, apply 
same rule as applied for determining the stability of any Lewis structures. 
These rules include the octet rule, the number and location of formal 
charges, and the interactions between charges in the structure. Because the 
atoms come closer to each other so that they can satisfy their outmost 
orbital by completing them through octet rule, structures which form more 
bonds are usually more stable than structures with fewer bonds. T
structures with less number of formal charges are usually more stable 
because the separation of positive and negative charge requires energy. 
The location of the formal charges is also an important factor. The 
placement of formal charges must be such that unlike charges are closer 
together to minimize the energy of the system [1]. 
For example if we have to arrange following resonance structures in order 
of decreasing stability then  

   2   3 
Figure 2.9. Resonance structure that can be written for C2

structures have the same number of pi bonds and the same number of 

molecule where 
charges are not equal in both structures. So, we cannot regard these as 
valid resonance structure according to rule 2 to resonance. The Figure 8 

ws from the point where electron 
has started moving to the point where electron pair pi bond has been 
moved. One charge will be added to point where electron has moved and 
one charge will be deducted at point from where electron pair has been 

In order to determine the relative stability of resonance structures, apply 
same rule as applied for determining the stability of any Lewis structures. 
These rules include the octet rule, the number and location of formal 

between charges in the structure. Because the 
atoms come closer to each other so that they can satisfy their outmost 
orbital by completing them through octet rule, structures which form more 
bonds are usually more stable than structures with fewer bonds. The 
structures with less number of formal charges are usually more stable 
because the separation of positive and negative charge requires energy. 
The location of the formal charges is also an important factor. The 

at unlike charges are closer 

For example if we have to arrange following resonance structures in order 
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2H2N2 



 

1 
Figure 2.10. Applying rules of resonance on C

we will have to examine the structures for octet rule first. In this way we 
can rule out the stability of structure number 3. So we are left with 
structures number 1, 2, and 4. Out 
also do not have filled outermost orbital. It will be least stable among 1, 2 
and 4 because it has not completed its outmost shell with 8 electrons. But 
if it would have been existed it would have been more stable th
number 3 because structure 3 has 10 electrons on central nitrogen. Thus, 
the contribution of structure number 3 and 4 towards resonance hybrid can 
be ruled out.  

1 
Figure 2.11. Applying rules of resonance on C

 
So, we are left with two structure 1 and 2.

Figure 2.12. Most stable structures of C

The octet rule is satisfied in both structures. Now, look for formal charges 
the structures with least formal charges would be most stable.  As the structure 
number 1 and 2 contain equal number of charges, we will have to look at the 
location and formation of formal charges. The resonance structure which has 
negative charge over more electronegative atom will be more stable than the 
structure having negative charge over less e
negative charge resides over more electronegative atom it would be more stable 
than structure 2.  

Both structures 1 have negative and positive charges on nearby atoms. 
Finally, remember that like charges repel, so st
close together are destabilized. Likewise, opposite charges attract, so structures 
that have opposite charges farther apart are destabilized. 
4. The actual structure most resembles the most stable resonance structure. In 

other words, there is maximum contribution of the most stable resonance 
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   2  3  
Figure 2.10. Applying rules of resonance on C2H2N2

 
we will have to examine the structures for octet rule first. In this way we 
can rule out the stability of structure number 3. So we are left with 
structures number 1, 2, and 4. Out of these three structures, the number 4 
also do not have filled outermost orbital. It will be least stable among 1, 2 
and 4 because it has not completed its outmost shell with 8 electrons. But 
if it would have been existed it would have been more stable th
number 3 because structure 3 has 10 electrons on central nitrogen. Thus, 
the contribution of structure number 3 and 4 towards resonance hybrid can 

   2   3 
Figure 2.11. Applying rules of resonance on C2H2N2

left with two structure 1 and 2. 

 
Figure 2.12. Most stable structures of C2H2N2 

 
The octet rule is satisfied in both structures. Now, look for formal charges 

the structures with least formal charges would be most stable.  As the structure 
ontain equal number of charges, we will have to look at the 

location and formation of formal charges. The resonance structure which has 
negative charge over more electronegative atom will be more stable than the 
structure having negative charge over less electronegative atom. In structure 1 the 
negative charge resides over more electronegative atom it would be more stable 

Both structures 1 have negative and positive charges on nearby atoms. 
Finally, remember that like charges repel, so structures that have like charges 
close together are destabilized. Likewise, opposite charges attract, so structures 
that have opposite charges farther apart are destabilized.  

The actual structure most resembles the most stable resonance structure. In 
other words, there is maximum contribution of the most stable resonance 
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we will have to examine the structures for octet rule first. In this way we 
can rule out the stability of structure number 3. So we are left with 

of these three structures, the number 4 
also do not have filled outermost orbital. It will be least stable among 1, 2 
and 4 because it has not completed its outmost shell with 8 electrons. But 
if it would have been existed it would have been more stable than structure 
number 3 because structure 3 has 10 electrons on central nitrogen. Thus, 
the contribution of structure number 3 and 4 towards resonance hybrid can 
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The octet rule is satisfied in both structures. Now, look for formal charges 
the structures with least formal charges would be most stable.  As the structure 

ontain equal number of charges, we will have to look at the 
location and formation of formal charges. The resonance structure which has 
negative charge over more electronegative atom will be more stable than the 

lectronegative atom. In structure 1 the 
negative charge resides over more electronegative atom it would be more stable 

Both structures 1 have negative and positive charges on nearby atoms. 
ructures that have like charges 

close together are destabilized. Likewise, opposite charges attract, so structures 

The actual structure most resembles the most stable resonance structure. In 
other words, there is maximum contribution of the most stable resonance 



 42 

structure towards resonance hybrid. Structures of equal stability contribute 
equally.  

5. The resonance stabilization energy increases as the number of important 
resonance structures increases.  For example, a chemical compound 
having single structure will be less stable than a chemical compound 
having two resonance structures. Similarly, a compound with three 
resonance contributing structures will be more stable than a compound 
with two resonance contributors. Not only the numbers of resonance 
structures but also their relative stability/contribution is important. For 
example, a compound with two equivalent resonance structures will be 
considerably more stable than either of them. In other words, it will have 
larger resonance stabilization energy. The resonance stabilization energy 
is the difference of energy of real molecule which have resonance 
contributing structure and the theoretical energy it would be having if it 
would have been a single molecule with no resonance contributor. On the 
other hand, a compound with two resonance structures such that one of 
them is considerably more stable than the other, then the actual structure 
will more closely resemble to the more stable resonance structure which 
will be the major contributor towards defining overall structure of 
molecule. The energy of the compound is also close the energy of the 
more stable structure. The overall stability of compound will be slightly 
larger than its stability if it was having single structure with no resonance 
component and it will have only small resonance stabilization.  
The resonance stabilization energy can be explained by considering the 

resonance structure of benzene. If the benzene were 1,3,5-cyclohexatriene by 
single kekule structure (no resonance) with alternating single and double bond 
than its expected energy will be 85.8 kcal/mol but when the energy of benzene 
was calculated it came to be 49.8kcalmol. This means that benzene is 36 kcal/mol 
more stable than single structure cyclohexatriene. Further, the expected bond 
length for 1,3,5-cyclohexatriene is 1.34Å for three double bonds and 1.54 Å for 
three C-C single bonds present in  molecule. But all the six bonds in benzene have 
equal bond length that is 1.39 Å. The difference of expected and experimental 
energies of benzene and equivalent can be attributed to existence of two 
equivalent resonance structures of benzene.  



 

Figure 2.13. Major contributors in resonance structures of benzene
 

Activity 
Define stability of following resonance structures. 

Answer: 

First structure having more pi bonds and least formal charges will be most stable.
 

First two will be equivalent and wi
maximum formal charge separation will be least stable. 
 

2.3 Resonance Effect
While writing the resonance structures of molecules the pair of electron 

moves in one direction leading to generation of formal charges, givin
nucleophilic or electrophilic characters. Thus, the presence of resonance in a 
molecule generates the phenomenon called resonance effect. “The resonance 
effect describes the polarity produced in a molecule by interaction between a lone 
pair electron and a pi bond or the interaction of two pi bonds in adjacent atoms. It 
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2.13. Major contributors in resonance structures of benzene

Define stability of following resonance structures.  

 

First structure having more pi bonds and least formal charges will be most stable.

First two will be equivalent and will be stable while third one having 
maximum formal charge separation will be least stable.  

Resonance Effect 
While writing the resonance structures of molecules the pair of electron 

moves in one direction leading to generation of formal charges, givin
nucleophilic or electrophilic characters. Thus, the presence of resonance in a 
molecule generates the phenomenon called resonance effect. “The resonance 

describes the polarity produced in a molecule by interaction between a lone 
pair electron and a pi bond or the interaction of two pi bonds in adjacent atoms. It 
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First structure having more pi bonds and least formal charges will be most stable. 

 
ll be stable while third one having 

While writing the resonance structures of molecules the pair of electron 
moves in one direction leading to generation of formal charges, giving mole 
nucleophilic or electrophilic characters. Thus, the presence of resonance in a 
molecule generates the phenomenon called resonance effect. “The resonance 

describes the polarity produced in a molecule by interaction between a lone 
pair electron and a pi bond or the interaction of two pi bonds in adjacent atoms. It 



 

is usually present in molecules with conjugated double bonds or in molecules 
having at least one lone pair and one double bond” [1].

When we write the resonance structures of molecule, if the direction of 
moment of lone pair is from a functional group towards rest of the molecule that 
functional group is defined as electron donating group
On the other hand, the function group which causes the resonance of electron 
form rest of the molecule towards itself will be termed as electron withdrawing 
group. For example, -
will behave as electron donat
double bond and single bond. Similarly, the nitro group 
charge over N atom, therefore, will be able to withdraw electron from rest of the 
molecule and will be termed as electron
example of system with a cycle of double bonds and a pair of electrons next to a 
double bond. In this molecule sp
electrons in a p orbital. We write the resonance structures o

 
The Figure 14 shows that lone pair on nitrogen atom resonates over all 

benzene ring making benzene as nucleophile. The charge separation in last three 
structures makes the molecule susceptible to b
electrophile.  The resonance also defines the site for attack by electrophile. If an 
electrophile is added to aniline, it will prefer to be added to either othro of para 
position benzene ring of aniline. The aniline is said to have p
effect over benzene. It is also termed as ortho and para directing group because of 
its position effect. 

Figure 2.15. Resonance structures of nitro benzene
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is usually present in molecules with conjugated double bonds or in molecules 
ne lone pair and one double bond” [1]. 

When we write the resonance structures of molecule, if the direction of 
moment of lone pair is from a functional group towards rest of the molecule that 
functional group is defined as electron donating group. 

other hand, the function group which causes the resonance of electron 
form rest of the molecule towards itself will be termed as electron withdrawing 

-NH2 and -OH groups have lone pairs of electrons so they 
will behave as electron donating group whenever these are attached to an alternate 
double bond and single bond. Similarly, the nitro group –NO2 exhibits a positive 
charge over N atom, therefore, will be able to withdraw electron from rest of the 
molecule and will be termed as electron withdrawing group. 
example of system with a cycle of double bonds and a pair of electrons next to a 
double bond. In this molecule sp2 hybridized nitrogen has an “unshared” pair of 
electrons in a p orbital. We write the resonance structures of aniline:

Figure 2.14. Resonance structures of aniline 

The Figure 14 shows that lone pair on nitrogen atom resonates over all 
benzene ring making benzene as nucleophile. The charge separation in last three 
structures makes the molecule susceptible to be attacked by incoming 
electrophile.  The resonance also defines the site for attack by electrophile. If an 
electrophile is added to aniline, it will prefer to be added to either othro of para 
position benzene ring of aniline. The aniline is said to have positive resonance 
effect over benzene. It is also termed as ortho and para directing group because of 

Figure 2.15. Resonance structures of nitro benzene

is usually present in molecules with conjugated double bonds or in molecules 

When we write the resonance structures of molecule, if the direction of 
moment of lone pair is from a functional group towards rest of the molecule that 

other hand, the function group which causes the resonance of electron 
form rest of the molecule towards itself will be termed as electron withdrawing 

OH groups have lone pairs of electrons so they 
ing group whenever these are attached to an alternate 

exhibits a positive 
charge over N atom, therefore, will be able to withdraw electron from rest of the 

withdrawing group. Aniline is an 
example of system with a cycle of double bonds and a pair of electrons next to a 

hybridized nitrogen has an “unshared” pair of 
f aniline: 

 
 

The Figure 14 shows that lone pair on nitrogen atom resonates over all 
benzene ring making benzene as nucleophile. The charge separation in last three 

e attacked by incoming 
electrophile.  The resonance also defines the site for attack by electrophile. If an 
electrophile is added to aniline, it will prefer to be added to either othro of para 

ositive resonance 
effect over benzene. It is also termed as ortho and para directing group because of 

 
Figure 2.15. Resonance structures of nitro benzene 
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Similarly, if we attach nitro group to the benzene, it will have electron 
withdrawing effect over benzene. It will withdraw the electron through resonance 
as the arrows indicating the moment of electrons will be directed towards nitro 
functionality within the molecule. This will be termed as electron withdrawing 
group. The moment of electron from benzene ring to the nitro group makes ortho 
and para positions electron deficient. While meta position is not effected. So if we 
try to add an electrophile to nitrobenzene, it will prefer to be add to meta position 
because the otho and para positions are electro deficient due to resonance effect of 
nitro group already present over benzene ring. Therefore, the nitro group is 
termed as electron withdrawing group. The effect is called negative resonance 
effect. 
 The functional group which has electron donating effect over alternate 

double and single bond and is able to withdraw pi electron from molecule 
is said to have positive resonance effect. 

 The functional group which has electron withdrawing effect over alternate 
double and single bond and is able to withdraw pi electron from molecule 
is said to have negative resonance effect [2]. 

Activity: 
Draw resonance structures of: 
i. Benzene 

ii. Methyl benzene 
iii. Phenol 
iv. Naphthalene  
v. 1-Nitro naphthalene  

vi. Allyl carbocation 
vii. Benzyl carbocation 

  



 

Answer 

(i) Resonance structures of benzene

(ii) Resonance structures of Methyl benzene

(iii) Resonance structures of Phenol

(iv) Resonance structures of Naphthalene 

(v) Resonance structures of 1
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Resonance structures of benzene 

Resonance structures of Methyl benzene

Resonance structures of Phenol 

Resonance structures of Naphthalene  

Resonance structures of 1-nitro naphthalene  

 

 
Resonance structures of Methyl benzene

 

 

 



 

(vi) Resonance structures of Allyl 

(vii) Resonance structures of Benzyl carbocation
 

2.4 Hyperconjugation
Hyperconjugation is also a stabilizing interaction which results from 

interaction of electrons in sigma bond with its adjacent empty or partially filled p
orbital or a π-orbital leading to an extended molecular orbital that will result in 
increase in the stability of the system

It is a sort of "double bond 
resonance.  

It was observed that if we add methyl group to carbocation RCH
instead of hydrogen, the resulting system will be more stable e.g. RCH
stable than RCH2

+CH3

then it will be conjugated with the empty p orbital over carbocation. This empty 
orbital is almost in similar plane as one of the C
Although these empty p orbital and sigma C
like is overlap of two p
are such that they can develop a delocalization of electron form plane of sigma 
orbital to the plane of p orbital. So overlap can occur and this overlap will not be 
as strong as parallel overlap of p orbitals. This overlap leads to a conjugated 
system with flow of electron f
overlap is shown in Figure 16.
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Resonance structures of Allyl carbocation 

Resonance structures of Benzyl carbocation 

Hyperconjugation 
Hyperconjugation is also a stabilizing interaction which results from 

interaction of electrons in sigma bond with its adjacent empty or partially filled p
orbital leading to an extended molecular orbital that will result in 

increase in the stability of the system 
It is a sort of "double bond - no bond resonance" but it is not a true 

It was observed that if we add methyl group to carbocation RCH
instead of hydrogen, the resulting system will be more stable e.g. RCH

3. The reason is methyl group is attached to the carbocation 
then it will be conjugated with the empty p orbital over carbocation. This empty 

ital is almost in similar plane as one of the C-H bonds of methyl group. 
Although these empty p orbital and sigma C-H orbitals are not exactly parallel 
like is overlap of two pz orbitals involved in formation a pi bond, but still planes 

can develop a delocalization of electron form plane of sigma 
orbital to the plane of p orbital. So overlap can occur and this overlap will not be 
as strong as parallel overlap of p orbitals. This overlap leads to a conjugated 
system with flow of electron form sigma bond to towards empty p orbital. The 
overlap is shown in Figure 16. 

 

 

Hyperconjugation is also a stabilizing interaction which results from 
interaction of electrons in sigma bond with its adjacent empty or partially filled p-

orbital leading to an extended molecular orbital that will result in 

no bond resonance" but it is not a true 

It was observed that if we add methyl group to carbocation RCH+ is added 
instead of hydrogen, the resulting system will be more stable e.g. RCH2

+ is less 
The reason is methyl group is attached to the carbocation 

then it will be conjugated with the empty p orbital over carbocation. This empty 
H bonds of methyl group. 

H orbitals are not exactly parallel 
orbitals involved in formation a pi bond, but still planes 

can develop a delocalization of electron form plane of sigma 
orbital to the plane of p orbital. So overlap can occur and this overlap will not be 
as strong as parallel overlap of p orbitals. This overlap leads to a conjugated 

orm sigma bond to towards empty p orbital. The 



 

Figure 2.16. Hyperconjugation in 

This overlap provides a path for the electrons of the sigma bond to be 
delocalized into the empty p orbital. This delocalization will stabilize the 
carbocation.  

Thus, the electrons in the σ
the empty p-orbital of the carbocation center. This stabilization lead to formation 
of C=C double bond with proton (H
any bond formation. So it can be termed as double bond 
 

+     

carbocation         
Figure 2.17. Bond

The phenomenon of hyperconjugation occur in such molecules because 
the orbital interaction between filled sigma orbital and empty p orbital lead the 
electron being in a lower energy orbital leading to stabilization of molecule. 

Figure 2.18. Orbital ove
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Figure 2.16. Hyperconjugation in ethyl carbocation 
 

This overlap provides a path for the electrons of the sigma bond to be 
delocalized into the empty p orbital. This delocalization will stabilize the 

Thus, the electrons in the σ-bond can be stabilized by an interaction with 
of the carbocation center. This stabilization lead to formation 

of C=C double bond with proton (H+) being attached to it electrostatically without 
any bond formation. So it can be termed as double bond –no bond interaction.

+     CH3→ ⇌

        methyl conjugated to carbocation hyperconjugation
Figure 2.17. Bond-no bond interaction 

 
The phenomenon of hyperconjugation occur in such molecules because 

the orbital interaction between filled sigma orbital and empty p orbital lead the 
eing in a lower energy orbital leading to stabilization of molecule. 

 

 
Figure 2.18. Orbital overlap in hyperconjugation 

 
 

This overlap provides a path for the electrons of the sigma bond to be 
delocalized into the empty p orbital. This delocalization will stabilize the 

bond can be stabilized by an interaction with 
of the carbocation center. This stabilization lead to formation 

) being attached to it electrostatically without 
no bond interaction. 

 
hyperconjugation 

The phenomenon of hyperconjugation occur in such molecules because 
the orbital interaction between filled sigma orbital and empty p orbital lead the 

eing in a lower energy orbital leading to stabilization of molecule.  
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As, the C-C σ-bond can rotate freely, each of the C-H σ-bonds in turn 
undergoes this stabilizing interaction with p orbital. Thus, in ethyl cation, 3 C-
H σ-bonds can be involved in hyper-conjugation. The more hyperconjugation the 
greater is the stability of the system. For example, the t-butyl cation has 9 C-H σ-
bonds that can be involved in hyperconjugation. Therefore, (CH3)3C

+ is more 
stable than CH3CH2

+.  
Not only C-H σ-bonds but appropriate C-C σ-bonds can also be involved 

in hyperconjugation. Further, this phenomenon is not limited to delocalization of 
sigma bond to the p orbital of carbocation. Other types of sigma bonds also 
interact with an adjacent empty p orbital in a similar fashion provided that the 
interacting sigma MO and the empty p AO are on adjacent carbons and their 
planes are aligned in a manner that they become somewhat parallel to each other. 
Such a stabilizing interaction is termed hyperconjugation. 
 
Activity 

What is the key difference between hyperconjugation and resonance?  
Answer 

Resonance is delocalization of pi electrons among conjugated parallel p 
orbitals while hyperconjugation is delocalization sigma bonding electrons among 
sigma molecular orbitals and adjacent p orbital. 

 

2.5  Hydrogen Bonding 
Hydrogen-bonding is the name given to a sort of donor–acceptor 

interaction just like a Lewis acid–base interaction involving hydrogen atoms. 
They occur between electronegative atom O, F, Cl and N atoms covalently bound 
to some electropositive atom and hydrogen atom for examples H atoms attached 
to O atoms in water, alcohols, carboxylic acids, H atoms attached to N atoms in 
primary and secondary amines or amides. It is not only limited to organic 
molecules but can also occur in inorganic compounds where –H is attached to a 
more electronegative atom such as in HF and HCl.  
 A hydrogen bond is formed when H atom attached covalently with an 
electronegative atom come into contact with another strongly electronegative 
group in another molecule. It cannot develop another covalent bond so it will 
interact with second electronegative atom through covalent bond. Hydrogen 
bonds will be developed in hydrogen attached to oxygen in water, alcohols, 
carboxylic acids, ketones, esters, ethers; a nitrogen, fluorine or chlorine atom in 
other molecules.  
 The hydrogen binding was proposed in quest to explain unusual properties 
of compounds having the hydrogen atom attached to more electronegative atom 
by German chemists during the 1902–1914 period followed by M.L. Huggins in 
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1919. In 1930, L. Pauling used the term hydrogen bond for the first time for  —O 
. . . H interaction. 
 The explanation of Hydrogen bonding lies in quantum mechanics and 
electrostatic theories. First it was thought that a hydrogen bond has a quasi-
covalent nature that can be explained by considering H atom (or proton) being 
shared between two electronegative atoms. Then it is also believed that weak H-
bonds can also be predominantly electrostatic interaction in nature. 
 In general, when an H-bond is formed between a hydrogen atom attached 
to A covalently and coming in close contact with another electronegative B in 
then it can be shown schematically as A—H . . . B where the A and B are termed 
as hydrogen-bond donor and hydrogen bond acceptor atoms just like we label 
donor and acceptor in Brönstedacid and base concept. In Brönsted acid base 
theory, an acid is a substance which molecule can donate a proton in an 
interaction while base is a proton acceptor. We cannot apply this protonic concept 
of acid–base theory directly to hydrogen-bonding interactions because in 
hydrogen bonding complete transfer of proton does not take place. Another 
concept is that the H atom is not shared between two electronegative atoms, rather 
it remains covalently bound to its parent atom. Experimentally, it was found that 
the covalent bond between A—H is weakened after the A—H—B hydrogen bond 
formation. 
 The electronegativity is defined as the power of an atom in a molecule to 
attract covalently shared electrons pair towards itself. When the two atoms having 
difference of electronegativity get connected through covalent bond e.g. sharing 
their outmost electrons to complete their octet, the bond between them will be 
slightly more tilted towards more electronegative atom and will have have partial 
ionic character. If electrons are available to occupy the resulting molecular 
orbitals, the bond will have some covalent character. Hydrogen bonds are formed 
when A is more the electronegative relative to H and in an A—H covalent bond, 
A will be able to withdraws electrons from the H atom. This will leave the proton 
(H) partially unshielded. The result is a molecule with a localized positive charge, 
δ+ over H atom and localized δ- charge over  A. whenever such A—H bond come 
in close vicinity to another A—H bond the δ+ charge over H in one A—H can link 
up with the concentration of negative charge, δ- over second A—H in another 
molecule.  
“The key factor is the small effective size of the poorly shielded proton [3]”. The 
proton acceptor B is also an electronegative atom and must have a lone-pair of 
electrons or polarizable p electrons in order to interact with this donor A—H bond 
through H bonding. The formation of H bond can be explained using MOT.  
The formation of H-bond can be regarded as formation of three delocalized 
molecular orbitals from overlap of three atomic orbitals coming from A, H, and B. 



 

This formation takes place in two steps. Initially, 1s orbitals in A and H are used 
to form the A—H bond in the AH molecule leading to the formation of two 
molecular orbitals; one bonding molecular orbital (B.M.O.) and one anti
molecular orbital (A.M.O) Figure 19. Then these B.M.O and AMO from A
bond then undergo secondary overlap with non
containing lone pair of electron f
(bonding molecular orbital), HBMO (hydrogen bonding molecular orbital) and 
AMO (antibonding molecular orbital) Figure 20. The schematic representations of 
two step atomic and molecular orbital overlaps are given 
 
 

 
Figure 2.19. Overlap of atomic orbitals leading to formation of H
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This formation takes place in two steps. Initially, 1s orbitals in A and H are used 
H bond in the AH molecule leading to the formation of two 

molecular orbitals; one bonding molecular orbital (B.M.O.) and one anti
molecular orbital (A.M.O) Figure 19. Then these B.M.O and AMO from A
bond then undergo secondary overlap with non-bonding molecular orbital 
containing lone pair of electron from B to form three molecular orbitals; BMO 
(bonding molecular orbital), HBMO (hydrogen bonding molecular orbital) and 
AMO (antibonding molecular orbital) Figure 20. The schematic representations of 
two step atomic and molecular orbital overlaps are given in Figure 19 and 20.

Figure 2.19. Overlap of atomic orbitals leading to formation of H
covalent bond in hydrogen fluoride 

This formation takes place in two steps. Initially, 1s orbitals in A and H are used 
H bond in the AH molecule leading to the formation of two 

molecular orbitals; one bonding molecular orbital (B.M.O.) and one anti-bonding 
molecular orbital (A.M.O) Figure 19. Then these B.M.O and AMO from A—H 

bonding molecular orbital 
rom B to form three molecular orbitals; BMO 

(bonding molecular orbital), HBMO (hydrogen bonding molecular orbital) and 
AMO (antibonding molecular orbital) Figure 20. The schematic representations of 

in Figure 19 and 20. 

Figure 2.19. Overlap of atomic orbitals leading to formation of H—F  
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Figure 2.20. Overlap of BMO and AMO of one H-F with NBO 
of other H-F leading to formation of F---H—F hydrogen bond 

 
 The energies of final BMO and HBMO (after overlap) are lower than the 
energies of starting BMO and AMO (before overlap) Figure 20 so the orbital 
mixing/overlap leads to lowering in energy of system meaning that it lead to 
stabilization. That is why hydrogen bond formation takes place.  
The distance between AH and B is crucial in defining hydrogen bond. The H-
bonds are formed when AH touches B since H-bonding depends on orbital 
overlap. But if the molecular contact is broken, H-bonds are also broken. For 
example, in water the one O—H form bond with another O—H then it breaks due 
to fluidity of water and hydrogen bond is formed in another orientation with 
another molecule. 
 Thus, H-bonds are formed when any hydrogen-bond donor group (N—H, 
O—H, F—H) is near a hydrogen-bond acceptor group (Lewis base solvents 
containing N, O, F or Cl atoms). While F-ions are good H-bond acceptors, the F 
atom in a C—F bond is not, so there is no H-bonding in fluorocarbon solvents. 
 
2.5.1 Significance of hydrogen bonds 
 Hydrogen bonding is very important in aqueous media. The unusual 
behavior of water molecule is due to presence of H-bond in it.  
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 Water despite of being a small molecule is associated with unexpected 
properties such as;  
 high melting  
 high boiling points  
 latent heat of vaporization 
 special association properties  
 very low compressibility  
 high solubilizing capacity 
 It has strange behavior both as a solvent and as a solute which can only be 
explained by the presence of H-bonds in water. 
 Hydrogen bonding also occurs in alcohols and a mean of increasing their 
boiling points. For example: ethanol, CH3CH2—OH and methoxymethane, CH3—
O—CH3 are two molecules with same molecular formula but they have different 
functional groups. So they are function group isomers. They have same number of 
electron protons and some atoms in different connectivity. It would have been 
expected that their van der Waals attractions (both dispersion forces and dipole–
dipole attractions) should be the same. But due to difference in connectivity of 
atoms, bonding capability differs in both molecules. In ethanol O gets connected 
to one H atom while in methoxymethane O is forming two covalent bonds with C 
atoms. So, hydrogen bonding can occur in ethanol, because of –OH functionality 
while there is no hydrogen bond in methoxymethane. In methoxymethane, the 
oxygen does have the lone pairs but the hydrogens attached to C atom are not 
sufficiently charged for the formation of hydrogen bonds. As a result, the boiling 
points of ethanol and methoxymethane show the dramatic difference despite of 
same molecular formula e.g. the boiling point of ethanol is 78.5°C with hydrogen 
bonding and methoxymethane is 24.8°C without hydrogen bonding.  The H-
bonding exists in addition to van der Waals attractions.  
 Similarly, if we compare the boiling points of pentane 
(CH3CH2CH2CH2—CH3) with butan-1-ol (CH3CH2CH2CH2—OH), the butanol 
117°C has much higher boiling points than that of pentane 36.3°C. There is a vast 
difference despite of the fact that they contain the same number of electrons, and 
are much the same length. This is all due to the additional H-bonding property in 
ethanol. 
 The biological systems have N and O atoms and hydrogen bonding plays 
an important role in them. The biological macromolecules which include amino 
acids (the building blocks of proteins) and nucleic acids and bases (the building 
blocks of DNA and proteins), maintain their structures due to H-bonding. Their 
structures are mandatory for their efficient working. If we remove H-bonds form 
biological macromolecules, all living things would disintegrate and collapse. The 
examples range from simple molecules such as HOOC—CH2—NH2 (glycine) to 



 54 

large molecules like proteins and DNA. The hydrogen bond is very important in 
maintaining the secondary structures of proteins and DNA. During crystallization 
of proteins, more than half the volume of the crystal is often still occupied by 
water which is present near protein crystal surface in an ordered structure due to 
the presence of the H-bonds; these are known as bound water.  
In biochemistry, the strong H-bonds are present as salt bridges between different 
base pairs which lead to double strand structure of DNA further the H-bonding 
also play important role in forming helical structure of in nucleic acids. There are 
also weak H-bonds in biological molecules in non-rigid conformations which can 
be easily broken.  
 
2.5.2  Properties of hydrogen bonds 
 The strength of hydrogen bond lies between weak van der Waals forces 
and strong covalent bond. The strongest hydrogen bond is associated with energy 
≈40 kJmol-1while hydrogen bond can be as strong as covalent bond. The bond 
length varying from 0.12 to 0.32nm. 
Based on strength the hydrogen bond can be categorized in three divisions.  
 strong (14–40 kJmol-1),  
 moderate (4–15 kJmol-1)  
 weak (4 kJmol-1), 
 Sometimes the H-bonding dominates the other intermolecular interactions. 
Mostly the H-bonds are weak attractions and its binding strength is about one 
tenth of that of a normal covalent bond.  
 When one shielded H atom in one molecule approaches one 
electronegative atom B with partial negative charge in another molecule the 
equilibrium bond distance for the hydrogen bond formation is smaller than the 
sum the two van der Waals radii of the B and H atoms. This shows that there is 
some degree of atomic orbital overlap while forming hydrogen bond. For 
example, if we measure the intermolecular distances in ice, the intra-molecular 
distance between the covalently bound O—H atoms is about 0.100 nm, as 
expected, but the intermolecular distance between O...H atoms is found to be 
about 0.176 nm, which is much less than the 0.260 nm expected from summing 
the two van der Waals radii of the O and H atoms.  
 The hydrogen bonds are directional and thus result in three- or two-
dimensional structures, or one-dimensional chains. When the temperature so 
system increases the hydrogen bond strength decreases as result of increase in 
thermal motion and after a certain temperature, the H-bonds break.  
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2.5.3  Measurement of H-bonds 
 As the hydrogen bond is formed as result of orbital overlap, the formation 
of H-bonds liberates heat which can be recorded as quantitative measurement of 
H bond strength. H-bond formation energies can be measured by determination of 
the enthalpy of mixing or dilution of donor–acceptor liquid mixtures by 
calorimetry, or by infrared shifts. We can measure the thermodynamic properties 
of the H-bonds formed by measuring the physical property that is sensitive to H-
bonding and temperature. Some of these techniques include infrared (IR), Raman, 
nuclear magnetic resonance (NMR) spectroscopies; X-ray diffraction, neutron 
diffraction and neutron inelastic scattering etc. In addition, some special 
techniques such as gas-phase microwave rotational spectroscopy and deuteron 
nuclear quadrupole coupling have also been applied successfully. More recently, 
computational chemistry has become an important tool for understanding H-
bonding, and especially ab-initio molecular orbital calculations are applied. 
 Different techniques can measure H bond enthalpies with an accuracy of 
in 2-3 kcalmol-1. Even then a good correlation can be obtained for H-bond 
enthalpies between 3 and 20 kcalmol-1. It was also found that H-bond energies are 
neither additive nor transferable. 
 
2.5.4 Hydrogen Bonds in Water 
 Water is a universal solvent. It is the most important liquid on earth. As 
stated above, water is associated with unexpectedly high melting and boiling 
points and latent heat of vaporization, for a small non-ionic molecule. This shows 
that molecules in water are strongly connected to each other by some force. This 
strongest force of attraction in water is hydrogen bonding.  
 Water molecules are most susceptible to hydrogen bond formation 
because of presence of four pairs of electrons around each of oxygen atom. Which 
align themselves towards the vertexes of a tetrahedron in sp3 conformation? Two 
of these pairs get involved in formation of covalent bond with hydrogen atoms 
while remaining two lone pairs gets involved in hydrogen bond formation.  In this 
way, along a tetrahedron, two axes have shielded proton with partial positive 
charges while other two axes have lone pair of electrons (e.g. partial negative 
charges). Thus, a water molecule gets tetrahedral coordination having four nearest 
neighbors per molecule and the bonds in water are directional. 
 
 
 
 
 
 



 

Figure 2.21. Hydroge

 Each water molecule can, therefore, form H
molecules; in two of these bonds the central water molecule provides the 
and in the other two the attached water mol
 In bulk liquid, each water molecule can form maximum of four hydrogen 
bonds with neighbors. As the liquid has continuous thermal agitation, the H
between molecules are continuously being broken and reformed. It actually 
achieves an average of 3.4 bonds per molecule for water
 When water solidifies to form ice, the thermal motion freezes and tetrahedral 
arrangement of water molecules becomes c
less than the density of water. Because the freezing motion of water make them align 
in tetrahedral way with empty spaces among tetrahedron. Thus molecules are far 
apart in solid state than in liquid state.  T
bonds in ice results in a longer intermolecular distance between molecules than that 
of liquid water. Further, proton conduction is efficient in solid ice than in liquid water 
revealing that ice provides easy path
 

Figure 2.22. Hexagonal pattern from tetrahedral structure of water molecule.
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Figure 2.21. Hydrogen bonds between water molecules
 

Each water molecule can, therefore, form H-bonds with four other water 
molecules; in two of these bonds the central water molecule provides the bridging protons, 
and in the other two the attached water molecules provide them, as seen in 
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in tetrahedral way with empty spaces among tetrahedron. Thus molecules are far 
apart in solid state than in liquid state.  Thus, this indicates that the presence of H
bonds in ice results in a longer intermolecular distance between molecules than that 
of liquid water. Further, proton conduction is efficient in solid ice than in liquid water 
revealing that ice provides easy pathways for the moment of charges.  
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 The tetrahedral alignment of two covalent and two hydrogen bonds lead to 
the characteristic hexagonal pattern of an ice crystal with the participation of each 
water molecule Figure 22. Ice crystals have extremely open structures with only 
four nearest neighbors around each molecule. In liquid water, the tetrahedral ice 
structure is retained somewhat, but of course, the structure is more labile and 
disordered. Because the molecular clusters are smaller and less stable in the liquid 
state, water molecules on average are packed more closely together than are ice 
molecules (the average number of nearest neighbors increases approximately to 
five) and liquid water has the higher density; hence ice floats. This is known as 
association of liquid water, by bringing water molecules together to form three-
dimensional cluster structures. 
 Other examples of the formation of such a three-dimensional network 
from tetrahedral coordination carbon and silicone networks but involvement of H-
bonding in tetrahedral ice and liquid water structure is the main reason for all the 
unusual relative properties of water and ice. Such as: 
(i) The liquid water shows a maximum density at 4°C, which is an unusual 
property. The density of liquid water increases from 0°C to a maximum at 4°C. 
This can be attributing to the breakage of large clusters associates of water 
molecules into smaller ones. The smaller clusters will then occupy less space in 
the water associate. Then only beyond 4°C, the normal thermal expansion then 
causes a decrease in liquid density with increasing temperature. 
(ii) The high dielectric constant of liquid water increases as it solidifies by 
freezing into ice. This is contrary to most molecules whose liquid dielectric 
constant falls abruptly during freezing due to the decrease in molecular rotations 
with the decrease in thermal energy. 
(iii) Water has a very low compressibility. 
(iv) Water has unusual solubility properties both as a solvent and as a solute. 
Water dissolves ionic salts very readily because it is good at shielding charged 
atoms from one another by forming H-bonds with anions and also cations [3]. 
 

2.6     Tautomerism 
 Tautomers are isomers of a compound in which the carbon skeleton of the 
compound is unchanged, and isomers are formed by difference of position of the 
protons and electrons. These are kind of structural/constitutional isomerism of 
chemical compound. It involves relocation of proton. It can be regarded as a 
reaction which involves simple proton transfer in an intermolecular fashion is 
called a tautomerism. The most commonly occurring tautomerism is Keto-enol 
tautomerism which occurs in acid or base catalyzed reaction. Tautomerism is 
important in the behavior of amino acids and nucleic acids, two of the 
fundamental building blocks of life. The phenomenon of existence of tautomer is 



 

called tautomerism and the equilibrium reaction 
is called tautomerization.

 
              The Figure 23 shows that the keto and enol forms differ in position of H 
in molecule. On keto form H is present on C while in enol form it is attached to O 
leading to –OH functionality
isomer has properties of alcohol. The tautomerism 
arrows not by double headed arrows which is used to show resonance 
phenomenon. This depicts that there is equilibrium betwee
As there is equilibrium between the two structures the properties of molecule will 
be intermediate between two functionalities and also depends on relative stability 
of both tautomers.Typically, the 'keto' form of the compound is more
in some instances the 'enol' form can be the more stable.
 Tautomerism differs from resonance. In resonance the electron pair 
delocalizes between the atoms while in tautomerism proton delocalizes between 
atoms.  Resonance contributing structur
physical method while the tautomers are distinct chemical species and can be 
identified as such by their differing
Tautomerism is associated with weakly polar and slightly acidic functional 
groups. Some common tautomeric pairs are [4]
 

 Ketone – enol: H−O−C=CH 
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tautomerism and the equilibrium reaction interconverting the two tautomers 
tautomerization. 

Figure 2.23. Keto-enol tautomerism. 

The Figure 23 shows that the keto and enol forms differ in position of H 
in molecule. On keto form H is present on C while in enol form it is attached to O 

OH functionality. The first molecule behaves as ketone while second 
isomer has properties of alcohol. The tautomerism is represented by equilibrium 
arrows not by double headed arrows which is used to show resonance 
phenomenon. This depicts that there is equilibrium between keto and enol form. 
As there is equilibrium between the two structures the properties of molecule will 
be intermediate between two functionalities and also depends on relative stability 
of both tautomers.Typically, the 'keto' form of the compound is more
in some instances the 'enol' form can be the more stable. 

Tautomerism differs from resonance. In resonance the electron pair 
delocalizes between the atoms while in tautomerism proton delocalizes between 
atoms.  Resonance contributing structures cannot be distinguished from any 
physical method while the tautomers are distinct chemical species and can be 
identified as such by their differing spectroscopic data. 
Tautomerism is associated with weakly polar and slightly acidic functional 
groups. Some common tautomeric pairs are [4] 

−O−C=CH ⇌ O=C−CH2 

 
Figure 2.24 
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 Enamine – imine: H

 Guanidine – guanidine 
three nitrogen atoms, a guanidine group allows this transform in three 
possible orientations

 

 Amine-imine 

 
 Amide – imidic acid: H

during nitrile hydrolysis
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: H2N−C=N ⇌ HN=C−NH 

 
Figure 2.25 

 
guanidine – guanidine: With a central carbon surrounded by 

three nitrogen atoms, a guanidine group allows this transform in three 
possible orientations 

Figure  2.26 

 
Figure 2.27 

imidic acid: H−N−C=O ⇌ N=C−O−H (e.g., the latter is encountered 
hydrolysis reactions) 

Figure 2.28 
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 Lactam – lactim, a cyclic
pyridone and derived structures such as the
and cytosine. 

 Aci – nitro: RR'HC

 
 Nitroso

 Ketene – ynol, which involves a triple bond: R
 Amino acid – ammonium carboxylate, which applies to the building blocks of 

the proteins. This shifts the proton more than two atoms away, producing 
a zwitterion rather than shifting a 
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, a cyclic form of amide-imidic acid tautomerism in
and derived structures such as the nucleobases guanine

Figure 2.29 
 

nitro: RR'HC–N+(=O)(O–) ⇌ RR'C=N+(O–)(O–) 

Figure2.30. 

Nitroso – oxime: H−C−N=O ⇌ C=N−O−H 

 
Figure 2.31 

 
, which involves a triple bond: R−CH=C=O ⇌ R−C≡C−OH.
ammonium carboxylate, which applies to the building blocks of 

the proteins. This shifts the proton more than two atoms away, producing 
rather than shifting a double bond:  

Figure 2.32 

imidic acid tautomerism in 2-
guanine, thymine, 

 

 

−C≡C−OH. 
ammonium carboxylate, which applies to the building blocks of 

the proteins. This shifts the proton more than two atoms away, producing 
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 Phosphite – phosphonate: P(OR)2(OH) ⇌ HP(OR)2(=O) between trivalent and 
pentavalent phosphorus. 

 
Figure 2.33 
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Introduction 
 Saturated hydrocarbons or Alkanes are organic compounds that consist 

entirely of single-bonded carbon and hydrogen atoms and lack any other 

functional groups. Alkanes have the general formula CnH2n+2 and can be 

subdivided into the following three groups: the linear straight-chain alkanes, 

branched alkanes, and cycloalkanes. Alkanes are also saturated hydrocarbons. 

Cycloalkanes are cyclic hydrocarbons, meaning that the carbons of the molecule 

are arranged in the form of a ring. Cycloalkanes are also saturated, meaning that 

all of the carbons atoms that make up the ring are single bonded to other atoms 

(no double or triple bonds). There are also polycyclic alkanes, which are 

molecules that contain two or more cycloalkanes that are joined, forming multiple 

rings. 

 

Objectives  

 After successful completion of this unit hopefully student will be able to: 

1.     Discuss the basic concepts of Alkane  

2.     Describe the Nomenclature of alkanes 

3.     Point out Preparation of alkanes  

4.     Enlist Physical properties of alkanes  

5.     Explain   Reactions of alkanes  
 
 
 
 
 
 
  



 

3.1  Alkanes
 Alkanes are the simplest organic compounds made of carbonand 
hydrogen only. First member methane (CH
 

and its molecule is built of one Carbon atom joined to four hydrogen atoms by 
covalent bonds. Other hydrocarbons of this series are ethane, propane, butane etc., 
contain two or more carbon atoms linked in chain  by single covalent bonds, the 
rest of their valencies being satisfied by union with hydrogen atoms; Thus:
 

 
 Since all the four valencies of the carbon atoms in these compounds are 
fully satisfied, they can take up no more hydrogen or any other atoms. Thus being 
'fully saturated in respect of chemical combination, these hydrocarbons are 
classed as s
 The saturated hydrocarbons are relatively stable to of the most chemical 
reagents. They react with nitric acid and Sulphuric Acid only under drastic 
conditions, while they are not attacked at all by oxidizing agents such as 
potassium permanganate
activity they are also calledParaffins (Latin, ParumAffinis =little affinity).The 
IUPAC name for the paraffin hydrocarbons is Alkanes.
 The relative chemical inactivity of alkanes can be accounted for b
modern orbital theory of molecular structure. In the molecules of these 
hydrocarbons, all the carbon atoms are joined to four other atoms. According to 
Quantum mechanics when a carbon atom is linked to four other atoms, it is in Sp3 
state of hybridiz
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of carbon atoms in the molecule, to the 
word name. The 

r alkanes 
containing four or more carbon atoms exist in two or more isomeric forms 
depending on the structure of the carbon skeleton. The alkanes having a straight 

This is indicated by 
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  From an examination o
chain alkanes in general are characterised by the following structural units.
 

The alkanes in which the carbon chain has branches are called
chain hydrocarbons. 
carbon of the normal or basic chain,
are referred to as Iso hydrocarbons 

From pentane (C
molecule has two one
alkane. is referred to as 

From an examination o
chain alkanes in general are characterised by the following structural units.

Figure 3.4. Normal Hydrocarbons

The alkanes in which the carbon chain has branches are called
chain hydrocarbons. Such alkanes as possess a one
carbon of the normal or basic chain,

Iso hydrocarbons 

Figure 3.5. 

From pentane (C5) onwards, when the normal carbon chain present in the 
molecule has two one-carbon branches on the second carbon from the end, the 
alkane. is referred to as Neohydrocarbon

Figure. 3.6.  Neo

From an examination of the above structures you will note that branched 
chain alkanes in general are characterised by the following structural units.
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Figure 3.4. Normal Hydrocarbons

The alkanes in which the carbon chain has branches are called
Such alkanes as possess a one

carbon of the normal or basic chain, 
Iso hydrocarbons (Greek, isos=equal). Thus

Figure 3.5. Isopentane skeleton

) onwards, when the normal carbon chain present in the 
carbon branches on the second carbon from the end, the 
Neohydrocarbon(Greek, neos=new). Thus:

Figure. 3.6.  Neo-hexane skeleton
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Figure 3.7. Branched Chain Alkanes 

 
Types of Carbons atoms in Alkanes 
1. Primary (1°) carbon atom which is bonded to one (or no 

other Carbon atom. 
2.  Secondary (2°) carbon atom which is bonded to two  other carbon 

atoms. 
3.  Tertiary (3�) carbon atom which is bonded to three other  carbon atoms. 
4. Quaternary (4°) carbon atom which is bonded to four carbon items, 

Naming of Alkyl radicals  
  A group of atoms that has unusual  valency (represented by  dash) is called 
a radical. The radicals derived from alkanes (R-H) by removal of one H atom are 
called Alkyl radicals (R - ). The names of the alkyl radicals corresponding to 
normal and isoalkanes are obtained by simply changing the suffix ·aneto -yl. In 
case ofnormal alkanes the hydrogen atom is removed from the end of the carbon 
chain while in isoalkanes it comes from the end opposite to the carbon or 'iso' end. 
Thus: 
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Figure 3.8. Naming of Alkyle Radicals 
 

IUPAC Rules for Alkane Nomenclature 
1. Find and name the longest continuous carbon chain. 

The longest continuous carbon chain has seven C atoms, so this molecule is 
named as a heptane. There is a two-carbon substituent on the main chain, 
which is an ethyl group. 



 

2. Identify and name groups attached to this chain.
3. Number the chain consecutively, starting at the end nearest a substituent 

group.
 

                  
 

4. Designate the location of each 
and name.

                                      
 

5. Assemble the name, listing groups in alphabetical order.
 

Identify and name groups attached to this chain.
Number the chain consecutively, starting at the end nearest a substituent 
group. 

                                     

Designate the location of each 
and name. 

                                      

Assemble the name, listing groups in alphabetical order.
 

Identify and name groups attached to this chain.
Number the chain consecutively, starting at the end nearest a substituent 

                   Figure 3.10

Designate the location of each 

                                      Figure 3.11

Assemble the name, listing groups in alphabetical order.
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Figure 3.9

Identify and name groups attached to this chain.
Number the chain consecutively, starting at the end nearest a substituent 

Figure 3.10 

Designate the location of each substituent group by an appropriate number 

Figure 3.11 

Assemble the name, listing groups in alphabetical order.

Figure 3.9 
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6. The prefixes di, tri, tetra etc., used to designate several groups of the same 
kind, are no

 

Occurrence in Nature
  The alkanes are distributed in nature in enormous quantities.Natural gas 
given off in petroleum regions is a mixture of chieflymethane and ethane. Lower 
alkanes are also produced on 
brown coal.The liquid hydrocarbons are found in almost unlimited quantities in 
crude petroleum or mineral oil. Natural wax or Ozokerite found in large deposits 
in petroleum areas and elsewhere is a mi
 
3.3.  Preparation of Alkanes
 Since the alkanes resemble each other very closely in their physical 
properties, they cannot be profitably separated from natural petroleum. Even 
repeated distillation or crystallization of
Thus, for the preparation of alkanes we have to depend entirely on the synthetic 
methods. 
(1)  Direct synthesis from elements
 The lower hydrocarbons, methane and ethane are formed by passing the 
electric arc bet
temperature of the arc (1200°) carbon and hydrogen combine to form alkanes.
 C + 2H
                                         
 2C + 3H

The prefixes di, tri, tetra etc., used to designate several groups of the same 
kind, are not considered when alphabetizing.
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                                         Methane

C2H6 
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The prefixes di, tri, tetra etc., used to designate several groups of the same 
t considered when alphabetizing.

Figure 3.12
 

The alkanes are distributed in nature in enormous quantities.Natural gas 
given off in petroleum regions is a mixture of chieflymethane and ethane. Lower 

an industrial scale by the dry
brown coal.The liquid hydrocarbons are found in almost unlimited quantities in 
crude petroleum or mineral oil. Natural wax or Ozokerite found in large deposits 
in petroleum areas and elsewhere is a mixture of higher solid hydrocarbons.

 
Since the alkanes resemble each other very closely in their physical 

properties, they cannot be profitably separated from natural petroleum. Even 
repeated distillation or crystallization of the oil does not yield pure hydrocarbons. 
Thus, for the preparation of alkanes we have to depend entirely on the synthetic 

Direct synthesis from elements. 
The lower hydrocarbons, methane and ethane are formed by passing the 

ween carbon electrodes in an atmosphere of hydrogen. At the 
temperature of the arc (1200°) carbon and hydrogen combine to form alkanes.

Methane 
 

The prefixes di, tri, tetra etc., used to designate several groups of the same 
t considered when alphabetizing. 

Figure 3.12  

The alkanes are distributed in nature in enormous quantities.Natural gas 
given off in petroleum regions is a mixture of chieflymethane and ethane. Lower 

an industrial scale by the dry
brown coal.The liquid hydrocarbons are found in almost unlimited quantities in 
crude petroleum or mineral oil. Natural wax or Ozokerite found in large deposits 

xture of higher solid hydrocarbons.

Since the alkanes resemble each other very closely in their physical 
properties, they cannot be profitably separated from natural petroleum. Even 

the oil does not yield pure hydrocarbons. 
Thus, for the preparation of alkanes we have to depend entirely on the synthetic 

The lower hydrocarbons, methane and ethane are formed by passing the 
ween carbon electrodes in an atmosphere of hydrogen. At the 

temperature of the arc (1200°) carbon and hydrogen combine to form alkanes.

The prefixes di, tri, tetra etc., used to designate several groups of the same 

The alkanes are distributed in nature in enormous quantities.Natural gas 
given off in petroleum regions is a mixture of chieflymethane and ethane. Lower 

an industrial scale by the dry-distillation of fats and 
brown coal.The liquid hydrocarbons are found in almost unlimited quantities in 
crude petroleum or mineral oil. Natural wax or Ozokerite found in large deposits 

xture of higher solid hydrocarbons.

Since the alkanes resemble each other very closely in their physical 
properties, they cannot be profitably separated from natural petroleum. Even 

the oil does not yield pure hydrocarbons. 
Thus, for the preparation of alkanes we have to depend entirely on the synthetic 

The lower hydrocarbons, methane and ethane are formed by passing the 
ween carbon electrodes in an atmosphere of hydrogen. At the 

temperature of the arc (1200°) carbon and hydrogen combine to form alkanes.

The prefixes di, tri, tetra etc., used to designate several groups of the same 

 

The alkanes are distributed in nature in enormous quantities.Natural gas 
given off in petroleum regions is a mixture of chieflymethane and ethane. Lower 

distillation of fats and 
brown coal.The liquid hydrocarbons are found in almost unlimited quantities in 
crude petroleum or mineral oil. Natural wax or Ozokerite found in large deposits 

xture of higher solid hydrocarbons. 

Since the alkanes resemble each other very closely in their physical 
properties, they cannot be profitably separated from natural petroleum. Even 

the oil does not yield pure hydrocarbons. 
Thus, for the preparation of alkanes we have to depend entirely on the synthetic 

The lower hydrocarbons, methane and ethane are formed by passing the 
ween carbon electrodes in an atmosphere of hydrogen. At the 

temperature of the arc (1200°) carbon and hydrogen combine to form alkanes. 

The prefixes di, tri, tetra etc., used to designate several groups of the same 

The alkanes are distributed in nature in enormous quantities.Natural gas 
given off in petroleum regions is a mixture of chieflymethane and ethane. Lower 

distillation of fats and 
brown coal.The liquid hydrocarbons are found in almost unlimited quantities in 
crude petroleum or mineral oil. Natural wax or Ozokerite found in large deposits 

Since the alkanes resemble each other very closely in their physical 
properties, they cannot be profitably separated from natural petroleum. Even 

the oil does not yield pure hydrocarbons. 
Thus, for the preparation of alkanes we have to depend entirely on the synthetic 

The lower hydrocarbons, methane and ethane are formed by passing the 
ween carbon electrodes in an atmosphere of hydrogen. At the 

 



 73

                                              Ethane 
 The hydrocarbons so obtained are mixed with ethane which is also 
produced in the process.This method is of special theoretical interest as it forms 
the first step in the Complete Synthesis or Total Synthesis of any organic 
compound. By the term 'complete synthesis' we mean the building up of a 
chemical compound starting from elements. 
(2)  Hydrogenation of Unsaturated Hydrocarbons.  
 Alkanes are formed by passing a mixture of an unsaturated hydrocarbon 
and hydrogen over finely divided nickel (or platinum) at 250	�	� to 
300	��.(Sabatier and Senderens Reaction). 
(i)  CnH2n+H2  CnH2n+2 
      Alkene                                 Alkane 
 CH2=CH2 + H2 CH3—CH3 
    Ethylene                                           Ethane 
(ii)  CnH2n-2 + 2H2 CnH2n+2 
           Alkyne                                         Alkane 
         CH≡CH + 2H2o CH3─ CH3 
        Acetylene                                             Ethane 
 Since unsaturated hydrocarbons are obtained in large quantities by the 
cracking of petroleum, this method is now used for the technical preparation of 
alkanes. 
(3)  Decarboxylation of a Fatty Acid.  
 When the sodium salt of a fatty acid RCOOH, is heated with soda lime 
(NaOH+CaO), a molecule of carbon dioxide is split off as carbonate and an 
alkaneobtained. 
 RCOONa + NaOH RH + Na2CO3 
 Sodium salt of acid                          Alkane 
 CH3COONa + NaOH CH4 + Na2CO3 
 Sod. Acetate                                    Methane 
 Obviously, the hydrocarbon obtained by this method contains one carbon 
atom less than the acid from which It is prepared. However, it is a convenient 
method for the preparation of lower alkanes in the laboratory.Writing this reaction 
in a simple way we have 
              RCOOH RH + C02 
 Since the carboxyl group in the original acid has been removed in the 
process, the action has been designated as Decarboxylation. 
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(4)  Reduction of Alkyl Halides. 
 When reduced with nascent hydrogen, alkyl halides are converted to the 
corresponding alkanes. 
 RXI + 2H     RH      + HX 
 Alkyl halide                                 Alkane           Halogen acid 
 e.g., CH3I + 2H CH4 + HI 
 Methyl iodide                                Methane 
 The common reducing agents employed for the purpose are zinc and 
hydrochloric acid; hot hydrogen iodide; and Zinc-Copper couple and alcohol. 
This method for the preparation of alkanes is used when pure hydrocarbons are 
needed. 
(5)  Reduction of Alcohols, Ketones and. Fatty Acids. 
 Alcohols, ketones and fatty acids when reduced with hot hydriodic acid 
and red phosphorus form alkanes. 
Thus: 
(i) ROH + 2HI RH + H20 + I2   

Alcohol                                  Alkane 
CH3OH + 2HI CH4 + H20 + I2 
Methanol                                Methane 

(ii) R-CO-R + 4HI R-CH2-R + H 20 + 2I 
Ketone                                         Alkane 
CH3-CO-CH3 + 4HI CH3-CH2-CH3 + H20+2I2 
Acetone                                         Propane 

 (iii)       R-COOH + 6HI   R-CH3 + 2H20 + 3I2 
                     Fatty acid                                                         Alkane 
             CH3COOH + 6HI CH3-CH3  + 2H20 + 3I2 
                 Acetic acid                                                Ethane 
 The red phosphorus reacts with Iodine produced in the reaction 
toregenerate HI which is re-used. This method is particularly important for the 
preparation of   higher alkanes from fatty acids which are easily obtained by the 
hydrolysis of fats. 
(6)  Action ofSodium on Alkyl Halides (Wurtz Reaction). 
 Higher alkanes are produced by heating an alkyl halide with sodium metal 
in dry ether solution. Two molecules of the alkyl halide react with two atoms of 
sodium to give alkane with double thenumber of carbon atoms present in the 
former. 
 RX + 2Na +XR R-R + 2NaBr 
 Alkyl halide                               Alkane 
 CH3Br +2Na +Br CH3 CH3—CH3+ 2NaBr 
 Methyl Bromide                                  Ethane 
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 It is now believed that the sodium metal first acts On the alkyl halide 
yielding alkyl free radicals which momentarily unite to form the higher alkane. 
 2CH3Br+ 2Na  2CH3 + 2NaBr 
 2CH3 CH3-CH3 
 Methyl                   Ethane 
 Instead of a pure alkyl halide we can also take a mixture of two different 
alkyl halides. For example, methyl bromide and Ethyl Bromide when treated with 
Sodium yield Propane. 
 CH3Br + 2Na+ BrC2H5  CH3C2H 5 + 3NaBr 
 Methyl Bromide        Ethyl bromide              Propane bromide 
 Along with propane small amounts of ethane and butane are also obtained,      
This can be explained by the fact that besides the union of methyl radicals with 
ethyl radicals they also unite with themselves forming ethane and butane. 
 2CH3  C2H6 
  2C2H5 C4H10 
As shown by the above examples Wurtz reaction is a good method for building up 
higher alkanes from lower members. The lower alkane can be converted into the 
corresponding halide or responding halide and treated with sodium. Thus methane 
can be converted into ethane as follows: 
 CH4 + CI 2 CH3Cl + HCI 
 Methane                             Methyl chloride 
 2CH3Cl + 2Na C2H6 + 2NaCI 
   Methyl chloride                         Ethane 
 Wurtz reaction proceeds easily with alkyl iodides and bromides. Instead of 
sodium, metallic zinc or finely divided silver can also be used. 
(7)  From Grignard Reagents.  
 Alkyl magnesium halides (Grignard reagents) when decomposed with 
water yield pure alkanes. 
 R-Mg-I + HOH   RH + MgI(OH) 
 Grignard reagent                        Alkane 
 CH3Mg1 + HOH CH4 + MgI(OH) 
 Methyl magnesium iodide           Methane 
(8)  Electrolysis of Salts of Fatty Acids (Kolbe's Method). 
 When concentrated solution of sodium or potassium salt of a fattyacid is 
electrolysed, a higher alkane is obtained.  
 2RCOOK 2RCO�� +   2�� 
 Pot. Salt of fatty acid 
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By electrolysis we get:  

(i)  At anode 
                    -2e  
 2RCOO + 2RCOO + R-R + 2C02 
                               Unstable Alkane 
(ii)  At cathode- 
           +2e 
 2K+  2K         ; 2K + 2H20  2KOH + H2 
 Thus potassium acetate solution yields ethane upon electrolysis as follows: 
  2CH3COOK          ↔ 2CH3COO-  +  2K+ 
  Pot. acetate                   Acetate ion 
                                 (anode)              (cathode) 
 
 2C02 + CH3-CH3  ( CH3COO.)2  + 2K+H20  2KOH+ 
               Ethane (Unstable) 
 The acetate ions move to the anode and are discharged there. The resulting 
groups being unstable, two of them split out to give ethane and carbon dioxide. 
The Kolbe's method stated above, in fact, involves the electrolytic composition of 
fatty acid and may be represented in a simple way as 
          (RCOOH)2  R---R + 2CO2 + H2 
            Acid                                          Alkane 
 Wurtz used this method for the preparation of higher alkanes by taking a 
mixture of salts of two different fatty acids instead of one. 
 
3.4.  Physical properties of alkanes 
(1)  The first four hydrocarbons methane, ethane, propane and butane are 

colourless, odourless gases. The next eleven members (C5H12 to C15H 32) 
are colourless liquids having "benzine" odour. The higher alkanes are 
solids with no colour or odour. 

(2)  Alkanes are the most volatile organic compounds, their boiling points 
being the lowest when compared with those of any of their derivatives. 

(3)  The liquid alkanes are lighter than water. 
(4)  They are almost insoluble in water but dissolve freely in organic solvents 

like ether acetone, and carbon tetrachloride. 
(5)  Their boiling points and specific gravities increase with rise of molecular 

weight. Among the lower members, a difference of CH2 corresponds to an 
increase of about 30° in the boiling point. 



 

 
 (6)  As a rule the boiling points of the 

chains are lower than those of the isomeric normal
increased branching of the chain results in a
boiling point.

As a rule the boiling points of the 
chains are lower than those of the isomeric normal
increased branching of the chain results in a
boiling point. 

As a rule the boiling points of the 
chains are lower than those of the isomeric normal
increased branching of the chain results in a
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3.5 Reactions of Alkanes
 Excepting methane which contains onl
of alkanes consist of two or more carbon atoms united to each other by single 
covalent bonds and their remaining valencies are fully satisfied by combination 
with hydrogen atoms. Thus;
   CH
 Propane      Alkane;                   R=Alkyl group
 The chemical behaviour of alkanes may, therefore, be summarized as 
follows: 
(i)  Stability
reagents. The four valencies of the carbon atoms
scope for further addition of hydrogen, halogens, etc. Moreover, a carbon
carbon linkage is usually strong and cannot be ruptured by even such reagents as 
potassium permanganate, 
(ii)  Substitution Reactions
comparatively weak so that the hydrogen atoms can be replaced by other atoms or 
groups giving substitution
 CH4

 Alkane                            Substitution product
(iii)  Oxidation Reactions
decomposed to form carbon dioxide and water. On slow combustion the products 
are found to contain aldehydes and fatty 
increases as one proceeds from primary, through a secondary to a tertiary 
hydrogen atom.
P 

 
 The general reactions of alkanes are described belo
(1)  Halogenation.
alkanes with considerable ease,
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potassium permanganate, chromic acid etc.

Substitution Reactions. The linkage between carbon and hydrogen is
comparatively weak so that the hydrogen atoms can be replaced by other atoms or 
groups giving substitution products.

 CH3Cl                        + 
Alkane                            Substitution product

(iii)  Oxidation Reactions. When burnt in air or oxygen, the
decomposed to form carbon dioxide and water. On slow combustion the products 
are found to contain aldehydes and fatty 
increases as one proceeds from primary, through a secondary to a tertiary 

Thus, the H-atoms isopentane will be attacked in the

The general reactions of alkanes are described belo
Halogenation. Chlorine and bromine can substitute the

alkanes with considerable ease, 

RX + HI
Alkane                            Alkyl halide
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Excepting methane which contains onl
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covalent bonds and their remaining valencies are fully satisfied by combination 
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The chemical behaviour of alkanes may, therefore, be summarized as 

most chemical 
being fully satisfied, there is no 

scope for further addition of hydrogen, halogens, etc. Moreover, a carbon-to-
carbon linkage is usually strong and cannot be ruptured by even such reagents as 

. The linkage between carbon and hydrogen is 
comparatively weak so that the hydrogen atoms can be replaced by other atoms or 

Alkanes are 
decomposed to form carbon dioxide and water. On slow combustion the products 

Generally, reactivity of the alkanes 
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chlorine being more reactive than bromine. Halogenation is believed to proceed 
through free radical mechanism. It involves the following three steps 

 
 Thus, by the action of chlorine at ordinary temperature in diffused daylight 
all the fourhydrogen atoms of methane can be successively replaced by 
chlorineatoms. 

 
 
(2)  Nitration 
 Nitric acid has no action on lower alkanes but by its long, continued action 
on higher hydrocarbons one of their  hydrogen atoms may be replaced by a nitro-
group, ���(Nitration). 

 RH+HO��� R���+��0 
Alkane                                   Nitroalkane 

 Nitroalkanes generally find use as fuel, solvents and in organic synthesis. 
(3)  Sulphonation 
 Alkanes react with fuming sulphuric acid at elevated temperatures to 
produce alkane sulphonic acids. 

RH+HO���H     R���H + ��O 
�����H + HO���H  ��������H + ��O 

                  Hexane .                             Hexane-sulphonic acid                                            
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 Lower hydrocarbons do not respond to the reaction. The process involves 
the replacement of one H of the alkane by sulphonic acid group, and ���H is 
known as Sulphonation. 
(4)  Oxidation 
 Alkanes can be oxidized to carbon dioxide and water via a free radical 
mechanism. The energy released when an alkane is completely oxidized is called 
the heat of combustion. For example, when propane is oxidized, the heat of 
combustion is 688 kilocalories per mole. 

 
 In a homologous series like the straight chain alkanes, the energy 
liberated during oxidation increases by approximately 157 kilocalories for each 
additional methylene (CH 2) unit. 
Heat of combustion data is often used to assess the relative stability of isomeric 
hydrocarbons. Because the heat of combustion of a compound is the same as the 
enthalpy of that compound in its standard state, and because potential energy is 
comparable to enthalpy, the differences in heats of combustion between two 
alkanes translate directly to differences in their potential energies. The lower the 
potential energy of a compound, the more stable it is. In the alkanes, the more 
highly branched isomers are usually more stable than those that are less branched. 
Uses of Methane Gas 

 Used in cooking. Methane is a hydrocarbon and lighter than air. 
 Used to provide lighting. 
 Used in production of other compounds.  
 Used to run industrial machinery. 
 Used to produce carbon black.  
 It is a fertilizer ingredient.  
 Used as rocket fuel. 

The Home Uses 
 Some consumers use the methane in natural gas as a source of energy 
while cooking. Others use it to heat and cool their homes. For example, some 
homes use methane natural gas to heat their water. Another common use in the 
home is a natural gas fireplace. 
 
  



 81

Self-Assessment Questions 
1. What are saturated hydrocarbons? Why are they so called? What reactions 

are typical (If this series of hydrocarbons. 
2.  Describe the important methods of preparing methane.  
3. How is it that while chlorination and bromination in alkanes proceeds 

readily, their direct iodination is not possible? Describe conditions under 
which the iodine derivatives of alkanes can be obtained. 

4.  Give three general methods for the preparation of the hydrocarbon of the 
general formula CnH2n+2 

5.  Enlist the Chemical properties of alkanes 
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Introduction 
 Unsaturated hydrocarbons are hydrocarbons that have double or triple  
covalent bonds between adjacent carbon atoms. The term "unsaturated" means 
more hydrogen atoms may be added to the hydrocarbon to make it saturated (i.e. 
consisting all single bonds). The configuration of unsaturated carbons include 
straight chain, such as alkenes and alkynes, as well as branched chains 
and aromatic compounds. In this unit focus has been on helping to understand the 
importance, stability and reaction of unsaturated alkenes which explains 
involvement of it in synthesis/production of different organic and inorganic 
compounds. 
 

Objectives 
 After learning this unit, the students will be able to:  
1. Discuss the importance of alkenes 
2. describe the stability and reactions of alkenes 
3. Explain the involvement of alkenes in synthesis/production of different 

organic and inorganic compounds. 
4. Discuss the use of alkenes in preparation of polymers and industry product 
5. Deliberate on the alkene properties  
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4.1  Alkenes 
 In organic chemistry, an alkene is an unsaturated hydrocarbon that contains 
a carbon–carbon double bond (unsaturated hydrocarbons containing two or more 
double bonds are known as alkadienes, alkatrienes, alkatetraenes, and so on). The 
words alkene and olefin are often used interchangeably. When, there are double 
bonds between carbon atoms, those compounds are introduced as alkene or olefin. 
Due to existing of double bonds, alkene are considered as unsaturated 
hydrocarbons 

 
 

Figure 4.1 Examples and IUPAC names of alkenes 
 
General formula of alkenes - CnH2n [n=2,3,4....] 
Example: if n=3; 
Respective hydrocarbon : C3H2*3 = C3H6 
 
4.1.1 Sources of alkenes 
 Many industrial important alkenes are taken from breaking petroleum. 
Petroleum is heated up to very high temperature. Then molecules of petroleum are 
gone under thermolysis. These alkenes are converted into other important 
compounds. 
 
4.1.2 Structure 
a)  Bonding 
 Like a single covalent bond, double bonds can be described in terms of 
overlapping atomic orbitals, except that, unlike a single bond (which consists of a 
single sigma bond), a carbon–carbon double bond consists of one sigma bond and 
one pi bond. This double bond is stronger than a single covalent bond (611 kJ/mol 
for C=C vs. 347 kJ/mol for C–C) and also shorter, with an average bond length of 
1.33 angstroms (133 pm).  
 Each carbon of the double bond uses its three sp2hybrid orbitals to form 
sigma bonds to three atoms (the other carbon and two hydrogen atoms). The 
unhybridized 2p atomic orbitals, which lie perpendicular to the plane created by 



 

the axes of the three sp² hybrid orbitals, combine to form the pi bond. This bond 
lies outside the main C
and half on the other. With 
weaker than the sigma bond. 
 
4.1.3 Shape
 As predicted by the 
geometry of alkenes includes 
about 120°.
interactions
For example, the C
 
4.2 Nomenclature
 Although the nomenclature is not followed widely, according to IUPAC, 
alkenes are acyclic hydrocarbons with one double bond between carbon centers. 
Olefins comprise a larger collection of cyclic and acyclic alkenes as well as 
dienes and polyenes. 
 
4.2.1 IUPAC Names
 To form the root of the 
infix of the parent to 
of CH2=CH
In higher alkenes, where 
the following numbering system is used: 
1. Number the longest carbon chain that contains the double bond in the 

direction that gives the carbon atoms of the double bond the lowest 
possible numbers.

2. Indicate the location of the double bond by the 
3. Name branched or substituted alkenes in a manner similar to 
4. Number the carbon atoms, locate and name substituent groups, locate the 

double bond, and name 

Naming substituted hex
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the axes of the three sp² hybrid orbitals, combine to form the pi bond. This bond 
C axis, with half of the bond on one side of the molecule 

strength of 65 kcal/mol, the pi bond is significant

VSEPR model of electron
bond angles about each carbon in a double bond of 

The angle may vary because of steric strain
functional groups attached to the carbons of the double bond. 

C bond angle in propylene

Although the nomenclature is not followed widely, according to IUPAC, 
alkenes are acyclic hydrocarbons with one double bond between carbon centers. 
Olefins comprise a larger collection of cyclic and acyclic alkenes as well as 
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4.2.2 Cis–trans Notation
 In the specific case of disubstituted alkenes where the two carbons have one 
substituent each, 
same side of the bond, it is defined as 
the bond, it is d

 The difference between 
 
4.2.3 E–Z Notation
 When an alkene has more than one substituent (especially necessary with 3 
or 4 substituents), the double bond geometry is described using the labels 
These labels come from the German words 
zusammen, meaning "together". Alkenes with the higher priority groups (as 
determined by 
together and are designated 
sides are designated 
priority groups on "ze zamezide." 

 
The difference between 
 
4.2.4 Groups Containing C=C Double Bonds
 IUPAC recognizes two names for hydrocarbon groups containing carbon
carbon double bonds, the 
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When an alkene has more than one substituent (especially necessary with 3 
or 4 substituents), the double bond geometry is described using the labels 
These labels come from the German words 

, meaning "together". Alkenes with the higher priority groups (as 
CIP rules) on the same side of the double bond have these groups 

together and are designated Z. Alkenes with the higher priority groups on oppo
E. A mnemonic to remember this: 

priority groups on "ze zamezide." 

The difference between E and Z isomers

Groups Containing C=C Double Bonds
IUPAC recognizes two names for hydrocarbon groups containing carbon

carbon double bonds, the vinyl group
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In the specific case of disubstituted alkenes where the two carbons have one 
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4.3 Preparation of Alkenes
4.3.1 Industrial Methods
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4.3.3 Synthesis From Carbonyl Compounds
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4.3.4 From Alkynes
 Reduction of 
disubstituted alkenes. If the 
Lindlar's catalyst
on calcium carbonate a
though hydroboration followed by hydrolysis provides an alternative approach. 
Reduction of the alkyne by 
alkene.  

 For the preparation of  multi
can give rise to a large variety of alkene derivatives. 
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propene, and butene are gases at room temperature. Linear alkenes of 
approximately five to sixteen carbons are liquids, and higher alkenes are waxy 
solids. The melting point of the solids also increases with increase in molecular 
mass.  
 
4.4.1 Isomerism of alkenes 
 Geometrical isomerism is the important isomerism case we study in alkenes 
due to double bond of alkenes. Other isomerism cases such as optical, chain and 
position isomerism cases also may be existing.  
 
4.4.2 Structural isomers of alkenes 
 Chain and position isomers are demonstrated by alkenes as structural 
isomers. 

 
Figure 4.2. Structural isomers of butene 

4.4.3 Geometrical isomerism of 2-butene 
There are two geometrical isomerism in 2-butene. 

 
Figure 4.3. Geometrical isomers of butene 
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4.5.  Relative Stability of Alkenes 
 Stability of carbocation in intermediate states of reactions 
 Carbocations holds positive charges. Carbocations are formed as 
intermediate compounds in the reactions. If positive charge density is low, that 
carbocation shows some stability. That positive charge density depends on 
number of other alkyl groups which are around positively charged C atom and 
state of those alkyl groups. Alkyl groups (CH3CH2- , CH3- ) can release electrons.  
1. Therefore, alkyl groups can reduce positive charge of carbocation. 
2. Also, when number of alkyl group increases, positive charge of carbocation 

decreases. 

 
Figure.4.4. Stability of carbocation 

 This carbocation of stability of carbocation is useful when we learn some 
reactions of alkenes. Some examples are addition of halogen acids to alkenes, 
hydration of alkenes.During elimination reactions, more than one alkene product 
can be made. So, how do we know which product to expect? The most stable 
product is usually the favored product, with some exceptions. Burt how do 
scientists know which products are more stable? There are three main things that 
determine stability of an alkene product: the number of substituents, their 
orientation, and hyperconjugation.  
 
4.5.1 Substituents 
 Alkenes have substituents, hydrogen atoms attached to the carbons in the 
double bonds. The more substituents the alkenes have, the more stable they are. 
Thus, a tetra substituted alkene is more stable than a tri-substituted alkene, which 
is more stable than a di-substituted alkene or an unsubstituted one.  
 
4.5.2 Orientation 
 In general, more substituted alkenes are going to be more stable compared to 
less substituted alkenes. But, what if two alkenes have the same number of 
substituents, but in a different orientation? Cis isomers have substituents on the 
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aluminum) is often employed. The simplest example of this reaction is the 
catalytic hydrogenation of ethylene to yield ethane:  

CH2=CH2 + H2 → CH3–CH3 

 
4.6.3 Hydration 
 Hydration, the addition of water across the double bond of alkenes, yields 
alcohols. The reaction is catalyzed by strong acids such as sulfuric acid. This 
reaction is carried out on an industrial scale to produce ethanol.  

CH2=CH2 + H2O → CH3–CH2OH 
 

4.6.4 Halogenation 
 In electrophilic halogenation the addition of elemental bromine or chlorine 
to alkenes yields vicinal dibromo- and dichloroalkanes (1,2-dihalides or ethylene 
dihalides), respectively. The discoloration of a solution of bromine in water is an 
analytical test for the presence of alkenes:  

CH2=CH2 + Br2 → BrCH2–CH2Br 
 Related reactions are also used as quantitative measures of unsaturation, 
expressed as the bromine number and iodine number of a compound or mixture.  
 
4.6.5 Hydrohalogenation 
 Hydrohalogenation is the addition of hydrogen halides such as HCl or HI to 
alkenes to yield the corresponding haloalkanes. Atoms at the double bond are 
linked to a different number of hydrogen atoms, the halogen is found 
preferentially at the carbon with fewer hydrogen substituents. This patterns is 
known as Markovnikov's rule.  
 
4.6.6 Halohydrin formation 
 Alkenes react with water and halogens to form halohydrins by an addition 
reaction. Markovnikov regiochemistry and anti-stereochemistry occur.  

CH2=CH2 + X2 + H2O → XCH2–CH2OH + HX 
 

4.6.7 Oxidation 
Alkenes are oxidized with a large number of oxidizing agents. In the presence of 
oxygen, alkenes burn with a bright flame to produce carbon dioxide and water. 
Catalytic oxidation with oxygen or the reaction with percarboxylic acids yields 
epoxides. Reaction with ozone in ozonolysis leads to the breaking of the double 
bond, yielding two aldehydes or ketones. Reaction with concentrated, hot KMnO4 
(or other oxidizing salts) in an acidic solution will yield ketones or carboxylic 
acids.  

R1–CH=CH–R2 + O3 → R1–CHO + R2–CHO + H2O 
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Diol preparing - reaction of alkenes and cold dilute alkaline potassium 
permanganate solution 
 When alkenes react with dilute alkaline potassium permanganate solution 
(OH- / KMnO4), two -OH groups are attached to the two carbon atoms of the 
double bond. Also, manganese dioxide(MnO2)a brown colour precipitate forms. 
As an example ethylene(CH2=CH2) is converted onto ethylene glycole(HO-CH2-
CH2-OH). 
 
4.6.8. Photooxygenation 
 In the presence of an appropriate photosensitiser, such as methylene blue 
and light, alkenes can undergo reaction with reactive oxygen species generated by 
the photosensitiser, such as hydroxyl radicals, singlet oxygen or superoxide ion. 
These reactive photochemical intermediates are generated in what are known as 
Type I, Type II, and Type III processes, respectively  
 
4.6.9 Polymerization 
 Polymerization of alkenes is a reaction that yields polymers of high 
industrial value at great economy, such as the plastics polyethylene and 
polypropylene. Polymers from alkene monomers are referred to in a general way 
as polyolefins or in rare instances as polyalkenes. A polymer from alpha-olefins is 
called a polyalphaolefin (PAO). Polymerization can proceed via either a free-
radical or an ionic mechanism, converting the double to a single bond and 
forming single bonds to join the other monomers. 
 
4.6.10 Metal complexation 
 Alkenes are ligands in transition metal alkene complexes. The two carbon 
centres bond to the metal using the C–C pi- and pi*-orbitals. Mono- and diolefins 
are often used as ligands in stable complexes. Cyclooctadiene and norbornadiene 
are popular chelating agents, and even ethylene itself is sometimes used as a 
ligand, for example, in Zeise's salt. In addition, metal–alkene complexes are 
intermediates in many metal-catalyzed reactions including hydrogenation, 
hydroformylation, and polymerization.  
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4.6.11 Reaction overview 

Reaction name Product Comment  

Hydrogenation alkanes  addition of hydrogen  

Hydroalkenylation alkenes  
hydrometalation / insertion / beta-
elimination by metal catalyst  

Halogen addition 
reaction 

1,2-dihalide  
electrophilic addition of halogens  

Hydrohalogenation 
(Markovnikov)  

haloalkanes  
addition of hydrohalic acids  

Anti-Markovnikov 
hydrohalogenation 

haloalkanes  free radicals mediated addition of 
hydrohalic acids  

Hydroamination amines  addition of N–H bond across C–C 
double bond  

Hydroformylation aldehydes  industrial process, addition of CO 
and H2 

Hydrocarboxylation and 
Koch reaction 

carboxylic acid industrial process, addition of CO 
and H2O.  

Carboalkoxylation ester  industrial process, addition of CO 
and alcohol.  

alkylation ester  industrial process: alkene alkylating 
carboxylic acid with silicotungstic 
acid the catalyst.  

Sharpless 
bishydroxylation 

diols  oxidation, reagent: osmium 
tetroxide, chiral ligand  

Woodward cis-
hydroxylation 

diols  oxidation, reagents: iodine, silver 
acetate  

Ozonolysis aldehydes or 
ketones  

reagent: ozone  

Olefin metathesis alkenes  
two alkenes rearrange to form two 
new alkenes  

Diels–Alder reaction cyclohexenes  cycloaddition with a diene  
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4.7 Uses of Alkenes  
 Alkenes are very important chemical compounds that have found their way 
into our homes and are part of our everyday lives. Let's look at some common 
uses of alkenes.  
 In our homes, we most likely have plastic products like bottles and storage 
containers. Seemingly simple alkenes, for instance ethene and propene, are 
essential for the manufacture of polymers like polystyrene and polyvinyl chloride 
(PVC) that are needed to make plastic products.  
 
4.7.1 Industrial and Domestic Uses of Alkenes  
 Polyethylene, ethylene dioxide, ethylene oxide and vinyl chloride are 
produced by ethene. By polymerization of these compounds, very important 
industrial artificial polymers are produced. Ethanol, acetaldehyde and acetic acid 
are produced by ethene. Polypropylene, acrylonitrile, propylene oxide and 
cumene are prepared by propene.  
 
4.7.2 Producing Polymers Using Alkenes  
 A lot of alkenes are used to prepare polymers. These polymers are very 
useful in our domestic purposes. 
 
Self-Assessment Questions 
Bottom of Form 
1. Briefly identify the important distinctions between a saturated hydrocarbon 

and an unsaturated hydrocarbon. 
2. Briefly identify the important distinctions between an alkene and an alkane. 
3. Classify each compound as saturated or unsaturated from an alkane, an 

alkene, or an alkyne. 
4. Briefly describe the physical properties of alkenes. How do these properties 

compare to those of the alkanes? 
5. What is the principal difference in properties between alkenes and alkanes? 

How are they alike? 
6. If C12H24 reacts with HBr in an addition reaction, what is the molecular 

formula of the product? 
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Activity 
Synthesis propane-1,2-diol from 2-bromopropane 

 
 
Answer 
Propane-1,2-diol include two -OH groups. Diols can be prepared from alkenes 
from reaction of alkenes and OH-/ KMnO4.  It can also be prepared from halo 
carbons. But two halogen atoms should exist and be on two carbon atoms. Study 
the figure how alkene is prepared from halo alkane and some reactions of alkenes.  
 
Q.  Fill in the blanks  
1.  The physical properties of alkenes are comparable with those of alkanes. 

The main differences between the two are that the _____________levels of 
alkenes are much higher than the ones in alkanes.                          (acidity) 

2.  The double bond in the middle makes them______________ because the 
molecule is not saturated. An alkene's unsaturation means that it will take 
the color out of bromine.                           (more reactive) 

3. ___________compounds are often drawn as cyclic alkenes, but their 
structure and properties are different and they are not considered to be 
alkenes.                     (Aromatic) 

4.  Alkenes are quite reactive because of the presence of the__________. Many 
small compounds react by addition i.e. molecules add to the alkene to form 
one product.              (double bond) 
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Q.  Write down formula of following compounds 
1. Decene _______                                                        (C10H20)  
2. Undecene  _______                                                   (C11H22)  
3. Dodecene    ________                                               (C12H24) 
4. Hexadecene  __________                                         (C16H32)  
5. Heptadecene ___________                                       (C17H34) 
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Introduction 
 This unit is the continuation of previous unit i.e. unsaturated hydrocarbons. 
It contains further elaboration of unsaturated hydrocarbons and their other 
properties which are not discussed in the last unit. It will help the students for 
spectroscopic identification of alkenyl hydrogens, alkynyl hydrogens that give 
rise to shielded hydrogens, or relatively high field chemical shifts for H-NMR 
when subjected to an external magnetic field. 
 

Objectives 
After going through this unit, you will be able to: 
1. discussthe importance of unsaturated hydrocarbons. 
2. Explain the process of synthesis of unsaturated hydrocarbons 
3. Explain the reactivity of unsaturated hydrocarbons. 
4. Discuss about the stability of unsaturated hydrocarbons. 
5. Highlight the application of alkynes in pharmaceuticals industry and drug 

formation. 
6. Make spectroscopic identification of alkenyl hydrogens, alkynyl hydrogens 
 
 
 
 
 
 
 
 
 
  



 

5.1  Alkyne
 In organic chemistry
least one carbon
triple bond and no other 
general chemical formula 
alkenes have the suffix 
when there is only one 
Structure and bondi
 In acetylene, the H
alkynes are rod
unstable. The C
distance in 
 

 
Figure 5.1 

c, 1-butyne, d, 2
and f, the strained cycloheptyne. Triple bonds are highlighted blue.

 
 The triple bond
sigma bond contributes 369
the second pi
context of 
from overlap of s and p orbitals.. 
 
Acidity of Terminal Alkyne

 Terminal alkynes are unusual for simple hydrocarbons in that they can be 
deprotonated (pK
to generate a 
 This carbanion can be used as a 
systems because the reaction of a carbanion with a 

Alkyned 
organic chemistry

least one carbon—carbon 
triple bond and no other 
general chemical formula 
alkenes have the suffix 
when there is only one 
Structure and bonding

In acetylene, the H
alkynes are rod-like. Correspondingly, cyclic alkynes are rare. 
unstable. The C≡C bond distance of 121 
distance in alkenes (134

Figure 5.1  Illustrative alkynes: a, acetylene, b, two depictions of propyne, 
butyne, d, 2-butyne, e, the naturallyoccurring 1
and f, the strained cycloheptyne. Triple bonds are highlighted blue.

triple bond 
sigma bond contributes 369
the second pi-bond of 202
context of molecular orbital theory
from overlap of s and p orbitals.. 

Acidity of Terminal Alkyne

Terminal alkynes are unusual for simple hydrocarbons in that they can be 
deprotonated (pKa = 26) using an 
to generate a carbanion (

This carbanion can be used as a 
systems because the reaction of a carbanion with a 

organic chemistry, an alkyne
carbon triple bond

triple bond and no other functional groups
general chemical formula CnH2

alkenes have the suffix –ene, alkynes
when there is only one alkyne in the molecule.

ng 
In acetylene, the H–C≡C bond angles

like. Correspondingly, cyclic alkynes are rare. 
≡C bond distance of 121 

(134 pm) or the C

Illustrative alkynes: a, acetylene, b, two depictions of propyne, 
butyne, e, the naturallyoccurring 1

and f, the strained cycloheptyne. Triple bonds are highlighted blue.

 is very strong with a 
sigma bond contributes 369 kJ/mol, the first pi bond contributes 268

bond of 202 kJ/mol bond strength. Bonding usually disc
molecular orbital theory

from overlap of s and p orbitals..  

Acidity of Terminal Alkynes 

Terminal alkynes are unusual for simple hydrocarbons in that they can be 
= 26) using an 

carbanion (i.e. a carbon atom bearing a negative charge).
This carbanion can be used as a 

systems because the reaction of a carbanion with a 
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alkyne is an unsaturated
triple bond. The simplest acyclic alkynes with only one 
functional groups

2n−2.They are unsaturated hydrocarbons. Like 
alkynes use the ending 

in the molecule.

bond angles are 180°. By virtue of this bond angle, 
like. Correspondingly, cyclic alkynes are rare. 
≡C bond distance of 121 picometers

pm) or the C–C bond in alkanes (153

Illustrative alkynes: a, acetylene, b, two depictions of propyne, 
butyne, e, the naturallyoccurring 1

and f, the strained cycloheptyne. Triple bonds are highlighted blue.

is very strong with a 
kJ/mol, the first pi bond contributes 268

kJ/mol bond strength. Bonding usually disc
molecular orbital theory, which recognizes the triple bond as arising 

 

Terminal alkynes are unusual for simple hydrocarbons in that they can be 
= 26) using an appropriate base

a carbon atom bearing a negative charge).
This carbanion can be used as a C centered nucleophile. These are important 

systems because the reaction of a carbanion with a 

unsaturated
. The simplest acyclic alkynes with only one 

functional groups form a homologous series
They are unsaturated hydrocarbons. Like 

use the ending 
in the molecule. 

are 180°. By virtue of this bond angle, 
like. Correspondingly, cyclic alkynes are rare. 

picometers is much shorter than the C=C 
C bond in alkanes (153

Illustrative alkynes: a, acetylene, b, two depictions of propyne, 
butyne, e, the naturallyoccurring 1-phe

and f, the strained cycloheptyne. Triple bonds are highlighted blue.

is very strong with a bond strength
kJ/mol, the first pi bond contributes 268

kJ/mol bond strength. Bonding usually disc
, which recognizes the triple bond as arising 

Terminal alkynes are unusual for simple hydrocarbons in that they can be 
appropriate base (typically NaNH

a carbon atom bearing a negative charge).
centered nucleophile. These are important 

systems because the reaction of a carbanion with a C centered electrophile (such 

unsaturatedhydrocarbon
. The simplest acyclic alkynes with only one 

homologous series
They are unsaturated hydrocarbons. Like 

use the ending –yne; this suffix is used 

are 180°. By virtue of this bond angle, 
like. Correspondingly, cyclic alkynes are rare. Benzyne

is much shorter than the C=C 
C bond in alkanes (153 pm). 

Illustrative alkynes: a, acetylene, b, two depictions of propyne, 
phenylhepta-

and f, the strained cycloheptyne. Triple bonds are highlighted blue.

bond strength of 839 kJ/mol. The 
kJ/mol, the first pi bond contributes 268

kJ/mol bond strength. Bonding usually disc
, which recognizes the triple bond as arising 

 
Terminal alkynes are unusual for simple hydrocarbons in that they can be 

(typically NaNH
a carbon atom bearing a negative charge).

centered nucleophile. These are important 
centered electrophile (such 

hydrocarbon containing at 
. The simplest acyclic alkynes with only one 

homologous series with the 
They are unsaturated hydrocarbons. Like 

yne; this suffix is used 

are 180°. By virtue of this bond angle, 
Benzyne is highly 

is much shorter than the C=C 
pm).  

Illustrative alkynes: a, acetylene, b, two depictions of propyne, 
-1,3,5-triyne, 

and f, the strained cycloheptyne. Triple bonds are highlighted blue. 

of 839 kJ/mol. The 
kJ/mol, the first pi bond contributes 268 kJ/mol and 

kJ/mol bond strength. Bonding usually discussed in the 
, which recognizes the triple bond as arising 

Terminal alkynes are unusual for simple hydrocarbons in that they can be 
(typically NaNH2, pKa = 36) 

a carbon atom bearing a negative charge). 
centered nucleophile. These are important 

centered electrophile (such 

containing at 
. The simplest acyclic alkynes with only one 

with the 
They are unsaturated hydrocarbons. Like 

yne; this suffix is used 

are 180°. By virtue of this bond angle, 
is highly 

is much shorter than the C=C 

 

Illustrative alkynes: a, acetylene, b, two depictions of propyne,  
triyne,  
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kJ/mol and 
ussed in the 

, which recognizes the triple bond as arising 

Terminal alkynes are unusual for simple hydrocarbons in that they can be 
, pKa = 36) 

centered nucleophile. These are important 
centered electrophile (such 
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as alkyl halides) allows for the formation of new C-C bonds and hence larger 
more complex molecules. 

 
Figure 5.2 stability of Cabanion 

 
 In order to appreciate what makes the terminal alkyne more acidic thanmost 
other hydrocarbons, we should look at the stability of the conjugatebase (i.e. the 
carbanion). 

 
Figure 5.3. Electrostatic Stabilisation 

 
 For each type of carbanion shown, the nature of the hybrid orbital 
containingthe electron pair is important. Increased s character (sp= 50%, sp2 = 
33% and sp3 = 25%) impliesthat the alkyne sporbital is closer to the nucleus and 
so thereis greater electrostatic stabilisation of the electron pair. Therefore, the 
conjugate base of the alkyne is the most stable and the most readilyformed. 
However the terminal alkyne C-H bond is not strongly acidic and a strongbase, 
such as the amide ion, NH2

-, is required toform the carbanion. 

 
 
5.2  Nomenclature of Alkynes 

 In chemistry, the suffix-yne is used to denote the presence of a triple bond. 
In organic chemistry, the suffix often follows IUPAC nomenclature. However, 
inorganic compounds featuring unsaturation in the form of triple bonds may be 
denoted by substitutive nomenclature with the same methods used with alkynes 
(i.e. the name of the corresponding saturated compound is modified by replacing 
the "-ane" ending with "-yne"). "-diyne" is used when there are two triple bonds, 
and so on. 

 The position of unsaturation is indicated by a numerical locant immediately 
preceding the "-yne" suffix, or 'locants' in the case of multiple triple bonds. 



 

Locants are chosen so that the numbers are low as possible. "
an infix to name substituent groups that are triply bound to the parent compound. 

 They are unsaturated hydrocarbons. Like alkenes have the suffix 
alkynes use the ending 
the molecule. If a molecule
chain is numbered so that the first multiple bond gets a lower number. If both 
bonds can be assigned the same number, the double bond takes precedence. The 
molecule is then named "n
the triple bond root name (e.g. 2
Here are the molecular formulas and names of the first ten carbon straight chain 
alkynes. 

Name

The more commonly used name for ethyne is acetylene, which used industrially.
 
5.5.1 Rules of Alkynes Naming
 Like previously mentioned, the IUPAC rules are used for the naming of 
alkynes. 
Rule 1 
 Find the longest carbon chain that includes both carbons of the 
Rule 2 
 Number the longest chain starting at the end closest to the triple bond. A 1
alkyne is referred to as a terminal alkyne and alkynes at any other position are 
called internal alkynes. 
For example:
 

 

Locants are chosen so that the numbers are low as possible. "
to name substituent groups that are triply bound to the parent compound. 

They are unsaturated hydrocarbons. Like alkenes have the suffix 
alkynes use the ending 
the molecule. If a molecule
chain is numbered so that the first multiple bond gets a lower number. If both 
bonds can be assigned the same number, the double bond takes precedence. The 
molecule is then named "n
the triple bond root name (e.g. 2
Here are the molecular formulas and names of the first ten carbon straight chain 

Name 
Ethyne 

Propyne 
1-Butyne 
1-Pentyne 
1-Hexyne 
1-Heptyne 
1-Octyne 
1-Nonyne 
1-Decyne 

commonly used name for ethyne is acetylene, which used industrially.

Rules of Alkynes Naming
Like previously mentioned, the IUPAC rules are used for the naming of 

Find the longest carbon chain that includes both carbons of the 

Number the longest chain starting at the end closest to the triple bond. A 1
alkyne is referred to as a terminal alkyne and alkynes at any other position are 
called internal alkynes. 
For example: 

4

Locants are chosen so that the numbers are low as possible. "
to name substituent groups that are triply bound to the parent compound. 

They are unsaturated hydrocarbons. Like alkenes have the suffix 
alkynes use the ending –yne; this suffix is used when there is only one alkyne in 
the molecule. If a molecule contains both a double and a triple bond, the carbon 
chain is numbered so that the first multiple bond gets a lower number. If both 
bonds can be assigned the same number, the double bond takes precedence. The 
molecule is then named "n-ene-n-
the triple bond root name (e.g. 2-hepten
Here are the molecular formulas and names of the first ten carbon straight chain 

 
 
 

 

commonly used name for ethyne is acetylene, which used industrially.

Rules of Alkynes Naming 
Like previously mentioned, the IUPAC rules are used for the naming of 

Find the longest carbon chain that includes both carbons of the 

Number the longest chain starting at the end closest to the triple bond. A 1
alkyne is referred to as a terminal alkyne and alkynes at any other position are 
called internal alkynes.  

4-chloro-6-
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Locants are chosen so that the numbers are low as possible. "
to name substituent groups that are triply bound to the parent compound. 

They are unsaturated hydrocarbons. Like alkenes have the suffix 
yne; this suffix is used when there is only one alkyne in 

contains both a double and a triple bond, the carbon 
chain is numbered so that the first multiple bond gets a lower number. If both 
bonds can be assigned the same number, the double bond takes precedence. The 

-yne", with the
hepten-4-yne

Here are the molecular formulas and names of the first ten carbon straight chain 

Molecular Formula
C2

C3

C4

C5

C6

C7

C8

C9

C10

commonly used name for ethyne is acetylene, which used industrially.

 
Like previously mentioned, the IUPAC rules are used for the naming of 

Find the longest carbon chain that includes both carbons of the 

Number the longest chain starting at the end closest to the triple bond. A 1
alkyne is referred to as a terminal alkyne and alkynes at any other position are 

-diiodo-7-methyl

Locants are chosen so that the numbers are low as possible. "
to name substituent groups that are triply bound to the parent compound. 

They are unsaturated hydrocarbons. Like alkenes have the suffix 
yne; this suffix is used when there is only one alkyne in 

contains both a double and a triple bond, the carbon 
chain is numbered so that the first multiple bond gets a lower number. If both 
bonds can be assigned the same number, the double bond takes precedence. The 

yne", with the double bond root name preceding 
yne). 

Here are the molecular formulas and names of the first ten carbon straight chain 

Molecular Formula

2H2 

3H4 

4H6 

5H8 

6H10 

7H12 

8H14 

9H16 

10H18 
commonly used name for ethyne is acetylene, which used industrially.

Like previously mentioned, the IUPAC rules are used for the naming of 

Find the longest carbon chain that includes both carbons of the 

Number the longest chain starting at the end closest to the triple bond. A 1
alkyne is referred to as a terminal alkyne and alkynes at any other position are 

methyl-2-nonyne

Locants are chosen so that the numbers are low as possible. "-yne" is also used as 
to name substituent groups that are triply bound to the parent compound. 

They are unsaturated hydrocarbons. Like alkenes have the suffix 
yne; this suffix is used when there is only one alkyne in 

contains both a double and a triple bond, the carbon 
chain is numbered so that the first multiple bond gets a lower number. If both 
bonds can be assigned the same number, the double bond takes precedence. The 

double bond root name preceding 

Here are the molecular formulas and names of the first ten carbon straight chain 

Molecular Formula 

commonly used name for ethyne is acetylene, which used industrially.

Like previously mentioned, the IUPAC rules are used for the naming of 

Find the longest carbon chain that includes both carbons of the 

Number the longest chain starting at the end closest to the triple bond. A 1
alkyne is referred to as a terminal alkyne and alkynes at any other position are 

nonyne 

yne" is also used as 
to name substituent groups that are triply bound to the parent compound. 

They are unsaturated hydrocarbons. Like alkenes have the suffix –
yne; this suffix is used when there is only one alkyne in 

contains both a double and a triple bond, the carbon 
chain is numbered so that the first multiple bond gets a lower number. If both 
bonds can be assigned the same number, the double bond takes precedence. The 

double bond root name preceding 

Here are the molecular formulas and names of the first ten carbon straight chain 

commonly used name for ethyne is acetylene, which used industrially.

Like previously mentioned, the IUPAC rules are used for the naming of 

Find the longest carbon chain that includes both carbons of the triple bond.

Number the longest chain starting at the end closest to the triple bond. A 1
alkyne is referred to as a terminal alkyne and alkynes at any other position are 

 

yne" is also used as 
to name substituent groups that are triply bound to the parent compound.  

–ene, 
yne; this suffix is used when there is only one alkyne in 

contains both a double and a triple bond, the carbon 
chain is numbered so that the first multiple bond gets a lower number. If both 
bonds can be assigned the same number, the double bond takes precedence. The 

double bond root name preceding 

Here are the molecular formulas and names of the first ten carbon straight chain 

commonly used name for ethyne is acetylene, which used industrially. 

Like previously mentioned, the IUPAC rules are used for the naming of 

triple bond. 

Number the longest chain starting at the end closest to the triple bond. A 1-
alkyne is referred to as a terminal alkyne and alkynes at any other position are 



 

Rule 3 
 After numbering the longest chain with the low
alkyne, label each of the substituents at its corresponding carbon. While writing 
out the name of the molecule, arrange the substituents in alphabetical order. If 
there are more than one of the same substituent use the prefixes d
for two, three, and four substituents respectively. These prefixes are not taken into 
account in the alphabetical order. For example:

 If there is an alcohol present in the molecule, number the longest 
starting at the end closest to it,and follow the same rules. However, the suffix 
would be –

 When there are two triple bonds in the molecule, find the longe
chain including both the triple bonds. Number the longest chain starting at the end 
closest to the triple bond that appears first. The suffix that would be used to name 
this molecule would be 

Rule 4 
 Substituents containing a triple bond are called alkynyl. For example:

 

After numbering the longest chain with the low
alkyne, label each of the substituents at its corresponding carbon. While writing 
out the name of the molecule, arrange the substituents in alphabetical order. If 
there are more than one of the same substituent use the prefixes d
for two, three, and four substituents respectively. These prefixes are not taken into 
account in the alphabetical order. For example:

If there is an alcohol present in the molecule, number the longest 
starting at the end closest to it,and follow the same rules. However, the suffix 

–ynol, because the alcohol group takes priority over the triple bond.

When there are two triple bonds in the molecule, find the longe
chain including both the triple bonds. Number the longest chain starting at the end 
closest to the triple bond that appears first. The suffix that would be used to name 
this molecule would be 

Substituents containing a triple bond are called alkynyl. For example:

1-

After numbering the longest chain with the low
alkyne, label each of the substituents at its corresponding carbon. While writing 
out the name of the molecule, arrange the substituents in alphabetical order. If 
there are more than one of the same substituent use the prefixes d
for two, three, and four substituents respectively. These prefixes are not taken into 
account in the alphabetical order. For example:

2,2,10-triiodo

If there is an alcohol present in the molecule, number the longest 
starting at the end closest to it,and follow the same rules. However, the suffix 

ynol, because the alcohol group takes priority over the triple bond.

5- methyl

When there are two triple bonds in the molecule, find the longe
chain including both the triple bonds. Number the longest chain starting at the end 
closest to the triple bond that appears first. The suffix that would be used to name 
this molecule would be –diyne. For example:

4-methyl

Substituents containing a triple bond are called alkynyl. For example:

-chloro-1-ethynyl
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After numbering the longest chain with the low
alkyne, label each of the substituents at its corresponding carbon. While writing 
out the name of the molecule, arrange the substituents in alphabetical order. If 
there are more than one of the same substituent use the prefixes d
for two, three, and four substituents respectively. These prefixes are not taken into 
account in the alphabetical order. For example:

triiodo-5-methyl
 

If there is an alcohol present in the molecule, number the longest 
starting at the end closest to it,and follow the same rules. However, the suffix 

ynol, because the alcohol group takes priority over the triple bond.

methyl-7-octyn
 

When there are two triple bonds in the molecule, find the longe
chain including both the triple bonds. Number the longest chain starting at the end 
closest to the triple bond that appears first. The suffix that would be used to name 

diyne. For example:

methyl-1,5-octadiyne
 

Substituents containing a triple bond are called alkynyl. For example:

ethynyl-4-bromocyclohexane

After numbering the longest chain with the lowest number assigned to the 
alkyne, label each of the substituents at its corresponding carbon. While writing 
out the name of the molecule, arrange the substituents in alphabetical order. If 
there are more than one of the same substituent use the prefixes d
for two, three, and four substituents respectively. These prefixes are not taken into 
account in the alphabetical order. For example: 

methyl-3-decyne

If there is an alcohol present in the molecule, number the longest 
starting at the end closest to it,and follow the same rules. However, the suffix 

ynol, because the alcohol group takes priority over the triple bond.

octyn-3-ol 

When there are two triple bonds in the molecule, find the longe
chain including both the triple bonds. Number the longest chain starting at the end 
closest to the triple bond that appears first. The suffix that would be used to name 

diyne. For example: 

octadiyne 

Substituents containing a triple bond are called alkynyl. For example:

bromocyclohexane

est number assigned to the 
alkyne, label each of the substituents at its corresponding carbon. While writing 
out the name of the molecule, arrange the substituents in alphabetical order. If 
there are more than one of the same substituent use the prefixes d
for two, three, and four substituents respectively. These prefixes are not taken into 

 
decyne 

If there is an alcohol present in the molecule, number the longest 
starting at the end closest to it,and follow the same rules. However, the suffix 

ynol, because the alcohol group takes priority over the triple bond.

 

When there are two triple bonds in the molecule, find the longe
chain including both the triple bonds. Number the longest chain starting at the end 
closest to the triple bond that appears first. The suffix that would be used to name 

 

Substituents containing a triple bond are called alkynyl. For example:

 
bromocyclohexane 

est number assigned to the 
alkyne, label each of the substituents at its corresponding carbon. While writing 
out the name of the molecule, arrange the substituents in alphabetical order. If 
there are more than one of the same substituent use the prefixes di, tri, and tetra 
for two, three, and four substituents respectively. These prefixes are not taken into 

If there is an alcohol present in the molecule, number the longest chain 
starting at the end closest to it,and follow the same rules. However, the suffix 

ynol, because the alcohol group takes priority over the triple bond. 

 

When there are two triple bonds in the molecule, find the longest carbon 
chain including both the triple bonds. Number the longest chain starting at the end 
closest to the triple bond that appears first. The suffix that would be used to name 

Substituents containing a triple bond are called alkynyl. For example: 

est number assigned to the 
alkyne, label each of the substituents at its corresponding carbon. While writing 
out the name of the molecule, arrange the substituents in alphabetical order. If 

i, tri, and tetra 
for two, three, and four substituents respectively. These prefixes are not taken into 

chain 
starting at the end closest to it,and follow the same rules. However, the suffix 

 

st carbon 
chain including both the triple bonds. Number the longest chain starting at the end 
closest to the triple bond that appears first. The suffix that would be used to name 



 

Rule 5 
 A molecule that contains both double and triple bonds is called an alkenyne. 
The chain can be numbered starting with the end closest to
that appears first. For example:

 
5.3  Synthesis
5.3.1 Cracking
 Commercially, the dominant alkyne is acetylene itself, which is used as a 
fuel and a precursor to other compounds, e.g., 
kilograms are produced annually by partial oxidation of 

2 CH
Propyne, also industrially useful, is also prepared by 
hydrocarbons. 
 
5.3.2 Dehydrohalogenation and Related Reactions
 Specialty alkyn
provides a means to generate alkynes from alkenes, which are first halogenated 
and then dehydrohalogenates.
from styrene by bromination followed by treatment of the resulting of styrene 
dibromide with 

 Via the 
from vinyl bromides
Fuchs reaction
homologation
 
5.3.3 Alkylation of Alkynes 

A molecule that contains both double and triple bonds is called an alkenyne. 
The chain can be numbered starting with the end closest to
that appears first. For example:

Synthesis of Alkynes
Cracking 
Commercially, the dominant alkyne is acetylene itself, which is used as a 

fuel and a precursor to other compounds, e.g., 
kilograms are produced annually by partial oxidation of 

CH4 + 3/2 O2

Propyne, also industrially useful, is also prepared by 
hydrocarbons.  

Dehydrohalogenation and Related Reactions
Specialty alkynes are prepared by double 

provides a means to generate alkynes from alkenes, which are first halogenated 
and then dehydrohalogenates.
from styrene by bromination followed by treatment of the resulting of styrene 
dibromide with sodium amide

Via the Fritsch–
vinyl bromides. Alkynes can be prepared from 

Fuchs reaction and from aldehydes or 
homologation.  

Alkylation of Alkynes 

A molecule that contains both double and triple bonds is called an alkenyne. 
The chain can be numbered starting with the end closest to
that appears first. For example: 

6-ethyl-3

of Alkynes 

Commercially, the dominant alkyne is acetylene itself, which is used as a 
fuel and a precursor to other compounds, e.g., 
kilograms are produced annually by partial oxidation of 

2 → HC≡CH + 3 H
Propyne, also industrially useful, is also prepared by 

Dehydrohalogenation and Related Reactions
es are prepared by double 

provides a means to generate alkynes from alkenes, which are first halogenated 
and then dehydrohalogenates. For example, 
from styrene by bromination followed by treatment of the resulting of styrene 

sodium amide in ammonia

–Buttenberg
. Alkynes can be prepared from 

and from aldehydes or 

Alkylation of Alkynes  
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A molecule that contains both double and triple bonds is called an alkenyne. 
The chain can be numbered starting with the end closest to

3-methyl-1,4

Commercially, the dominant alkyne is acetylene itself, which is used as a 
fuel and a precursor to other compounds, e.g., 
kilograms are produced annually by partial oxidation of 

→ HC≡CH + 3 H2O 
Propyne, also industrially useful, is also prepared by 

Dehydrohalogenation and Related Reactions
es are prepared by double 

provides a means to generate alkynes from alkenes, which are first halogenated 
For example, 

from styrene by bromination followed by treatment of the resulting of styrene 
ammonia:  

Buttenberg–Wiechell rearrangement
. Alkynes can be prepared from 

and from aldehydes or 

A molecule that contains both double and triple bonds is called an alkenyne. 
The chain can be numbered starting with the end closest to

1,4-nonenyne

Commercially, the dominant alkyne is acetylene itself, which is used as a 
fuel and a precursor to other compounds, e.g., acrylates
kilograms are produced annually by partial oxidation of 

 
Propyne, also industrially useful, is also prepared by 

Dehydrohalogenation and Related Reactions 
es are prepared by double dehydrohalogenation

provides a means to generate alkynes from alkenes, which are first halogenated 
For example, phenylacetylene

from styrene by bromination followed by treatment of the resulting of styrene 
 

Wiechell rearrangement
. Alkynes can be prepared from aldehydes

and from aldehydes or ketones 

A molecule that contains both double and triple bonds is called an alkenyne. 
The chain can be numbered starting with the end closest to the functional group 

 
nonenyne 

Commercially, the dominant alkyne is acetylene itself, which is used as a 
acrylates. Hundreds of millions of 

kilograms are produced annually by partial oxidation of natural gas

Propyne, also industrially useful, is also prepared by thermal cracking

dehydrohalogenation
provides a means to generate alkynes from alkenes, which are first halogenated 

phenylacetylene can be generated 
from styrene by bromination followed by treatment of the resulting of styrene 

 
Wiechell rearrangement, alkynes are prepared 

aldehydes using the 
 by the Seyfer

 

A molecule that contains both double and triple bonds is called an alkenyne. 
the functional group 

Commercially, the dominant alkyne is acetylene itself, which is used as a 
. Hundreds of millions of 
natural gas:  

thermal cracking

dehydrohalogenation. The reaction 
provides a means to generate alkynes from alkenes, which are first halogenated 

can be generated 
from styrene by bromination followed by treatment of the resulting of styrene 

, alkynes are prepared 
using the Corey
Seyferth–Gilbert 

A molecule that contains both double and triple bonds is called an alkenyne. 
the functional group 

Commercially, the dominant alkyne is acetylene itself, which is used as a 
. Hundreds of millions of 

thermal cracking of 

. The reaction 
provides a means to generate alkynes from alkenes, which are first halogenated 

can be generated 
from styrene by bromination followed by treatment of the resulting of styrene 

, alkynes are prepared 
Corey–
Gilbert 
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Reaction Type: Acid / Base and Nucleophilic Substitution 
 Terminal alkynes are unusual for simple hydrocarbons in that they can be 

deprotonated (pKa = 26) using an appropriate base (typically NaNH2, pKa = 
36) to generate a carbanion. 

 The acetylide carbanion is a good C nucleophile and can undergo 
nucleophilic substitution reactions (usually SN2) with 1o or 2o alkyl halides 
(Cl, Br or I) which have electrophilic C to produce an internal alkyne. 

 3o alkyl halides are more likely to undergo elimination. 
 One or both of the terminal H atoms in ethylene (acetylene) H-C≡C-H can 

be substituted providing access to monosubstituted (R-C≡C-H)and 
symmetrical (R = R') or unsymmetrical (R not equal to R') disubstituted 
alkynes R-C≡C-R' 

 Note that since the product is also an alkyne, it can also undergo the other 
reactions in this chapter. 

  

Mechanism for Alkylation of Alkynes 

Step 1: 
An acid / base reaction. The amide ion acts as a 
base removing the acidic terminal H to generate 
the acetylide ion, a carbon nucleophile. 

 

Step 2: 
A nucleophilic substitution reaction. The 
carbanion reacts with the electrophilic carbon in 
the alkyl halide with loss of the leaving group, 
forming a new C-C bond. 

 
5.3.3 Preparation of Alkynes via Elimination Reactions 
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 This reactivity exploits the fact that terminal alkynes are weak acids, with 
pKa values (25) between that of ammonia (35) and ethanol (16):  

RC≡CH + MX → RC≡CM + HX      (MX = NaNH2, LiBu, RMgX) 
 The reactions of alkynes with certain metal cations, e.g. Ag+ and Cu+ also 
gives acetylides. Thus, few drops of di-amminesilver (I) hydroxide 
(Ag(NH3)2OH) reacts with terminal alkynes signaled by formation of a white 
precipitate of the silver acetylide. This reactivity is the basis of alkyne coupling 
reactions, including the Cadiot–Chodkiewicz coupling, Glaser coupling, and the 
Eglinton coupling:  
 

5.5.4 Metal Complexes 

 Alkynes form complexes with transition metals. Such complexes occur also 
in metal catalyzed reactions of alkynes such as alkyne trimerization. Terminal 
alkynes, including acetylene itself, react with water to give aldehydes. The 
transformation typically requires metal catalysts to give this anti-Markovnikov 
addition result. 
 
5.5.5 Reaction of Alkynes with Hydrogen Halides 
 

 
 

 
 When treated with 1 equivalent of HX, alkynes form vinyl halides. 
 Hydrogen halide reactivity order : HI > HBr > HCl > HF (paralleling acidity 

order). 
 Regioselectivity predicted by Markovnikov's rule with the H adding to the 

C with the most H already present:  

 
 The reaction proceeds via a termolecular mechanism, rate = k [HX]2[alkyne] 
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 H+ adds from one HX at the same time as X- adds to the other side from 
another HX. 

 This avoids the unstable vinyl carbocation intermediate (note: no 
rearrangements are known which suggests no carbocation) 

 The reaction is trans-stereoselective (concerted nature, see above) 
 In the presence of excess HX, a second addition can occur to the product 

alkene giving a geminal dihalide 

 
 For HBr, care must be taken to avoid the formation of radicals (e.g. the 

presence of peroxides or uv light) as the alternate radical addition occurs 
with opposite regiochemistry: 

 
5.5.6 Ozonolysis of Alkynes  

 
Reaction type: Electrophilic Addition 

 Overall transformation:  C≡C to 2 x CO2H 
 Ozonolysis implies that ozone causes the alkyne to break (-lysis) 
 Reagents: ozone followed by a simple aqueous work-up. 
 If the alkyne is terminal, i.e. containsR≡CH, then the products are RCO2H 

and CO2since unstable carbonic acid, HOC(=O)OH, is produced. 
 Note that each of the CC bonds in the C≡C becomes a CO bond 

 
5.5.7 Reactivity of Alkyne: Summary 

 The π bonds are a region of high electron density (red) so alkynes are 
typically nucleophiles. 

 Alkynes typically undergo addition reactions in which one or both π-bonds 
are converted to new σ bonds. 

 Terminal alkynes, R-C≡C-H, are quite acidic (indicated by blue) for 
hydrocarbons, pKa = 26 

 Deprotonation of a terminal acetylene gives an acetylide ion. 



 

 The acetylide ion is a good nucleophile and can be alkylated to give higher 
alkynes.
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3.1 ppm. For example, in the NMR 
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subjected to an external magnetic field, these ? electrons will enter into a 
cylindrical motion that results in this strong shielding effect with high field 
chemical shifts, something that is absent in the alkenes. This electron cloud can be 
seen in the figure below.  

 
                                           Figure 5.5. Cylinder of Electron density 
 
 Another important aspect to keep in mind for alkyne NMR is the splitting of 
the peaks, or spin spin coupling. In 1-pentyne, for example, the terminal hydrogen 
is split by the hydrogens across the triple bond, even though it is separated from 
them by three carbons. As indicated in the figure below, the three peaks for the 
terminal hydrogen can be explained by this long range coupling, where the -CH2 
group adjacent the sp carbon splits the terminal hydrogen.  
 
5.6.2 Alkynes and Infrared Spectroscopy 
 Infrared Spectroscopy can be helpful in identifying terminal and internal 
alkynes.  
Terminal Alkyne: Internal Alkyne:  
 

 
3-chloro-1-propyne4,4-dichloro-2-pentyne 

Figure. 5.6. Infrared spectroscopy of Terminal and Internal Alkynes 
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as the antiretroviral Efavirenz and the antifungal Terbinafine. Molecules called 
ene-diynes feature a ring containing an alkene ("ene") between two alkyne groups 
("diyne"). These compounds, e.g. calicheamicin, are some of the most aggressive 
antitumor drugs known, so much so that the ene-diyne subunit is sometimes 
referred to as a "warhead". Ene-diynes undergo rearrangement via the Bergman 
cyclization, generating highly reactive radical intermediates that attack DNA 
within the tumor. 
 
Self-Assessment Questions 

Q 1: 
Using the following average bond energies, estimate the strength of the π 
bonds in an alkyne and an alkene 

 
C≡C = 820 kJ/mol (196 kcal/mol), C=C = 611 kJ/mol (146 kcal/mol), C-C 
= 368 kJ/mol (88 kcal/mol) 

  
 

Q 2: Consider the following points about the reaction of 2-butyne with HBr 

 
 (i) reaction with 1 equivalent gives 2-bromo-2-butene 
(ii) reaction with excess gives 2,2-dibromobutane 

 
(a) What conclusions can you reach about the reactivity of 2-bromo-2-
butene compared to 2-butyne ? 

 

(b) Consider the two possible carbocations that could be formed in the 
conversion of 2-bromo-2-butene to 2,2-dibromobutane. Suggest a reason 
for the observed regioselectivity. 

Q 3: 
What would be the product from the reaction of propene with following 
reagent sequence: 

 
(i) Br2 (ii) excess NaNH2 , heat followed by H2O (iii) NaNH2 then MeI  

 
Answers  
 

 1:  The π bond in an alkene is given by : C=C - C-C  

 
611 kJ/mol (146 kcal/mol) - 368 kJ/mol (88 kcal/mol) = 243 kJ/mol (58 
kcal/mol)  

 
The second π bond in an alkyne is given by : C≡C - C=C 

  

820 kJ/mol (196 kcal/mol) - 611 kJ/mol (146 kcal/mol) = 209 kJ/mol (50 
kcal/mol)  
This indicates that it should be recognised that the extra π bond in an 
alkyne is a weaker bond than the p bond in an alkene.  
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 2: Consider the following points about the reaction of 2-butyne with HBr 

 

(a) Since the reaction gives predominantly the 2-bromo-2-butene, the 
product must be less reactive than the alkyne starting material otherwise a 
mixture the mono-bromide and the dibromide would be formed. 

 

(b)  
Protonation of 2-bromo-2-butene gives a secondary carbocation regardless 
of which of the two C get protonated.  However, since the only product is 
2,2-dibromobutane, the intermediate must be that from the carbocation 
with the +ve charge formed adjacent to the bromine.  This can be justified 
by considering the resonance stabilising influence the bromine can provide. 

 3: The final product is 2-butyne. 

 

 The steps are: (i) propene to 1,2-dibromopropane (addition) then (ii) 
elimination to propyne, a terminal alkyne, and (iii) removal of the terminal 
H gives the carbanion which undergoes an SN2 with the methyl iodide 
forming a new CC bond. 

  
Q.5. Briefly identify the important differences between an alkene and an alkyne. 

How are they similar? 
Q.6. The alkene (CH3)2CHCH2CH=CH2 is named 4-methyl-1-pentene. What is 

the name of (CH3)2CHCH2C≡CH? 
Q.7. Do alkynes show cis-trans isomerism? Explain. 
 
Answers 
5.  Alkenes have double bonds; alkynes have triple bonds. Both undergo 

addition reactions. 
6.  4-methyl-1-pentyne 
7.  No; a triply bonded carbon atom can form only one other bond. It would 

have to have two groups attached to show cis-trans isomerism. 
 

Q.  Fill in the blanks  
1.  Alkynes form complexes with transition metals. Such complexes occur also 

in metal catalyzed reactions of alkynes such as ________  
                  (alkyne trimerization) 
2. A carbon–carbon ________is also present in marketed drugs such as the 

antiretroviral Efavirenz and the antifungal Terbinafine.              (triple bond) 
3.  Acid-promoted addition reactions are likewise analogous to those of 

alkenes, including_____________ selectivity.( Markovnikov) 
4. Specialty alkynes are prepared by double__________ 
             ( dehydrohalogenation) 



 

The triple bond
   
Q. Mention the name of following structures 

 
 
 
 
 
 

triple bond is very strong with ______________a of 839 kJ/mol. 
  
Mention the name of following structures 

1-

4

 

is very strong with ______________a of 839 kJ/mol. 
   

Mention the name of following structures 

-chloro-1-ethynyl

4-methyl

4-chloro-6-
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is very strong with ______________a of 839 kJ/mol. 
  

Mention the name of following structures 

ethynyl-4-bromocyclohexane

methyl-1,5-octadiyne

-diiodo-7-meth

is very strong with ______________a of 839 kJ/mol. 
   

Mention the name of following structures  

bromocyclohexane

octadiyne 

methyl-2-nonyne

is very strong with ______________a of 839 kJ/mol. 
         (bond strength

 
bromocyclohexane 

 

nonyne 

is very strong with ______________a of 839 kJ/mol.  
bond strength

 

bond strength) 
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Halogen derivatives of alkanes are called haloalkanes. They may be mono, 
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Among these, monohaloalkanes are also called Alkyl Halides. Their general 
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halogen atoms (F, Cl, Br, I). Mono haloalkanes or alkyl halides are further 
classified into primary, secondary and tertiary alkyl halide 
type of carbon atom bearing the halogen atom.
atom is attached with a carbon which is fu
atom e.g. choromethane   
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Halogen derivatives of alkanes are called haloalkanes. They may be mono, 
depending upon the number of halogen atoms   present 

Among these, monohaloalkanes are also called Alkyl Halides. Their general 
X , where R may be methyl, ethyl, propyl, etc. and X   represents 

Br, I). Mono haloalkanes or alkyl halides are further 
dary and tertiary alkyl halide 

type of carbon atom bearing the halogen atom.
atom is attached with a carbon which is further attached to one,

      Chloroethane

1-Choropropane
 

Halogen derivatives of alkanes are called haloalkanes. They may be mono, 
depending upon the number of halogen atoms   present 

Among these, monohaloalkanes are also called Alkyl Halides. Their general 
X , where R may be methyl, ethyl, propyl, etc. and X   represents 

Br, I). Mono haloalkanes or alkyl halides are further 
dary and tertiary alkyl halide 

type of carbon atom bearing the halogen atom. In a primary alkyl halide halogen 
rther attached to one,

 

Chloroethane 

Choropropane 

Halogen derivatives of alkanes are called haloalkanes. They may be mono, 
depending upon the number of halogen atoms   present 

Among these, monohaloalkanes are also called Alkyl Halides. Their general 
X , where R may be methyl, ethyl, propyl, etc. and X   represents 

Br, I). Mono haloalkanes or alkyl halides are further 
dary and tertiary alkyl halide depending upon the 

In a primary alkyl halide halogen 
rther attached to one, Clor no carbon 

 

 

Halogen derivatives of alkanes are called haloalkanes. They may be mono, 
depending upon the number of halogen atoms   present 

 

Among these, monohaloalkanes are also called Alkyl Halides. Their general 
X , where R may be methyl, ethyl, propyl, etc. and X   represents 

Br, I). Mono haloalkanes or alkyl halides are further 
depending upon the 

In a primary alkyl halide halogen 
Clor no carbon 

Halogen derivatives of alkanes are called haloalkanes. They may be mono, 
depending upon the number of halogen atoms   present 

Among these, monohaloalkanes are also called Alkyl Halides. Their general 
X , where R may be methyl, ethyl, propyl, etc. and X   represents 

Br, I). Mono haloalkanes or alkyl halides are further 
depending upon the 

In a primary alkyl halide halogen 
Clor no carbon 



 

 Secondary alkyl halides are those in which halogen atom is attached with a 
carbon atom which is further attached to two other carbon atoms directly, 
secondary carbon atom. In tertiary alkyl halides halogen atom is attached to a 

carbon which is further attached to three carbon atoms directly.

 

Objectives 
 After successful completion of this unit hopefully student will be able to:

1. Discuss 

2.     Describe Aliphatic Nucleophilic Substitution

3.     Point out Mechanism, Reactivity of alkyl halides

4.     Discuss Elimination mechanism, orientation of double bond and reactivity 

5.  Explain Preparation of Grignard’s Reagent,Structure and reaction of 
Grignard’s Reagent
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6.1  Nomenclature of Alkyl Halides 
6.1.1 Common Names 
 Alkyl halides (monohaloalkanes) are named according to the nature of the 
Alkyl group to which halogen atom is attached. For example,CH3 -CI    Methyl 
chloride, CH3- CH2 -Br   EthylbromideCH3-CH2- CH2 Br   n-Propyl bromide    
CH3- CH2-CH2- CH2- Cl   n-Butylchloride 
 
6.1.2 IUPAC Nomenclature 
 The systematic names given to alkyl halides follow the underlying rules. 
1.  Select the longest continuous carbon chain and consider the compound 

tohave been derived from this structure. 
2.  Number the carbon atoms in the chain so that the carbon atom bearing 

thefunctional group (F, Cl, Br, I) gets the lowest possible number, e.g., 

 
3.  If the same alkyl substituent occurs more than once on the chain, the prefix 

di, tri and so on are used before the name of the alkyl group. 
4.  The positions of the substituents are indicated by the appropriate 

numbersseparated by commas. If the same substituent occurs twice or more 
on thesame carbon atom the number is repeated.Examples which follow the 
above-mentioned rules: 

 
6.2  Preparation, Physical Properties and Reactions of Alkyl Halides 
6.2.1 Methods of Preparation of Alkyl Halides 
 Alkyl halides can be prepared by number of different ways as detailed 
below: 
(1) Halogenation of Alkanes 
 By the action of chlorine or bromine, alkanes are converted into alky 
halides. Thisreaction takes place in the presence of diffused sunlight or ultraviolet 
light. 



 

 This method does not give pure alkyl halides. Halogen derivatives 
containing two or
(2)  Addition of halogen acids to Alkenes
 Alkyl halides can be prepared by 
following reaction shows the preparation.

(3)   Reaction of Alcohols with other Halogenating agents (SO
 The best method for the preparation of alkyl halides is from alcohols.
(a)  Alcohols 

togive alkyl chlorides. This method is especially useful since the by
products(HC1, SO2) are gases, which escape leaving behind the pure 
product.

(b)  Phosphorous trihalides or phosphorous p
to from alkyl 

 
 
 

This method does not give pure alkyl halides. Halogen derivatives 
containing two or more halogen atoms are also formed along with alkyl halides.

Addition of halogen acids to Alkenes
Alkyl halides can be prepared by 

following reaction shows the preparation.

Reaction of Alcohols with other Halogenating agents (SO
The best method for the preparation of alkyl halides is from alcohols.
Alcohols also react with
togive alkyl chlorides. This method is especially useful since the by
products(HC1, SO2) are gases, which escape leaving behind the pure 
product. 
Phosphorous trihalides or phosphorous p
to from alkyl halides.

This method does not give pure alkyl halides. Halogen derivatives 
more halogen atoms are also formed along with alkyl halides.

Addition of halogen acids to Alkenes
Alkyl halides can be prepared by 

following reaction shows the preparation.

Reaction of Alcohols with other Halogenating agents (SO
The best method for the preparation of alkyl halides is from alcohols.

also react withSO
togive alkyl chlorides. This method is especially useful since the by
products(HC1, SO2) are gases, which escape leaving behind the pure 

Phosphorous trihalides or phosphorous p
halides. 
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This method does not give pure alkyl halides. Halogen derivatives 
more halogen atoms are also formed along with alkyl halides.

Addition of halogen acids to Alkenes 
Alkyl halides can be prepared by adding the Halogen acid to alkenes. The 

following reaction shows the preparation. 

Reaction of Alcohols with other Halogenating agents (SO
The best method for the preparation of alkyl halides is from alcohols.

SO��� thionyl chloride in pyridine as a solvent 
togive alkyl chlorides. This method is especially useful since the by
products(HC1, SO2) are gases, which escape leaving behind the pure 

Phosphorous trihalides or phosphorous p

 

This method does not give pure alkyl halides. Halogen derivatives 
more halogen atoms are also formed along with alkyl halides.
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The best method for the preparation of alkyl halides is from alcohols.
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This method does not give pure alkyl halides. Halogen derivatives 
more halogen atoms are also formed along with alkyl halides.
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products(HC1, SO2) are gases, which escape leaving behind the pure 
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This method does not give pure alkyl halides. Halogen derivatives 
more halogen atoms are also formed along with alkyl halides. 
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thionyl chloride in pyridine as a solvent 
togive alkyl chlorides. This method is especially useful since the by-
products(HC1, SO2) are gases, which escape leaving behind the pure 

act with alcohols 



 

(c) Reaction of alcohols with halogen acids.
 Alcohols may be converted to the corresponding alkyl halides by theaction 
of halogen acid in the presence of ZnCl2 which acts as a catalyst.
 

(4)  Method for the Preparation of Simple Alkyl Iodide
 An excellent method for the preparation of simple alkyl iodide is the 
treatment of alkyl chloride or alkyl bromide with sodium iodide. Thismethod is 
particularly useful because alkyl iodides cannot be prep
iodination of alkanes.
RCl+ Nal
RBr+Nal
 
6.2.2 Physical Properties:
 The polar bond creates a molecular dipole that raises the melting points and 
boiling points
•  The alkyl halide 

bonded to ahalogen, (X), via 
•  The carbon halogen bonds are typically quite polar due to the 

electronegativity and
 
Reactivity of Alkyl Halides
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a partial positive charge on the carbon atom attached to
halide atom with a partial negative charge.
govern the reactivity of R 

(i) 
(ii)        

 
 

Reaction of alcohols with halogen acids.
Alcohols may be converted to the corresponding alkyl halides by theaction 

of halogen acid in the presence of ZnCl2 which acts as a catalyst.

Method for the Preparation of Simple Alkyl Iodide
An excellent method for the preparation of simple alkyl iodide is the 

treatment of alkyl chloride or alkyl bromide with sodium iodide. Thismethod is 
particularly useful because alkyl iodides cannot be prep
iodination of alkanes.

Rl + NaCl
Rl + NaBr

Physical Properties:
The polar bond creates a molecular dipole that raises the melting points and 

boiling points compared to alkanes structure:
The alkyl halide 
bonded to ahalogen, (X), via 
The carbon halogen bonds are typically quite polar due to the 
electronegativity and

Reactivity of Alkyl Halides
An alkyl halide molecule (R 

a partial positive charge on the carbon atom attached to
halide atom with a partial negative charge.

n the reactivity of R 
 C— X Bond energy
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Reaction of alcohols with halogen acids.
Alcohols may be converted to the corresponding alkyl halides by theaction 

of halogen acid in the presence of ZnCl2 which acts as a catalyst.

Method for the Preparation of Simple Alkyl Iodide
An excellent method for the preparation of simple alkyl iodide is the 

treatment of alkyl chloride or alkyl bromide with sodium iodide. Thismethod is 
particularly useful because alkyl iodides cannot be prep
iodination of alkanes.

Rl + NaCl 
Rl + NaBr 

Physical Properties: 
The polar bond creates a molecular dipole that raises the melting points and 

compared to alkanes structure:
The alkyl halide functional group consists of a sp
bonded to ahalogen, (X), via 
The carbon halogen bonds are typically quite polar due to the 
electronegativity and polarizability of the halogen.

Reactivity of Alkyl Halides 
molecule (R 

a partial positive charge on the carbon atom attached to
halide atom with a partial negative charge.

n the reactivity of R — X bond. 
X Bond energy 
X Bond polarity 
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Reaction of alcohols with halogen acids.
Alcohols may be converted to the corresponding alkyl halides by theaction 

of halogen acid in the presence of ZnCl2 which acts as a catalyst.

Method for the Preparation of Simple Alkyl Iodide
An excellent method for the preparation of simple alkyl iodide is the 

treatment of alkyl chloride or alkyl bromide with sodium iodide. Thismethod is 
particularly useful because alkyl iodides cannot be prep
iodination of alkanes.

The polar bond creates a molecular dipole that raises the melting points and 
compared to alkanes structure:

functional group consists of a sp
bonded to ahalogen, (X), via  bond. 
The carbon halogen bonds are typically quite polar due to the 

polarizability of the halogen.

molecule (R — X) consists of two parts, an alkyl
a partial positive charge on the carbon atom attached to
halide atom with a partial negative charge.
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Reaction of alcohols with halogen acids. 
Alcohols may be converted to the corresponding alkyl halides by theaction 

of halogen acid in the presence of ZnCl2 which acts as a catalyst.

Method for the Preparation of Simple Alkyl Iodide
An excellent method for the preparation of simple alkyl iodide is the 

treatment of alkyl chloride or alkyl bromide with sodium iodide. Thismethod is 
particularly useful because alkyl iodides cannot be prep
iodination of alkanes.

The polar bond creates a molecular dipole that raises the melting points and 
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The carbon halogen bonds are typically quite polar due to the 
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Alcohols may be converted to the corresponding alkyl halides by theaction 
of halogen acid in the presence of ZnCl2 which acts as a catalyst. 
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iodination of alkanes.
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Bond Energy
 The following table shows the bond energies of C
halides.The strength of the bonds show that iodo compound (with the 
weakestbonds) would be the most reactive one while
least reactive i.e., the order of reactivity of alkyl halides should be
R— I > R—
 
Bond Polarity
 Electronegativities of halogen, carbon and hydrogen atoms present in alkyl 
halides are shown in the table. The g
between carbon and 

 If an electrophile is the attacking reagent one. On the same lines, alkyl 
iodides should be the least reactive alkyl halides. In the light of the above 
discussion itis clear that the two factors
behavior about the reactivity of alkyl halides.
So the overall order of reactivity of alkyl halides for a particular alkyl group is: 
Iodide > Bromide > Chloride > Fluoride
In fact, the C
conditions. 
Experiments have shown that the strength of carbon halogen bond is the main 
factor which decides the reactivity of alkyl halides.
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The following table shows the bond energies of C
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weakestbonds) would be the most reactive one while
least reactive i.e., the order of reactivity of alkyl halides should be
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Experiments have shown that the strength of carbon halogen bond is the main 
factor which decides the reactivity of alkyl halides.

 

The following table shows the bond energies of C
halides.The strength of the bonds show that iodo compound (with the 
weakestbonds) would be the most reactive one while
least reactive i.e., the order of reactivity of alkyl halides should be

— Cl > R— F.

Electronegativities of halogen, carbon and hydrogen atoms present in alkyl 
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should be the least reactive alkyl halides. In the light of the above 
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Iodide > Bromide > Chloride > Fluoride

F bond is so strong that alkyl 

Experiments have shown that the strength of carbon halogen bond is the main 
factor which decides the reactivity of alkyl halides.
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The following table shows the bond energies of C
halides.The strength of the bonds show that iodo compound (with the 
weakestbonds) would be the most reactive one while
least reactive i.e., the order of reactivity of alkyl halides should be

F. 

Electronegativities of halogen, carbon and hydrogen atoms present in alkyl 
halides are shown in the table. The greatest electronegativity di

fluorine atoms in alkyl fluorides.

If an electrophile is the attacking reagent one. On the same lines, alkyl 
should be the least reactive alkyl halides. In the light of the above 

ussion itis clear that the two factors mentioned above predict 
about the reactivity of alkyl halides.

So the overall order of reactivity of alkyl halides for a particular alkyl group is: 
Iodide > Bromide > Chloride > Fluoride 

F bond is so strong that alkyl 

Experiments have shown that the strength of carbon halogen bond is the main 
factor which decides the reactivity of alkyl halides.

The following table shows the bond energies of C
halides.The strength of the bonds show that iodo compound (with the 
weakestbonds) would be the most reactive one while fluoro compound will bethe 
least reactive i.e., the order of reactivity of alkyl halides should be

Electronegativities of halogen, carbon and hydrogen atoms present in alkyl 
reatest electronegativity di

fluorine atoms in alkyl fluorides. 

If an electrophile is the attacking reagent one. On the same lines, alkyl 
should be the least reactive alkyl halides. In the light of the above 

mentioned above predict 
about the reactivity of alkyl halides. 

So the overall order of reactivity of alkyl halides for a particular alkyl group is: 

F bond is so strong that alkyl fluorides do not react under ordinary 

Experiments have shown that the strength of carbon halogen bond is the main 
factor which decides the reactivity of alkyl halides. 
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6.2.3 Reactions Of Alkyl Hali
 The reactions of alkyl ha
1.  Those reactions in which the halogen is replaced by some other atom o

group (nucleophilic substitution, or SN reactions).
2.  Those which involve the removal of HX from the from two 

is called elimination reaction (elimination, or
 

6.3  Aliphatic Nucleophilic Substitution
6.3.1 Nucleophilic Substitution Reactions

Before discussing, specifically the nucleophilic substitution reactions (SN) of 
alkyl halides, 

 
  In this equation the incoming group Nu is a nucleophile. Nucleophile means 
nucleus loving. It has an unshared electron pair 
cases it is basic in character. It may be negatively charged or neutral.
 
Electrophile
 It is a specie which attracts electrons (electron loving). The carbonatom of 
an alkyl group attached with the halogen atom and bearing
charge is called an electrophile or electrophilic center. An electrophile may be 
neutral or positively charged.
 
Leaving Group
 L is also a nucleophile. It is called leaving group because it departs with
unshared pair of
direction the incoming nucleophile must be stronger than the
Br- , I- , HSO4
. Iodide ion is a good nucleophile as well 
 
Substrate Molecule
 The alkyl halide molecule on which a nucleophile attacks is called a 
substrate molecule.

6.2.3 Reactions Of Alkyl Hali
The reactions of alkyl ha
Those reactions in which the halogen is replaced by some other atom o
group (nucleophilic substitution, or SN reactions).
Those which involve the removal of HX from the from two 
is called elimination reaction (elimination, or

Aliphatic Nucleophilic Substitution
6.3.1 Nucleophilic Substitution Reactions

Before discussing, specifically the nucleophilic substitution reactions (SN) of 
alkyl halides, let us look at the nucleophilic reaction in general.

process describing an SN reaction is shown as follows:

In this equation the incoming group Nu is a nucleophile. Nucleophile means 
nucleus loving. It has an unshared electron pair 
cases it is basic in character. It may be negatively charged or neutral.

Electrophile 
It is a specie which attracts electrons (electron loving). The carbonatom of 

an alkyl group attached with the halogen atom and bearing
charge is called an electrophile or electrophilic center. An electrophile may be 
neutral or positively charged.

Leaving Group 
L is also a nucleophile. It is called leaving group because it departs with

unshared pair of electrons. 
direction the incoming nucleophile must be stronger than the

, HSO4- are good leaving groups. Poor
. Iodide ion is a good nucleophile as well 

Substrate Molecule 
The alkyl halide molecule on which a nucleophile attacks is called a 

substrate molecule. 

6.2.3 Reactions Of Alkyl Halides
The reactions of alkyl halides fall into two categories:
Those reactions in which the halogen is replaced by some other atom o
group (nucleophilic substitution, or SN reactions).
Those which involve the removal of HX from the from two 
is called elimination reaction (elimination, or

Aliphatic Nucleophilic Substitution
6.3.1 Nucleophilic Substitution Reactions

Before discussing, specifically the nucleophilic substitution reactions (SN) of 
let us look at the nucleophilic reaction in general.

process describing an SN reaction is shown as follows:

In this equation the incoming group Nu is a nucleophile. Nucleophile means 
nucleus loving. It has an unshared electron pair 
cases it is basic in character. It may be negatively charged or neutral.

It is a specie which attracts electrons (electron loving). The carbonatom of 
an alkyl group attached with the halogen atom and bearing
charge is called an electrophile or electrophilic center. An electrophile may be 
neutral or positively charged. 

L is also a nucleophile. It is called leaving group because it departs with
electrons. If we wish a SN reaction to proceed in the

direction the incoming nucleophile must be stronger than the
are good leaving groups. Poor

. Iodide ion is a good nucleophile as well 

The alkyl halide molecule on which a nucleophile attacks is called a 
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des 
lides fall into two categories:

Those reactions in which the halogen is replaced by some other atom o
group (nucleophilic substitution, or SN reactions).
Those which involve the removal of HX from the from two 
is called elimination reaction (elimination, or

Aliphatic Nucleophilic Substitution
6.3.1 Nucleophilic Substitution Reactions 

Before discussing, specifically the nucleophilic substitution reactions (SN) of 
let us look at the nucleophilic reaction in general.

process describing an SN reaction is shown as follows:

In this equation the incoming group Nu is a nucleophile. Nucleophile means 
nucleus loving. It has an unshared electron pair 
cases it is basic in character. It may be negatively charged or neutral.

It is a specie which attracts electrons (electron loving). The carbonatom of 
an alkyl group attached with the halogen atom and bearing
charge is called an electrophile or electrophilic center. An electrophile may be 

L is also a nucleophile. It is called leaving group because it departs with
If we wish a SN reaction to proceed in the

direction the incoming nucleophile must be stronger than the
are good leaving groups. Poor

. Iodide ion is a good nucleophile as well as a good leaving group.

The alkyl halide molecule on which a nucleophile attacks is called a 

lides fall into two categories:
Those reactions in which the halogen is replaced by some other atom o
group (nucleophilic substitution, or SN reactions).
Those which involve the removal of HX from the from two 
is called elimination reaction (elimination, or E reactions).

Aliphatic Nucleophilic Substitution 
 

Before discussing, specifically the nucleophilic substitution reactions (SN) of 
let us look at the nucleophilic reaction in general.

process describing an SN reaction is shown as follows:

In this equation the incoming group Nu is a nucleophile. Nucleophile means 
nucleus loving. It has an unshared electron pair available for bonding and in most 
cases it is basic in character. It may be negatively charged or neutral.

It is a specie which attracts electrons (electron loving). The carbonatom of 
an alkyl group attached with the halogen atom and bearing
charge is called an electrophile or electrophilic center. An electrophile may be 

L is also a nucleophile. It is called leaving group because it departs with
If we wish a SN reaction to proceed in the

direction the incoming nucleophile must be stronger than the
are good leaving groups. Poor leaving groups are OH

a good leaving group.

The alkyl halide molecule on which a nucleophile attacks is called a 

lides fall into two categories: 
Those reactions in which the halogen is replaced by some other atom o
group (nucleophilic substitution, or SN reactions). 
Those which involve the removal of HX from the from two 

E reactions). 

Before discussing, specifically the nucleophilic substitution reactions (SN) of 
let us look at the nucleophilic reaction in general. 

process describing an SN reaction is shown as follows:

In this equation the incoming group Nu is a nucleophile. Nucleophile means 
available for bonding and in most 

cases it is basic in character. It may be negatively charged or neutral.

It is a specie which attracts electrons (electron loving). The carbonatom of 
an alkyl group attached with the halogen atom and bearing a partial positive 
charge is called an electrophile or electrophilic center. An electrophile may be 

L is also a nucleophile. It is called leaving group because it departs with
If we wish a SN reaction to proceed in the

direction the incoming nucleophile must be stronger than the departing one. Cl
groups are OH

a good leaving group. 

The alkyl halide molecule on which a nucleophile attacks is called a 
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6.4  Mechanism, Reactivity 
Mechanism of Nucleophilic Substitution Reactions: 
 Alkyl halides may undergo nucleophilic substitution reactions in 
twodifferent ways: 
1. Nucleophilic Substitution Bimolecular (SN2) 
2.  Nucleophilic Substitution Unimolecular (SN1) 
 Nucleophilic substitution reactions on alkyl halides involve two main 
processes, the breakage of C — X bond and the formation of C — Nu bond. The 
mechanism of the nucleophilic substitution reactions depends upon the timing of 
these two processes. If the two processes occursimultaneously the mechanism is 
called SN2 . If the bond breaks first followed by the formation of a new bond, the 
mechanism is called SN1. 
 
6.4.1 Nucleophilic Substitution Bimolecular (SN2) 
 This is a single step mechanism. As soon as the nucleophile starts attacking 
the electrophilic carbon of the substrate, the bond with which the leaving group is 
attached, starts breaking. In other words, the extent of bond formation is equal to 
the extent of bond breakage. Anotherimportant feature of this mechanism is the 
direction of the attack of the attacking nucleophile. It attacks from the side which 
is opposite to the leaving group. In order to give to the nucleophile enough room 
to attack, the substrate carbon atom changes its state of hybridization from 
tetrahedral sp3to planar sp2. The attack of the nucleophile, the change in the state 
of hybridization and the departure of the leaving group, everything occurs at the 
same time. During the reaction the configuration of the alkyl halide molecule gets 
inverted. This is called inversion of configuration. Molecularity of a reaction is 
defined as the number of molecules taking part in the rate determining step. Since 
in this mechanism, the reaction takes place in only one step which is also a rate 
determining step and two molecules are participating in this step, so it is called a 
bimolecular reaction. Kinetic studies of the reactions involving SN2 mechanism 
have shown that the rates of such reactions depend upon the concentrations of 
alkyl halide as well as the attacking nucleophile. Mathematically, the rate can be 
expressed as: 
Rate = k [Alkyl halide]1 [Nucleophile]1 
 Since the exponents of the concentration terms in the above expressionare 
unity, so the order of a typical SN2 reaction will be 1 + 1 = 2. 
Among the alkyl halides, the primary alkyl halides always follow SN2 mechanism 
whenever they are attacked by nucleophiles. 



 

 
6.4.2 Nucleophilic Substitution Unimolecular (Sn1)
 This type of mechanism involves two steps. The first step is the reversible 
ionization of the alkyl halide in the presence of an aqueous acetone or an aqueous 
ethyl alcohol. This 
step this carbocation is attacked by the nucleophile to give the product.
 

 
  Since the first step involves the breakage of a covalent bond so it is a slow 
step as compared to the second step w
combination of ions. The first step is, therefore, called the rate
The mechanism is called unimolecular because only one molecule takes part in 
the rate determining step.
 In SN1 mechanism, the n
already gone, so the question of the direction of the attack does not arise. 
Moreover, the intermediate carbocation is a planar specie allowing the 
nucleophile to attack on it from both the directions with equa
observe 50% inversion of configuration and 50% retention of configuration.

Nucleophilic Substitution Unimolecular (Sn1)
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ionization of the alkyl halide in the presence of an aqueous acetone or an aqueous 
ethyl alcohol. This stepprovides a carbocation as an intermediate. In the second 
step this carbocation is attacked by the nucleophile to give the product.
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Moreover, the intermediate carbocation is a planar specie allowing the 
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Nucleophilic Substitution Unimolecular (Sn1)
This type of mechanism involves two steps. The first step is the reversible 

ionization of the alkyl halide in the presence of an aqueous acetone or an aqueous 
stepprovides a carbocation as an intermediate. In the second 

step this carbocation is attacked by the nucleophile to give the product.

Since the first step involves the breakage of a covalent bond so it is a slow 
step as compared to the second step w
combination of ions. The first step is, therefore, called the rate
The mechanism is called unimolecular because only one molecule takes part in 
the rate determining step. 

In SN1 mechanism, the nucleophile attacks when the leaving group had 
already gone, so the question of the direction of the attack does not arise. 
Moreover, the intermediate carbocation is a planar specie allowing the 
nucleophile to attack on it from both the directions with equa
observe 50% inversion of configuration and 50% retention of configuration.
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Nucleophilic Substitution Unimolecular (Sn1)
This type of mechanism involves two steps. The first step is the reversible 

ionization of the alkyl halide in the presence of an aqueous acetone or an aqueous 
stepprovides a carbocation as an intermediate. In the second 
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  Reactions involving SN1 mechanism show first order kinetics and the rates 
of such reactions depend only upon the concentration of the alkyl halide. The 
equation of such reactions can be written as follows:
Rate = k [Alkyl halide]
 Tertiary alkyl halides when attacked by a nucleophile always follow SN1 
mechanism. Secondary alkyl halides, on the other hand, follow both SN1 and 
SN2mechanisms.
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Reactivity
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the electrophilic carbon atom of the alkyl halide. There is another site present in 
the alkyl halide molecule where the nucleophile can attack at the same time.
a site is an electrophilic hydrogen atom attached to the b 
halide. When the attack takes place on hydrogen, we get an alkene instead of a 
substitution produc
These reactions take place simultaneously with substitution reactions and often 
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Reactions involving SN1 mechanism show first order kinetics and the rates 
of such reactions depend only upon the concentration of the alkyl halide. The 
equation of such reactions can be written as follows:
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mechanism. Secondary alkyl halides, on the other hand, follow both SN1 and 
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eactions show second order kinetics.
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Other reactions shown by alkyl halides are as follows: 
1. Wurtz Synthesis 

Alkyl halides react with sodium in ether solvent to give alkanes. The reaction 
is particularly useful for the preparation of symmetrical alkanes. 
 

 
 

2.  Reduction of Alkyl Halides 
 Dehydrohalogenation, followed by hydrogenation is the standard means. 

 

 
 

3.  Reaction with Sodium Lead Alloy (Na4Pb) 
 Methyl chloride and ethyl chloride react with sodium lead alloy giving 
tetramethyl lead and tetraethyl lead, respectively. These compounds are important 
anti-knock agents and are used in gasoline. 
                         4���Cl+���Pb  (C��)4Pb+4NaCl 
                         4���C��Cl+Na4Pb C��C��)4Pb 
 

6.6 Grignard’s Reagents 
 Grignard reagents RMgX are derivatives of alkyl halides belonging to class 
of organo-metallic compounds. Grignard reagent was first prepared by Victor 
Grignard in 1900. These reagents are so important in organic synthesis that almost 
all the classes of organic compounds can beprepared from them. Due to their 
importance and applications Victor Grignard was awarded Nobel prize in 
chemistry. 



 

6.7  Preparation of Grignard’s 
 Grignard reagents are prepared by the reaction of magnesium metal with 
alkyl halides in the presence of dry ether (alcohol free, moisture free).

 
  It is important that all the reactants must be absolutely dry and pure because 
Grignard reagents 
impurity present.Reactivity of alkyl halides with magnesium is in the following 
order: 
Alkyl Iodide > Alkyl Bromide > Alkyl Chloride
For a given halogen the order of reactivity is as follows:
                                     
 

6.8  Structure and Reaction of Grignard’sReagent
6.8.1 Structure and Reactivity
 Grignard reagents are much reactive than most of the organic compounds.
The reactivity is due to the nature of C 

  Magnesium is more electropositive than carbon and the C
covalent is highly polar, giving alkyl carbon the partial negative charge. This 
negative charge is an unusual character which makes the alkyl groups highly 
reactive towards electrophile centres. Mostly reactions shown by Grignard reagent 
are exothermic.
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Preparation of Grignard’s Reagent
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6.8.2  Reactions

 
(i)  With Water

(ii)  With ammonia

(iii) With cyanogen chloride
 

 
(iv)  With alcohols
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(v)  With CO

 
(vi)  Reaction with 
 

 
(vii)  With Epoxide

6.9  Spectroscopic Identification of Alkyl Halides
 Alkyl halides are compounds that have a C
bromine, chlorine, fluorene, or iodine (usually Br or Cl in the organic chemistry 
teaching labs). In general, C
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CHO,CH3COCH
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Self-Assessment Questions
1.   Define alkyl halide how is prepared

reactions of Alkyl Halides.
2. Explain Aliphatic Nucleophilic Substitution, Mechanism, and Reactivity.
3. What is Elimination mechanism orientation of double bond and reactivity?
4.  What do you mean by the Grignard’s Re
5.  Write down the Preparation of Grignard’s Reagent.
6. Draw the Structure and reaction of Grignard’s Reagent.
7. What are the Spectroscopic identifications of alkyl halides?
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Introduction 
 Alcohol and Phenol are known as hydroxyl-containing functional groups 
because both consist of (–OH) group. These groups involve another phenomenon, 
they are derived from water by replacing one of its hydrogens by alkyl and aryl 
groups, therefore, they can be regarded as derivatives of water as shown in Figure 
1. In alcohol, the hydroxyl group is attached to an aliphatic carbon atom, while in 
phenol the hydroxyl group is directly attached to an aromatic nucleus called 
hydroxyl derivatives of aliphatic and aromatic hydrocarbons. 

H O

H

R OH OH

Water An alcohol A phenol
 

Figure 7.1: Derivatives of water 
 In the case of Ether, this functional group is also derivative of water by 
replacing both of its hydrogen by two alkyl, two aryl, or one aryl group. The 
geometry of alcohol and ether is like that of water, with oxygen being sp3 
hybridized. Vander Waals repulsion involving alkyl groups causes the bond angle 
at oxygen to be larger in alcohols (108.5°) than in water (104.5°), and larger in 
ethers (112°) than in alcohols; di-tert-butyl ether (132°) is an extreme case. 

R O

R

O

O

CH3

a dialkyl ether a diaryl ether an alkylaryl ether
 

Figure 7.2. Ethers 
Let us have a comprehensive Study of hydroxyl-containing functional group.  

Objectives 
 After learning this unit, students will be able to: 

1. To explain the fundamentals of Hydroxyl functional group Compound.  
2. To develop an understanding of the structure and chemical nature of 

Hydroxyl Compounds 
3. To discuss the concept of the physical nature of Hydroxyl functional group 

Compounds  
4. To develop the synthetic approach with critical thinking. 
5. To design the mechanistic approach about the synthesis of alcohol, phenol, 

and ether. 
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7.1 Alcohols 
 Alcohols are substances having the hydroxyl group attached to an aliphatic 
carbon’s atoms. 
 
 
 
 
Classification of Alcohol 
 They can be classified according to the number of hydroxyl groups present 
in their molecules. Alcohol having only one hydroxyl group in its molecule is 
known as Monohydric alcohol, and alcohol with two and three hydroxyl groups 
in their molecules are known as Dihydric and Trihydricalcohol respectively. The 
alcohols having more than one hydroxyl group are called Polyhydric alcohols. 
Primary, Secondary and Tertiary Alcohol 
Monohydric alcohols are classified as primary, secondary and tertiary alcohol 
depending upon the hydroxyl group and are attached to a primary, secondary and 
tertiary alkyl group respectively. 
Monohydric alcohol is represented as general formula Cn H2n+1 OH and formed 
homologous series. 

 
  ` 

7.2 Nomenclature of Alcohols 
 Here are two main systems of naming the alcohols 
 The system of common names 
 The system of IUPAC name 
 
The system of common name 
 The simple alcohols are generally known by their common names. A 
common name consists of the name of the alkyl group to which the hydroxyl 
group is attached, followed by the word alcohol. 

R OH

An alcohol
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H3C OH H3C
H2
C OH H3C

H2
C

H2
C OH

Methyl alcohol Ethyl alcohol n-Propylalcohol

CHOH

H3C

H3C

Isopropyl alcohol

CHCH2OH

CH3

H3C

Isobutyl alcohol

CHOH

CH3

H3CH2C

sec-Butylalcohol

COH

CH3

H3C

CH3

tet-Butylalcohol

CCH2OH

CH3

H3C

CH3

Neopentylalcohol CH2OH

Benzyl alcohol  
 
 The position of the other substituents in the alkyl groups is generally 
indicated by the Greek letters alpha (α) beta (β) gamma (γ) and delta (δ); the 
carbon atoms bearing the hydroxyl group being designated (α) as alpha. The end 
carbon atom is generally designated as omega(ω). A five-carbon alcohol is 
commonly called amyl alcohol. 
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The system of IUPAC name   
 Since alcohols are regarded as the hydroxyl derivatives of alkanes, the name 

of alcohols, according to the IUPAC system, is derived by replacing the 
ending-e of the names of the parent alkanes by-ol. Thus, the alcohols are 
named as alkanols. The longest carbon chain containing the hydroxyl group 
is selected as the parent alkane, and the chain is numbered so that the 
hydroxyl group is assigned the lowest possible numbers. The number 
indicating the position of the hydroxyl group is written before the name of 
the alkanol. Other substituents along with their respective numbers are 
prefixed to the name of the alkanols. The names are written one word. This 
is illustrated by the following examples. 

 
 If the parent chain contains a double or a triple bond, the alcohol is named as 

alkenol or alkynol. The –OH group is still assigned the lowest possible number.  
 *(the general rule in the IUPAC system is that if a functional group is used 

as a suffix, it becomes a part of the parent name and gets the highest priority 
in numbering the chain) in this case, the number indicating the location of 
the double or triple bond is written before the name of the alcohol, and the 
number indicating the positions of the hydroxyl group is placed immediately 
before the ending-ol. 

 
 If the hydroxyl group is attached to a ring, it is understood to be at position1. 
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 For certain compounds, it is more convenient to use hydroxyl as a prefix. 
For example. 

 
 

7.3  Preparation of Alcohol 
 Alcohols are the most important class of aliphatic compounds. They are 
extensively used as solvents and as laboratory reagents for the preparation of a 
host of other classes of organic compounds through a variety of organic reactions. 
They possess great industrial importance as well. Some of the important methods 
for the preparation of alcohol are discussed here. 
1.  Hydration of alkene 
 The importance of this method is that it is used for the production of alcohol 
at industrial scale alkene can add a molecule of water across the double bond to 
form alcohols. This process is known as hydration. The hydration of alkene can 
be done by different methods; 
(a) When an alkene is treated with cold concentrated H2SO4 it gets dissolved to 

form an alkyl hydrogen sulfate and this alkyl hydrogen sulfate is then 
hydrolyzed on heating with water to yield an alcohol.  The addition of the 
sulfuric acid molecule to the double bond involves the electrophilic addition 
mechanism it involves two steps. 

Step1 The alkene accepts the proton of the hydrogen from sulfuric acid to form a 
highly reactive carbocation. 

Step2 Intermediate carbocation that stabilizes itself by combining with the 
negative (OSO3H) ion. 

 The addition of sulfuric acid is regioselective and follows Markovnikov’s 
rule. 
Regioselective: the reaction that can potentially yield two or more constitutional 
isomers but produce only one (or predominantly one) are known as 
Regioselective reactions. 
Markovnikov’s Rule: It stated that “ in the addition of hydrogen halide to the 
carbon-carbon double bond of an alkene the hydrogen atom attaches itself to the 
carbon atom of the double bond that already holds a greater number of hydrogen” 
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(b) Direct hydration of alkene can also be accomplished by the acid-catalyzed 

addition of water to the double bond. Commonly used acids to catalyze this 
reaction are sulfuric acid and phosphoric acids. Since this reaction involves 
the intermediate formation of a carbocation, the relative reactivity of alkenes 
corresponds to the stability of the carbocation formed in each case which is 
in the order tertiary>secondary>primary. The use of dilute acid and low 
temperature favors the formation of alcohol, whereas an acid with a low 
concentration of water and at a higher temperature shifts the equilibrium 
towards the alkene side. this reaction involves the rearrangement reaction. 

 

 
 
(c) In this process, alkene reacts with mercuric acetate in a mixture of THF 

(tetrahydrofuran) and water to produce hydroxyalkylmercuric acetate which 
can be reduced by sodium borohydride in aqueous NaOH. this process is 
called oxymercuration and demarcation. This reaction is also regioselective 
and follows the Markovnikov rule. The importance of this reaction is that it 
does not involve rearrangement because an electrophilic attack by the 
species Hg+OAc at the less substituted carbon atom of the double bond to 
form a cyclic mercurium ion(a mercury bridge carbocation) which is then 
readily attacked by water from the backside to produce the 
hydroxyalkylmercuric acetate in the trans or anti-form. 
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 The two-stage process of oxymercuration-demercuration occurs under mild 
condition( at room temperature) and s completed in minutes without necessitating 
the isolation of the organomercurial compound. It is a useful laboratory method 
and gives excellent yields, usually greater than 90%. It can be carried out in 
various solvents in place of water, and ether is obtained as a product. The 
drawback of the above-mentioned methods is that primary alcohol cannot be 
prepared due to Markovnikov addition.  
(d)  primary alcohol can be easily prepared by hydroboration –oxidation which 
results in an anti-Markovnikov’s addition of water to the double bond. Alkene 
reacts rapidly with diborane, B2H6, in an ether, usually THF (tetrahydrofuran), at 
room temperature to form trialkyl boranes. Hydroboration has to be carried out 
with care since diborane and alkyl borane burn spontaneously in the air with a 
green flame.  
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 A controlled oxidation of alkyl borane with alkaline hydrogen peroxide 
replaces the carbon-carbon bond with a carbon-oxygen bond to form an alcohol. 

 
 The mechanism of oxidation involves the nucleophilic attack of the 
hydroperoxide ion on the empty 2p orbital of boron, followed by the migration of 
an alkyl group from boron to oxygen. Although hydroxide ion is not a good 
leaving group, but the cleavage of a very weak o-o sigma bond provides the 
driving force for this reaction. the hydroxide ion then attacks boron to cleave the 
boron-oxygen bond and release alcohol. It is not necessary to isolate the trialkyl 
borane, rather it can be oxidized in the same vessel. Terminal alkenes produce 
primary alcohols under an anti-Markovnikov’s addition of water to the double 
bond. The hydroboration oxidation is the syn anti-Markovnikov’s addition of 
water to the double bond.  
 
2.  Hydrolysis of Alkyl halide 
 Alcohol can be prepared by the hydrolysis of alkyl halides through water or 
an aqueous alkali.The industrial application of this method is that we can obtain 
by hydrolysis process of those halides which are prepared by direct halogenation 
of hydrocarbons, for example, the preparation of benzyl alcohol from toluene. 
 

 

 
 
3.  Grignard Synthesis 
 Alcohol can easily be prepared by Grignard reagent (Grignard reagent is 
obtained by the reaction of an alkyl halide with magnesium in dry ether ) the 
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Grignard reagent adds to the carbon-oxygen double bond of a carbonyl compound 
to form an alkoxide which is readily hydrolyzed by water or dilute acids to 
alcohol. 

 
 It depends upon the nature of the carbonyl compounds used formaldehyde, 
HCOH yields primary alcohol, another aldehyde, RCHO, yield a secondary 
alcohol and a ketone R2CO, yield a tertiary alcohol, as shown below: 

 
 This method is usually useful for the conversion of a lower alcohol into a 
higher one. 
 A primary alcohol with two carbon atoms more than the alkyl groups of the 
Grignard reagents with ethylene oxide. 
 

 
 
4.  Reduction of Carbonyl Compounds 
 Alcohol can be easily prepared by the reduction of aldehyde and ketones 
either by hydrogenation in the presence of a metal catalyst, such as nickel, 
palladium or platinum at a temperature ranging from room temperature to about 
200 C, and moderate pressure(3-20atm), or by the use of a chemical reducing 
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agent, such as lithium aluminum hydride(LiAlH4)or sodium 
borohydride(NaBH4). Aldehydes gives primary alcohol and ketone gives 
secondary alcohols. 

 
 Reduction by chemical reducing agents is generally carried out on a small 
scale in the laboratory due to the high cost and hazard nature of the LiAlH4. 
 
NaBH4 (Sodium borohydride) 
 The NaBH4, BH4-anion is tetrahedral and is isoelectronic with methane but 
has a negative charge on boron. It does not mean that there is a lone pair of 
electrons on boron, rather boron has one proton less than carbon in the nucleus. 
The reaction involves the hydride transfer from the BH4-anion to the carbonyl 
carbon atoms. the oxyanion can stabilize the electron-deficient BH3 molecule by 
again forming tetravalent boron anion which could transfer another hydrogen 
atom, with its bonding electron pairs, to another molecule of the carbonyl 
compounds. 

 
 
 All four hydrogen atoms of the BH4-anion could be transferred to the 
carbonyl compounds. The alkoxide formed is protonated by the solvent to 
produce the alcohol. 
 
LiAlH4 (Lithium ammonium hydride) 
 Aluminum is more electropositive than boron and therefore transfer a 
hydrogen atom along with the bonding electron pairs to the carbonyl compounds 
to more readily. It reacts violently with water, normally used under anhydrous 
condition, usually in the ether in which it is moderately soluble. the reaction 
proceeds smoothly. It reduces all functional groups such as –COOH,-COOR, -
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CONH2, -NO2 while the NaBH4 is much less reactive and therefore more 
selective. It reduces only aldehyde and ketone at a reasonable rate. 
 

 
 A reaction of catalytical hydrogenation of carbonyl compounds is the 
hydrogenation of carbon monoxide over a catalyst consisting of an oxide of 
chromium and zinc at 350-400 C and a pressure of 200 atm, for the industrial 
production of methanol. 

 
 

7.4 Physical Properties of Alcohol 
 Alcohol consists of two parts: a lipophilic (alkane like) alkyl group, and a 
hydrophilic (water-like) hydroxyl group. the physical properties of alcohol are 
governed by the hydroxyl group but are influenced by an alkyl group. The lower 
alcohols in which the hydroxyl group forms a significant proportion of the total 
structure (hydroxyl group accounts for more than half of the weight of the 
methanol molecule), behave more like water, whereas the higher the alcohols in 
which the alkyl group forms the major portion pf the structure, more resemble the 
corresponding hydrocarbons, in their physical properties. The alcohols with four 
and five carbon atoms are borderline. 
In general, the physical properties of alcohols change gradually with the 
molecular weight.  The physical data of the alcohol are shown in Table 7.1. 
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Table 7.1 
(Physical Properties of Alcohols) 

 
Name Formula M.pt. 

( ) 
B.pt.( ) Solubility 

(g/100ml 
H2O) 

Density 
at 20  

Methyl 
alcohol 

CH3OH -97 65 ∞ 0.792 

Ethyl alcohol CH3CH2OH -115 78.5 ∞ 0.789 
n-Propyl 
alcohol 

CH3CH2CH2OH -126 97 ∞ 0.804 

n-Butyl alchol CH3 (CH 2)2CH2OH -90 118 7.9 0.810 
n-Pentyl 
alcohol 

CH3(CH2)3CH2OH -79 138 2.3 0.815 

n-Hexyl 
alcohol 

CH3(CH2)4CH2OH -52 157 0.6 0.819 

n-Heptyl 
alcohol 

CH3(CH2)5CH2OH -34 176 0.2 0.822 

n-Octyl 
alcohol 

CH3(CH2)6CH2OH -15 195 0.05 0.825 

n-Nonyl 
alcohol 

CH3(CH2)7CH2OH -5.5 212 ___ 0.827 

n-Decyl 
alcohol 

CH3(CH2)8CH2OH +6 228 ____ 0.829 

Isopropyl 
alcohol 

(CH3)2CHOH -89 82.4 ∞ 0.786 

Isobutyl 
alcohol 

(CH3)2CHCH2OH +108 108 10.0 0.802 

sec-Butyl 
alcohol 

CH3CH2CH2OHCH3 -114 99.5 12.5 0.807 

Tert-Butyl 
alcohol 

(CH3)2COH +25.5 82.5 ∞ 0.789 

 
 Generally, the alcohols are the neutral and colorless liquid but some 
alcohols, particularly of the higher molecular weight are solid. The melting points 
and boiling points of alcohol very weirdly but the variations are consistent with 
the generalization explained earlier in the case of hydrocarbons whereas these 
physical characteristics were correlated with the molecular structure. In general, 
alcohols are less volatile and thus have a higher boiling point than the 
hydrocarbons pf comparable molecular weight. The higher boiling point is 
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associated with the hydrogen bonding. Contrary to hydrocarbon, the lower alcohol 
is miscible with water in all proportions, but as the molecular weight increases, 
the solubility of alcohol in water decreases and the alcohols with more than four 
carbon atoms tends to have little solubility in water. The solubility of alcohol 
depends upon the structure of the alkyl group. 
 The solubility of alcohol om water os due to the participation of the 
hydroxyl group pf alcohol in the hydrogen-bonded network of water, but this is 
only for lower alcohols where the alkyl group is not very large. As the 
hydrocarbon portion of the alcohol gets larger, more of the hydrogen bonds with 
water must be sacrificed to make room for the hydrocarbon chain the alcohol 
follows the rule of thumb:” compounds having no more than four carbons per 
oxygen are water-soluble”. Alcohols are frequently used as a solvent. they can 
dissolve polar substances due to the hydroxyl group, and non-polar substances 
due to their lipophilic alkyl group. 
 

7.5 Reactions of Alcohol 
 Generally, the reactions of alcohol involve the cleavage of either the 
oxygen-hydrogen- bonds(O-H) or the carbon-oxygen bond (C-O). Cleavage of 
either of the two bonds may involve a substitution reaction or elimination 
reaction. 
Some of the more important reactions are as under: 
1. Reaction with Metals 
 Alcohols react readily with active metals such as the alkali metals to form 
metal alkoxide with the liberation of hydrogen. The reaction is accompanied by 
an evolution of heat.  
 

 
The order of reactivity of alcohols is primary> secondary>tertiary. 

 The reaction with metals demonstrates the acidic nature of alcohol, though 
alcohols are weaker acid than water. Generally, alcohols (pKa≈18) are 100 times 
less than water (pKa≈ 16); only methanol(pKa≈15) is a stronger acid than water. 
However, alcohols are stronger acids than the terminal alkynes (pKa≈25) and 
much stronger acids than alkenes (pKa≈50). The order of acidity of alcohols 
generally is methyl>primary>secondary>tertiary. This order of acidity of alcohol 
is not due to the polar effect of the alkyl group but is due to the solvent effect; a 
bulky group interferes with the ion-dipole interaction that stabilizes the alkoxide 
ion. 
 The alkoxide is an extremely useful reagent for organic synthesis. They are 
often used as a nucleophile and as strong bases(stronger than hydroxide). They 
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are often used as a solvent in the reaction that is to be carried out in a non-
aqueous solvent, due to the solubility reasons. 
2.  Reaction with Carboxylic Acids (Esterification) 
 Alcohol reacts with a carboxylic acid on heating in the presence of a small 
quantity of conc. Sulfuric acid to form an ester. The reaction is reversible with 
about 65% conversion to ester at equilibrium. The mechanism of the reaction is as 
under: 

 

 
 
 If sulfuric acid is present in large quantities. It will reduce the reactivity of 
the alcohol towards the carbonyl carbons of the carboxylic acid by converting the 
alcohol into its oxonium salt. 

 
 Only primary alcohol gives a reasonable yield of esters. Steric hindrance is 
an important factor in esterification. A highly branched alkyl group in either the 
acid or the alcohol will not only slow down the rate of the reaction but also shift 
the equilibrium more to the left side of the reaction. In general, the ease of 
esterification of a given carboxylic acid with alcohols is in the order: 
primary>secondary>tertiary. 
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3. Reaction with inorganic acids 
 Alcohols forms esters with oxygen-containing inorganic acids, such as 
sulfuric acid and phosphoric acid. Alcohols react with cold conc. Sulphuric acid 
to form alkyl hydrogen sulfates. The reaction is reversible but proceeds to 
completion if excess of sulfuric acid is used. The reaction proceeds through the 
SN2 mechanism with primary alcohol, and SN1 mechanism with a tertiary alcohol. 

4. Oxidation of Alcohols 
 When alcohols are treated with oxidizing agents, a different type of alcohol 
reacts differently because of the different number of α-hydrogen (hydrogen 
attached to the carbon atom's bearing the hydroxyl group ) present in each type of 
alcohol. 
 
Primary alcohol 
 A primary alcohol that has two alpha hydrogen, is oxidized to an aldehyde. 
The aldehyde thus formed still has an alpha hydrogen and can be further oxidized 
to a carboxylic acid. Oxidation of aldehyde to carboxylic acid usually requires 
milder oxidizing agents than those required for the oxidation of primary alcohols 
to aldehydes. The oxidation of primary alcohol, therefore, does not stop at the 
aldehyde stage, but proceeds on to the formation of carboxylic acids. However, an 
advantage can be taken of the fact that the aldehydes generally have lower boiling 
points than the corresponding alcohol why? And can be removed from the 
reaction mixture by distillation as soon as they are formed applicable for those 
aldehydes having boiling point below 100  only. On the other hand, this method 
is used for oxidation of primary alcohols to carboxylic acids. 

RCH2OH RCHO RCOOH

A Primary alcohol An aldehyde A carboxylic acid

[O] [O]

 
The secondary alcohol 
 The secondary alcohol which has only one alpha hydrogen is oxidized to a 
ketone, and the reaction usually stops at this stage. 
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The tertiary alcohol 
 The tertiary alcohol has no alpha hydrogen and therefore are generally 
resistant to oxidation. However, on the prolonged heating with the acidic 
oxidizing agents, the tertiary alcohol is dehydrated to alkene which undergoes 
oxidative degradation through cleavage at the caron -carbon double bond, to yield 
carbonyl compounds of lower molecular weight. 

 
Chromic acid Oxidizing Agent 
 H2CrO4, is formed when potassium dichromate, k2Cr2O7, is added to 
sulfuric acid, or chromic oxide, CrO3, is added  to sulfuric acid or glacial acetic 
acid, the chromic acid oxidation is particularly useful for secondary alcohol due to 
the stability of the product, ketones, to these conditions 

 
Jones Reagents 
 Chromic oxide and sulfuric acid in aq. Acetone is called jones reagent. This 
reagent does not affect the double bond present in the molecule. 
 
KMnO4( Potassium Permanganate) 
 Oxidation of primary alcohol to carboxylic acid is generally carried out by 
acidic or alkaline aqueous potassium permanganate. The reaction with acidic 
potassium permanganate follows the mechanism similar to that with chromic acid. 
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 In aqueous solution, the initially formed aldehyde is converted to its hydrate 
which is treated as an alcohol by the oxidizing agent in acidic solution, to finally 
yield carboxylic acid. 

 
 In alkaline solution, potassium permanganate reacts with primary alcohol to 
produce the salt of the corresponding carboxylic acid and manganese dioxide. 
Manganese dioxide precipitates out during the reaction and can be removed by 
filtration after the reaction is complete. The filtrate on acidification yields the 
carboxylic acid. 

 
Neutral  KMnO4 oxidizes an unsaturated group more rapidly than alcohol. 
PCC(Pyridinium chlorochromate) 
 This is an excellent reagent for the oxidation of primary alcohol to aldehydes 
in the laboratory is PCC in dichloromethane, to avoid further oxidation of the 
aldehyde to carboxylic acid. PCC is formed when the chromic oxide is dissolved in 
HCl and then treated with pyridine. PCC does not affect the double bond. 

 
Adkin Catalyst (CuO.Cr2O3) 
 Primary and secondary alcohols are converted to aldehyde and ketones on a 
commercial scale by Adkin catalytic by catalytical dehydrogenation. 
(Dehydrogenation of organic compounds corresponds to oxidation and 
hydrogenation to reduction).Dehydrogenation of alcohol is affected by passing the 
vapors of the alcohols over a catalyst  (Adkin catalyst) heated to about 300 . 
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5. Dehydration of Alcohol 
 This is elimination reaction dehydration means removal of water.it is 
brought about by an acid. It is generally carried out by heating the alcohol with a 
Bronsted acid, such as sulfuric acid or phosphoric acid or bypassing the vapors of 
the alcohols over the lewis acid, such as alumina(Al2O3 + SiO2 and other oxides). 
At about 400 . Different types of alcohol differ ion the ease of dehydration, the 
general order tertiary>secondary>primary.  The experimental condition like the 
temperature and concentration of the acid depends on the nature of alcohol. 
Rearrangement may occur in the case of primary and secondary alcohol. 

 
General Mechanism  

Step1. The alcohol is protonated by the acid to form an alkyloxonium ion.  
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Step2. which then undergoes the removal of the water molecule to form a 
carbocation. 

 
Step3. A proton is removed from the beta carbon atm of the carbocation.’ 

 
6. Conversion to alkyl halide 
 With Halogen Acid 
 Alcohols are commonly treated with halogen acids to replace the hydroxyl 
group of alcohol by halogen atoms. The order of reactivity of different classes of 
alcohol is benzyl> tertiary> secondary>primary< methyl. The reactivity of 
halogen acid decreases in the order: HI>HBr>HCl.  

 
Mechanism 
 The alcohol is first of all protonated by the halogen acid and then followed 
by SN1 reaction(in case of tertiary alcohol) or SN2 reactions ( in case of primary 
alcohol) and secondary followed both SN1 and SN2. 
For Primary Alcohol (SN1) 
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For Primary Alcohol (SN2) 

X- + CH3
+OH2

X C
+OH2

H

H H

CH3X + H2O

 
 
 The condition of the reaction depends upon both the structure of the alcohol 
and the halogen acid. HCl is the least reactive of the halogen acid it requires the 
presence of zinc chloride to react with primary and secondary alcohols. No ZnCl2 
is required for the more reactive tertiary alcohol which readily reacts with 
concentrated HCl at room temperature. 

 
With Phosphorous Halides 
 Rearrangement and elimination involved in the use of halogen acids for the 
preparation of alkyl halide from alcohol can be avoided by the use of phosphorous 
halide or thionyl chloride to replace the hydroxyl group with a halogen atom. 

 
With Thionyl chloride 
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7.6 Phenols 
 Phenols as a class are the compounds in which one or more hydroxyl groups 
are directly attached to a benzenoid aromatic ring including the polycyclic 
aromatic ring system. Any member of this class of compounds is thus generally 
known as a phenol. The word phenol is used as the name of a specific compound, 
hydroxy benzene. phenol along with phenolic ethers, are widely distributed in 
various plants and are responsible for the order or flavor of the characteristic of 
the plants. They can be isolated from the essential oil of the plants. Phenol and its 
homologs are extracted from wood, coal, and petroleum distillate.  Phenol is used 
as a raw material for a large number of commercial products ranging from aspirin 
to a variety of plastic. 
 

7.7 Nomenclature, Preparation, Physical Properties, and Reactions 
of Phenols 

7.7.1 Nomenclature of Phenols 
 Phenol is the specific name of the parent compounds, hydroxybenzene, it is 
used as a parent name in the most of its derivatives 

 
 
 While naming the polyfunctional aromatic compounds, the hydroxy function 
is generally placed low in the order of precedence only the amino and ether 
functions are placed lower than the hydroxy function. 
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 Many of the phenol derivatives are known by their common names, as 
shown below. Their systematic name is also given in parentheses. 

 
 
 Compounds with the hydroxyl group attached to a polycyclic benzenoid ring 
system also belong to the phenol family and are named similarly. 
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7.7.2 Preparation of Phenol 
 Following methods are used to prepare phenol: 
1. Fusion of benzene sulphonate with alkali. 

 The first synthetic method for the commercial preparation of phenol was 
developed in 1890, which involve sulfonation of benzene followed by fusion of 
sodium salt of benzenesulfonic acid with sodium hydroxide. 

 
Mechanism: 

+ S

O

O

O

H
S

+

O O
O-

HSO4
-

SO3
-

+
H2SO4

H2SO4 + H2SO4
H3O+ SO3 + HSO4

-+

H3O+

SO3H

+

H2O

NaOHH2O

SO3
-Na+

NaOH

350 C

ONa

H3O+

OH

Phenol  
2. Hydrolysis of Chlorobenzene 

 This process was developed by Dow chemical company in 1982, and hence 
is known as dow process  in this process the chlorobenzene which can be obtained 
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by the chlorination of benzene, is hydrolyzed with 10% aq. Sodium hydroxide at 
360  under high pressure. 

 
 
The hydrolysis of chlorobenzene probably involves benzyne as an intermediate. 

 
 This process is not suitable for laboratory use because of the involvement of 
benzyne intermediate that leads to the formation of a mixture of isomeric products 
except for those systems that consist of strong electron-withdrawing groups such 
as nitro group ortho or para to halogen. In such cases, the aromatic nucleophilic 
substitutions reaction resulting in the formation of a phenol proceed smoothly but 
by different mechanisms. 

 
 
 



 165 

3. Oxidation of Cumene 
 An important industrial process to produce phenol was developed in 1953, 
which involves an air-oxidation of cumene, an inexpensive hydrocarbon that may 
be obtained by the alkylation of benzene with propylene. The air- oxidation of 
cumene result in the formation of cumene hydroperoxide which on acid-catalyzed 
decomposition yield phenol. 

 
 
 Acetone is a valuable by-product of this process. The mechanism of the 
reaction involved in this process may be explained as follows. The acid-catalyzed 
alkylation of benzene with propylene to form cumene proceeds through the 
isopropyl carbocation in a typical aromatic electrophilic substitution. 

 
 
 The oxidation of cumene proceeds through a free radical chain mechanism 
which is especially facile because it involves a highly stable tertiary benzylic 
cumyl radical. The decomposition of cumene hydroperoxide involves an 
intermediate hydrolytic rearrangement 
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 Today nearly the whole of synthetic phenol is produced by this process. The 
process is also the principal source of acetone, the other products of the process. 
 
4 Hydrolysis of aryl diazonium salt 
 Hydrolysis of an aryl diazonium salt formed by the reaction of primary 
aromatic amines with nitrous acid provides a very versatile method for the 
preparation of phenol. Nitrous acid, being unstable, is usually generated by the 
reaction of sodium nitrite with  HCl when needed. The primary amines can be 
obtained from aromatic hydrocarbons through nitration followed by reduction. 
The diazonium salts are stable in cold aq. Solutions but lose nitrogen on boiling 
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with water to produce phenol. It is the most suitable method for the preparation of 
phenol in the laboratory. 

 
 
 Mechanism: Conversion of Benzene into Nitrobenzene through an 
electrophilic aromatic substitution reaction. 

N+

OH

-O O

+ S

OH

HO O

O

+N

O-

H2O+ O
+ S

OH

-O O

O -H2O
+N OO

Nitrosonium ion

+N OO
slow

H

+N

O

O-

+

An arenium ion

S

OH

-O O

O
Fast

NO2

+ H2SO4

 
 

Reduction of nitrobenzene into aminobenzene  is done in two main stages: 
Stage 1: conversion of nitrobenzene into phenyl ammonium ions 
 Nitrobenzene is reduced to phenyl ammonium ions using a mixture of tin 
and concentrated hydrochloric acid. The mixture is heated under reflux in a 
boiling water bath for about half an hour. Under the acidic conditions, rather than 
getting phenylamine directly, you instead get phenyl ammonium ions formed. The 
lone pair on the nitrogen in the phenylamine picks up a hydrogen ion from the 
acid. 
The electron-half-equation for this reaction is: 
The nitrobenzene has been reduced by gaining electrons in the presence of the 
acid. The electrons come from the tin, which forms both tin(II) and tin(IV) ions. 

 



 168 

 
Stage 2: conversion of the phenyl ammonium ions into phenylamine 
 All you need to do is to remove the hydrogen ion from the -NH3

+ group. A 
sodium hydroxide solution is added to the product of the first stage of the 
reaction. The phenylamine is formed together with a complicated mixture of tin 
compounds from reactions between the sodium hydroxide solution and the 
complex tin ions formed during the first stage. The phenylamine is finally 
separated from this mixture. The separation is long, tedious and potentially 
dangerous - involving steam distillation, solvent extraction, and a final 
distillation. 

 
 
Formation of Diazonium chloride from aminobenzene (Diazotization reaction) 
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7.7.3 Physical Properties of Phenols 
 The simple monohydric phenol is either liquid or low-melting crystalline 
solid with distinctive odor unless some chromophoric group is present in their 
molecules, phenols are generally colorless. The odor of many phenols is due to its 
impurities present in it because phenol is easily oxidized in the presence of air. 
The physical properties of some common phenols are summarized in Table. 7.2. 
 

Table 7.2 
(Physical Properties of Phenol) 

 
Name M.pt. ( ) B.pt.( ) Solubility 

(g/100ml 
H2O)at 25  

pKa 

Phenol 42 182 9.3 10.00 
o-Cresol 31 191 2.5 10.28 
m-Cresol 11 201 2.6 10.08 
p-Cresol 35 202 2.3 10.14 
o-Chlorophenol 8 176 2.8 8.84 
m-Chlorophenol 33 214 2.6 9.02 
p-Chlorophenol 43 220 2.7 9.38 
o-Aminophenol 174 - 1.7 9.70 
m-Aminophenol 123 - 2.6 9.87 
p-Aminophenol 186 - 1.1 10.30 
o-Nitrophenol 45 217 0.2 7.23 
m-Nitrophenol 96 - 1.4 8.35 
p-Nitrophenol 114 297 1.7 7.15 
2,4-Dinitrophenol 113 - 0.6 4.07 
2,4,6-Ttrinitrophenol 122 - 1.4 0.50 
Catechol 104 245 45 9.48 
Resorcinol 110 281 123 9.44 
Hydroquinone 173 286 8 9.96 
α-Naphthol 96 288 - 9.31 
Β-Naphthol 122 295 - 9.55 

 
 Under the general rule, the symmetrical phenols have higher melting points 
than their unsymmetrical isomers. For example, chlorophenols, the para isomers 
have the highest melting points whereas the ortho isomers are liquid at ordinary 
temperature. 
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 The O-H bond of the phenol is much more polar than that of alcohol. 
Phenol, therefore, form stronger hydrogen bonds than that of alcohol resulting in 
higher boiling points and greater solubility in water. 
 According to the general rule, the symmetrical molecule has lower boiling 
points than the unsymmetrical molecule.  This is not the case with phenol, 
particularly those having an electronegative substituent ortho to the hydroxyl 
group because the ortho isomer despite their lack of symmetry have boiling point 
much lower than their meta and para isomers. 
 The lower boiling points (higher volatility) of o-nitrophenol can be 
attributed to chelation (intramolecular hydrogen bonding)  chelation of o-
nitrophenol helps its separation from its m- and p-isomers by steam distillation. 
Any water-immiscible substance can have an appreciable vapor at the boiling 
point of water in the steam distillation process. Non-chelated m- and p-
nitrophenols are not steam-volatile due to the intermolecular hydrogen bonding 
which inhibits their steam volatility by lowering their vapor pressure. An ortho-
substituted phenol from its meta and para isomer can be easily separated by this 
method.  
 Phenols are only sparingly soluble in water, but solubility increases with an 
increase in the number of hydroxyl groups which causes increased hydrogen 
bonding. However, this effect is offset by the symmetry of the molecule which 
helps them to stabilize by themselves. phenol and water are miscible in all 
proportions above 65 . A small amount of water lowers the melting point of 
phenol.  Thus, phenol which has the melting point of 42  is found as semi-liquid 
because of the presence of a small amount of water, it is completely liquified by 
the addition of about 5% of water, the liquid form of phenol, containing 5% of 
water, is known as carbolic acid, and is used as disinfectant and germicide. 
 
Acidity of Phenol 
 Phenol and alcohol have the same functional group -OH, phenol is much 
more acidic than alcohol, through weaker acid than a carboxylic acid. The pKa 
value of alcohol, phenol, and carboxylic acids are in the vicinity of 18,10 and 5 
respectively. The greater acidity of phenols relative to alcohols is attributed to the 
powerful electronic-withdrawing resonance effect of the aryl group an electron 
releasing substituent, such as methyl group, decrease acidity, while electron-
withdrawing group such as nitro group have acid strengthening effect. The nitro 
group is much more acid strengthening effect when it is ortho or para to the 
hydroxy group. 
 In general, phenols are so acidic that they are caustic towards flesh and are 
poisonous therefore they must not be handled with bare hands.  
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7.7.4 Reactions of Phenols 
 Phenols give two types of reactions: 

(i) The reaction due to the hydroxyl group 
This type involves the cleavage of the O-H bond, eg, in the formation 
of salt, ether, and ester, therefore, it resembles alcohol  

(ii) The reaction due to the aromatic ring involves the high reactivity of its 
ring toward electrophilic substitution due to the presence of the 
strongly activating hydroxyl group such as nitration. Halogenation 
alkylation acylation sulphonation. 

Phenoxide ion 
 The reaction of phenols involves phenoxide ion which is formed under basic 
conditions. The (-O- ) of the phenoxide ions is even more strongly electron-
releasing and thus more strongly activating than the -OH group. Phenoxide ion 
can, therefore, react with an even weaker electrophile, such as carbon dioxide. 
phenol reaction a special care must be taken to prevent polysubstituted and 
oxidation. 
1. Salt formation 
 Phenol is more acidic than alcohol they can form a salt with an even weaker 
base than those required for alcohol. Most of them can be converted into salt by 
aq. Sodium hydroxide, a much weaker base than sodium metal which is required 
to form a salt with alcohol, alcohol does not react with NaOH to an appreciable 
extent. 

 
Chemical test to distinguish between alcohol and phenol 
 Most phenol can dissolve in aq. NaOH by forming sodium phenoxide 
whereas most alcohols having more than five carbon do not. Less than five 
dissolves because they are soluble in water. 
Chemical test to distinguish between carboxylic acid and phenol 
 Most phenols do not dissolve in aq. Sodium bicarbonate, a weaker base than 
sodium hydroxide but carboxylic acid is much stronger acids than phenol do form 
a salt with NaHCO3 and dissolve in it. 
2. Ether formation (Williamson ether synthesis) 
 Phenols from alkyl aryl ether on treatment with alkyl halides in the presence 
of aq. Sodium hydroxide this reaction is known as Williamson ether synthesis. 
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With aq. Sodium hydroxide, phenol is converted to a phenoxide ion which acts as 
a nucleophile and displaces halide ion from the alkyl halide in an SN2 reaction. 

 
3. Ester formation 
 Phenols can be used to form esters by allowing them to react with an acid 
chloride or anhydride in the presence of acid or base. Acetylsalicylic acid 
commonly known as aspirin is prepared by acetylation of salicylic acid. It is 
antipyretic and analgesic. 
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4. Nitration 
 Phenol on treatment with conc. Nitic acid is converted into 2,4,6-
trinitrophenol(Picric acid).  

 
 To obtain mononitrophenol, it is necessary to use dilute nitric acid at a low 
temperature, whereby a mixture of o-and p-nitrophenol is obtained the mixture 
can be readily separated by steam distillation. 

 
5. Halogenation 
 Phenol readily with an excess of chlorine or bromine in aqueous solution to 
give a 2,4,6-trihalophenol because of the high reactivity of phenol no lewis acid is 
required. 
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 Monohalogenation is carried out with a solvent of low polarity such as 
CHCl3, CCl4 or CS2 at a low temperature. These conditions reduce the 
electrophilicity of the halogens it gives a mixture of isomer o- and p- can be 
separated by fractional distillation. 
 

 
 

 
 
6. Friedel-Craft reaction  
 A phenol in the presence of aluminum chloride is complicated by an initial 
reaction of the phenol with the Lewis acids with poor yield. 
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 Alkylation of phenol can be achieved by using an olefin an alkylating agent 
in the presence of hydrogen fluoride. 

 
 Ortho and para alkylphenols can also be obtained by heating alkyl phenyl 
ether in the presence of AlCl3. This reaction is an intermolecular process 
involving the substitution of the alkyl group derived from one molecule into 
another in the ortho or para position. 

 
 Phenolic ketones are formed through o=acylation resulting in the initial 
formation of an ester of phenols. The esters then on treatment with anhydrous 
AlCl3 in nitrobenzene orCS2 undergo a rearrangement, known as Fries 
rearrangement in which the acyl group migrates from the phenolic oxygen to a 
ring carbon, yielding o- and p- hydroxy ketones. This reaction is also an 
intermolecular process in which an acyl group derived from one molecule is 
substituted into another. 
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 The initial reaction product of the Fries rearrangement is a mixture of o- and 
p-acylphenoxyaluminium chloride salt (RCOC6H4OAlCl2)from which the 
phenolic ketone can be liberated in treatment with HCl. It can be separated by 
steam distillation. 
 

OH

+ C2H5COCl

OCOC2H5

AlCl3

OH

COC2H5

+

OH

COC2H5Phenyl
Propionate

Ethyl-o-hydroxy-
phenylketone

Ethyl-p-hydroxy-
phenyl ketone  

7. Sulfonation 
 Phenol on treatment with con. H2SO4 at 25℃ undergoes sulfonation at the 
ortho position and 100℃ the para position predominantly. 

 
 

8. Nitrosation 
 Phenol readily undergo nitrosation mainly at the para position on treatment 
with nitrous acid (NaNO2+  HCl). 
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 Phenol is highly reactive, attacked by feasibly electrophilic nitrosonium ion, 
+NO the actual nitrosating species in nitrous acid which is produced in the 
presence of strong acid. 

 

 
9. Diazo coupling  
 Phenol reacts with an aryldiazonium ion Ar+N2, weak electrophile in a basic 
medium to give arylazo phenols. called diazo coupling reaction. They are 
intensely colored and used as dyes. 
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10. Carbonation (Kolbe–Schmitt reaction) 
 Sodium phenoxide reacts with carbon dioxide, acting as an electrophile at 
125  under a pressure of 5 atm to give product sodium salicylate which on 
acidification yield salicylic acid this reaction is known as Kolbe reaction by 
introducing the carboxylic group -COOH into an aromatic ring. At higher 
temperatures, 250℃ and particularly with potassium salt of the phenol, the more 
stable para isomers are favored. Due to the medicinal importance of the aspirin 
derived from salicylic acid, this reaction has great potential importance. 

 
Mechanism 
Step1: The nucleophilic phenolate reacts with the electrophilic carbon of carbon 
dioxide in the ortho position  

 
Step2: The non-aromatic cyclohexadienone carboxylate 
intermediate tautomerizes to the more stable aromatic enol which is further 
stabilized by an intramolecular hydrogen bond.  An acidic workup will generate 
the carboxylic acid. 
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11. Formylation (Reimer-Tieman Reaction) 
 An introduction of the formyl group -CHO into the aromatic ring generally 
ortho to hydroxyl group can be the treatment of a phenol with chloroform in the 
presence of an aq. Alkali this reaction is known as Reimer-Tieman Reaction. 
 This reaction involves an electrophilic attack by dichloromethane: CCl2 
generated by the action of the base on chloroform on phenol to initially form 
substituted benzal chloride which is rapidly hydrolyzed by warm aq. Alkali, to an 
aldehyde by the following Mechanism. 
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12. Phenol-formaldehyde resin formation 
 When phenol is heated with formaldehyde in the presence of a dilute acid or 
an alkali it forms a mixture of o-and p- hydroxybenzyl alcohol. The reaction 
involves an aldol type of condensation. The importance of this reaction is most of 
the polymeric material synthesized such as Bakelite. 

 

 
13. Oxidation Reaction in Phenol 
 Phenols are most easily oxidized than alcohol, and a large number of 
inorganic oxidizing agents have been used for this purpose. When it is oxidized 
with potassium permanganate the ring is brokendown. 
 The hydrogen of the hydroxyl group of phenol is readily removed by a 
single-electron transfer(SET) oxidizing agent, such as ferric ion(FeCl)3. The 
phenoxyl radical quickly undergoes dimerization of the C-C type(o,o,p,p or o,p). 
these combination reactions have useful synthetic applications. 
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7.8 Chemical Tests of Phenol 
 1. Phenol reacts with bromine water to form 2,4,6-tribromophenol in 

nearly quantitative yield. The tribromophenol is almost insoluble in 
water. It, therefore, causes turbidity in a solution containing a small 
amount of phenol as 10ppm. Thus, this reaction serves as a very 
sensitive test for the detection of phenol in an aqueous solution. 

 2. When phenol is treated with ferric chloride in dilute aqueous or 
alcoholic solution, give a characteristic color ranging from violet 
through blue and green to red. The color develops due to the formation 
of ferric phenoxide (coordination complex), which involves the 
extended delocalization of pi electrons of aromatic rings through the 
iron atoms and thus absorbs blue light. 

 

7.9 Ethers 
 Ethers are compounds in which an oxygen atom is bonded to two carbon 

atoms like -C-O-C-, such linkage is known as ether linkage. Ethers is regarded as 
dialkyl,alkylaryl or diaryl derivative of water. 

 

 
 When the two alkyl or aryl groups are the same, the ether is said to be 
symmetrical, diethyl ether, C2H5OC2H5. Diethyl ether is also called simply ether 
and is known for its use as an anesthetic and as a solvent. When the two alkyl (or 
aryl) groups are different, the ether is said to be unsymmetrical or mixed ether, 
e.g. ethyl methyl ether, C2H5OCH3; the same is true for alkyl aryl ether, e.g. 
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methyl phenyl ether, CH3OC6H5. The general formula of the aliphatic ether is 
CnH2n+2O which is the same as for the monohydric alcohols, but the least value, in 
this case, is 2. 
 

7.10 Nomenclature, Preparation, Physical Properties, and 
Reactions of Ethers 

7.10.1 Nomenclature of Ethers 
 1. The common name of the ethers is derived by naming the two groups 

that are attached to the oxygen atom, in alphabetical order, followed 
by the word ether. 

 
 2. For symmetrical ethers, the prefix di- is used with the group. 

 
3. In the IUPAC system, the ethers are generally named as alkoxy 

derivatives of hydrocarbon or compounds containing a functional 
group of higher priority than ether. 

 
4. A general and more versatile IUPAC system of naming all types of 

substances having an ether linkage is the “oxa” system. The system is 
since the oxygen atom of the ether linkage,-O- is isoelectronic with the 
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methylene group, -HOH-, thus the name of the ether is based on the 
hydrocarbon in which the oxygen atom takes the place of a methylene 
group. the prefix oxa- is used for the ether linkage and its position is 
indicated by the number assigned to oxygen in the chain. The “oxa” 
system is useful for compounds having more than one ether linkage. 

 
5. Some ether is also known by their special names. For example 

 
 
7.10.2. Preparation of Ether 
1. Intermolecular dehydration of alcohol 
 Alcohol undergoes intermolecular dehydration resulting in the formation of 
symmetrical ether. The formation of ether probably an SN2 mechanism in which 
one molecule of the alcohol in the protonated form such as the substrate, and the 
another unprotonated molecule function as a nucleophile.  

 
Mechanism: 

 
 



 184 

2. Williamson Ether Synthesis 
 A very useful and versatile laboratory method for synthesizing symmetrical 
and unsymmetrical  (alkyl or aryl) ethers was described by A.W. Williamson in 
1850, in which an alkoxide or a phenoxide ion is made to react with a primary 
alkyl halide. The reaction is the SN2 displacement reaction. 

 
 
3. Alkoxymercuration-demercuration of Alkenes 
 When alkene is treated with mercuric acetate Hg(OAc)2 in the presence of 
alcohol followed by reduction with sodium borohydride, NaBH4 yields ether. 

 
7.10.3. Physical Properties of Ether 
 The loser members of the other family are either gases or volatile liquid, and 
their vapors are highly inflammable. the melting points of ethers in some cases 
those of the isoelectronic hydrocarbons. unlike alcohols, ethers do not have acidic 
hydrogen to allow the association of the molecule through intermolecular 
hydrogen bonding, and therefore the boiling points of ether are much lower than 
those of the alcohols having similar molecular weight; the boiling points of ethers 
are comparable with those of the corresponding hydrocarbons.  
 However, like alcohols, the ethers, especially the low-molecular-weight 
ethers, can form hydrogen bonds with the hydrogen atom of the water, due to the 
presence of nonbonded pairs of electrons on their oxygen atom. 
 They are therefore expected to be soluble in water. Ethers do have the 
solubilities in water that are comparable with those of alcohol of similar 
molecular weights but are quite different from those of the corresponding 
hydrocarbons. Thus, where dimethyl ether, like ethyl alcohol, is completely 
miscible with water, diethyl ether, like n-butyl alcohol, is soluble to the extent of 
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about 8 g per 100 mL of H2O; the solubility of n-pentane is only about 0.04 g per 
100ml of water. 
 Ether is less dense than water. However, their densities are 15 to 20 percent 
higher than those of the hydrocarbons of similar molecular weight. 
Ethers are readily soluble in organic solvents. They are used as solvent quite 
involving highly polar or ionic intermediate because of their polar nature, besides 
being fairly inert to many reagents. They are also weakly basic due to the 
presence of unshared electron pairs on their oxygen atoms, they can solvate cation 
by donating an electron pair from their oxygen atoms. Some of the physical 
properties of ether are mentioned in Table:7.3 

Table 7.3 
(Physical Properties of Ethers) 

 
Name Formula M.pt. 

( ) 
B.pt.( ) Density 

at 20  

Dimethylether CH3-O-CH3 -139 -24 0.661 

Ethyl methyl ether CH3-O-CH2CH3 - 8 0.697 

Diethyl ether CH3CH2-O-CH2CH3 -116 35 0.712 

Ethyl n-propyl ether CH3CH2-O-CH2CH2CH3 -79 64 - 

Di-n-propylether CH3CH2CH2-O-

CH2CH2CH3 

-122 91 0.744 

Diisopropylether (CH3)2CH-O-CH(CH3)2 -85 68 0.730 

Di-n-butyl ether CH3(CH2)3-O-(CH2)3CH3 -95 142 0.771 

Anisol C6H5-O-CH3 -37 154 0.992 

Phenetol C6H5-O-C2H3 -30 170 0.965 

Diphenyl ether C6H5-O-C6H5 +27 258 1.073 
 
7.10.4. Reaction of Ether 
 Ethers are relatively inert to most reagents. They are quite stable toward 
bases and oxidizing and reducing agents. They are stable to dilute acids but do 
form oxonium salt with conc. strong acids. The oxonium salts are unstable and are 
readily cleaved. Their resistance to most reagents forms the basis of their use as a 
solvent for many organic reactions, such as Grignard reagent reactions, lithium 
aluminum hydride reactions and Wurtz reactions. However, ether is susceptible to 
attack by free radicals; they are therefore not generally used as a solvent for the 
free radical reactions.  
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1. Cleavage of the Ether Linkage. 
On prolonged heating with dilute sulfuric acid, ether undergoes hydrolysis 
to alcohol through an SN2 mechanism. 
 

 
  
 Since phenol does not undergo nucleophilic substitution reaction similar to 
those of alcohol, an alkyl aryl ether undergoes of only the alkyl-oxygen bond to 
yield a phenol and an alkyl halide. This reaction is useful for protecting a 
hydroxyl group in a polyfunctional compounds. The hydroxyl group is converted 
into an ether, usually, a methyl ether, which can be later treated with conc. HI to 
regenerate the hydroxyl group.  
 

 
 
Zeisel method (for determination of the number of the methoxy group in 
compounds). 
 A weighed sample of the compound is heated with excess hydriodic acids. 
The dilute methyl iodide produced is collected in an alcoholic solution of silver 
nitrate, and the resulting precipitate of silver iodide is collected, dried and 
weighed. 

 

 
1. Autoxidation 
 A slow oxidation of compounds in the presence of atmospheric oxygen 
known as autoxidation. In the ether, the only reactive site other than the ether 
linkage is the α C-H bond of the alkyl group. Ethers formed the hydroperoxide 
and peroxides on exposure to atmospheric oxygen, by a free radical mechanism 
involving the following steps: 
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1. Halogenation 
 Ether undergoes halogenation when treated with chlorine or bromine, in 
much the same way as do the saturated hydrocarbons. It is the α-hydrogen which 
is most readily replaced. This reaction proceeds through a free radical mechanism. 

 
 

7.11   Spectroscopic Identification of Alcohols, Phenols, And 
Ethers 

Alcohols 
 The hydroxy compounds are generally characterized by the strong 
absorption, resulting from the O-H stretching vibrations, in the 3650-3200 cm-1 
region. A free O-H group (not hydrogen-bonded), e.g., in a dilute solution in a 
nonpolar solvent, such as CCl4, absorbs in the region of 3650-3600 cm-1, 
Intermolecular hydrogen-bonded O-H group (a neat liquid or dispersed solid) 
shows a strong and broadband in the 3400-3200 cm-1 region, although in solution 
in a nonpolar solvent, the hydrogen bonds are partly broken and the spectra 
generally show additional free O-H absorption. Intramolecular hydrogen-bonded 
O-H group,e.g., in o-hydroxy acetophenone, shows absorption in the region of 
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3600-3400 cm-1, which is not affected by dilution; thus, the two types of hydrogen 
bonding may be distinguished. 
alcohols also show strong absorption due to C-Ostretching vibration in the region 
of 1200-1000 cm-1, the exact position depends upon the type of alcohol: primary, 
about  1050 cm-1; secondary about 1100 cm-1; and tertiary, about 1150 cm-1.  
Phenols 
 Phenols also show the above mentioned two types of absorption bands (due 
to O-H and C-O stretching bond); however, the C-O stretching band appears at 
somewhat higher frequencies (at about 1200 cm-1). 
Ethers 
Dialkyl ethers shows only one absorption (due to the C-O stretching vibration) in 
the 1150-1050 cm-1 region. The C-O bond in epoxides absorbs in the region of 
1260-1240 cm-1.  
 

Self-Assessment Questions 
1. What is alcohol, phenol and ether compounds? 
2. Explain the halogenation, alkylation, acylation and sulphonation reaction in 

phenol? 
3. Describe the simple chemical test that would distinguish between 1 ͦ, 2 ͦ, and 

3 ͦ alcohols 

4. Explain why Phenol is more acidic than alcohol? 
5. Describe two methods for the preparation of phenol. 
6. Predict the product of the following compound from Grignard reagent. 

(a) Primary alcohol (b) Secondary Alcohol  
  (c)  Tertiary alcohol 
7. What is Williamsons ether synthesis? Explain with the help of the 

mechanism? 
8. Explain the mechanism of the following: 

(a) Reimann Tieman Reaction  (b) Carbonation Reaction 
9. Discuss the reactivity of alcohol and phenol? 
10. Draw the structural formulas of the following: 

(a) Phenetole    (c) Alkyl vinyl ether 
(b) 3-Ethoxy-2-methylhexane  (d) tert-Butyl isopropyl ether 
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Introduction 
 The word aromatic taken from the Greek word aroma meaning fragrant. It 
was originally used for the special class of organic compounds having a low 
hydrogen-to carbon ratio and a characteristic odor. However, there are many 
organic compounds which possess fragrant and not categorized as aromatic 
compound and many aromatic compounds they are odorless and categorized as 
the aromatic compound.  aromatic compounds usually have a six-carbon unit in 
their molecule i.e. Benzene and its derivatives. Therefore, Benzene was 
considered as the parent member of aromatic hydrocarbon because of its 
characteristic structural features and special behavior. With the above discussion 
it is concluded that the word aromatic is not restricted to odor or fragrant only but 
all compounds that are related to benzene both structurally and behaviorally. 
 Now, the word aromatic defined as “It includes those compounds of carbon 
and hydrogen that resemble benzene in their chemical behavior.” 
A comprehensive Study of aromatic hydrocarbon must begin with the study of 
Benzene. 
 

Objectives 
 After going through this unit, you will be able to: 
1.  Discuss the fundamentals of Aromatic Compound.  
2. Develop an understanding of the structure and chemical nature of Aromatic 

compound 
3. Explain the concept of physical nature of Aromatic Hydrocarbons 
4. Develop the synthetic approach with critical thinking. 
5. Design and understand the mechanistic approach about the synthesis of 

aromatic compounds. 
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8.1. Structure of Benzene 
 Elemental analysis and molecular weight determination show that the 
molecular formulas of benzene are C6H6. This means that the benzene molecule is 
short of eight hydrogen as compared to a saturated hydrocarbon with the same 
number of carbon atoms (C6 H14). It is thus considered to be a highly unsaturated 
molecules with the hydrogen deficiency index of four. It must, therefore, have 
four double bonds, two triple bonds, two double bonds and a triple bond, a ring 
with three double bonds or any other combination. Because of the tetravalency of 
carbon and univalence of hydrogen, following representative structure consistent 
with the molecular formula C6H6 can be considered for benzene (some other 
structure with different positions of double and triple bond could also be 
included). 

 
8.1.1 The Kekule ‘s structure 
 It was observed that that Benzene, through considered as highly unsaturated, 
does not exhibit the reactivity typical of unsaturated hydrocarbons. For example, 
benzene is not oxidized by aqueous potassium permanganate, neither add bromine 
in carbon tetrachloride. It is also not hydrogenated even in the presence of a 
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catalyst except at high temperature and pressure. ( these conditions are much 
more severe than those normally required for the hydrogenation of unsaturated 
hydrocarbon) The behavior of benzene is therefore not consistent with an 
unsaturated molecule despite its highly hydrogen deficient molecule. However, 
benzene does react with bromine but only in the presence of a Lewis acid catalyst 
such as ferric bromide, and the reaction involve substitution rather than addition, 
e.g., 

 
 Furthermore, because of this substitution reaction, only one 
monobromobenzene is formed, indicating that all the six hydrogen atoms in the 
benzene molecule are equivalent so that the replacement of any one of them with 
bromine results in the same Bromo derivatives. This means that benzene cannot 
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have the structure I, III, V and VI since every one of them has two different kinds 
of hydrogen and therefore must yield the is monobromobenzene as, for example, 
VII and VIII from I. 

 
 Thus, the structure of benzene can be either II or IV; both of these have only 
one kind of hydrogens, and therefore can yield only one monobromobenzene. The 
choice between II and IV can be made by considering the number of dibromo- 
derivatives of benzene. When monobromobenzene is further brominated, it yields 
three isomers dibromobenzenes, C6H4Br2. This is possible only with structure IV. 
Structure II would give only two dibromo-derivatives (IX and X). 

 
 The three dibromobenzenes that can be formed from the structure IV differ 
in the relative position of the bromines in the ring, as shown below (IX-XIII). 

 
 So, IV is the likely structure of the benzene. This is the structure that was 
visualized by August Kekule in 1865, for benzene. Hence, it is known as the 
Kekule’s structure of benzene. A closure looks at Kekule’s structure suggests that 
there should be two different 1,2-dibromobenzenes, as shown below (XIV and 
XV). 

 
 In one of them (XIV), the two carbon atoms that bear bromine, are linked by 
a single bond, while in the other (XV) they are linked by s double bond. In actual 
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practice, only one 1,2—dibromobenzene is known. To explain this anomaly, 
Kekule proposed that the benzene molecule is dynamic and alternate rapidly 
between two forms, XVI and XVII so that the two forms are in equilibrium with 
each other, and the equilibrium is so rapid that it prevents the separation of the 
two forms. 

 
 Consequently, the two 1,2-dibromobenzene would also be in rapid 
equilibrium so s to look like a single compound. 

 
8.1.2 The real Structure 
 The Kekule's structure of benzene as it looks is nothing else than 1,3,5-
cyclohexatriene. It is therefore expected to undergo additional reactions like those 
given by very similar compounds, cyclohexene, and cyclohexadiene. In actual 
practice, benzene does not give addition reactions, rather it gives substitution 
reaction in which one of the hydrogen atoms of benzene is replaced by some other 
atoms or groups An interesting feature of the substitution reactions that the 
substituting product formed can undergo further substitution of the same kind, 
indicating that the characteristics of the benzene ring remain intact in the 
substitution reaction. 

 
 The addition reaction would destroy the benzene ring system. 

 
 The fact that the benzene ring does not give the addition reaction means that 
it resists destruction. In other words, the benzene is more stable than one would 
expect 1,3,5 cyclohexatriene to be. The extent of stability of benzene relative to 



 198 

1,3,5-cyclohexatriene can be estimated from its heat of hydrogenation, as follows: 
Cyclohexene, a six-membered ring containing one double bond, can be easily 
hydrogenated to cyclohexane. The reaction is accompanied by the evolution of 
heat which is equal to 119.5 kJ/mol and is known as the heat of hydrogenation of 
cyclohexene. 

 
 The heat of hydrogenation determined in the case of 1,33-cyclohexadiene is 
231.5kJ/mol. Which is quite close to the value calculated for a six-membered ring 
containing two double bonds (119.5*2=239.0kJ/mol). 

 
 The small difference (239.0-231.5=7.5kJ/mol) in the calculated and 
experimental values can be explained by the fact that the compounds containing 
conjugated double bonds are usually somewhat more stable than those containing 
isolated double bonds. If benzene is simply a six-membered ring containing three 
double bonds, as suggested by Kekule, It is reasonable to expect it to 
toletateapproximatly358.5kJ/mol(119.5*3) on hydrogenation. In actual practice, 
the heat of hydrogenation determined for benzene is only 208.0 kJ/mol. 

 
 This means that benzene contains 150.5kJ/mol (358.5-208.0)less energy 
than predicted for 1,3,5-cyclohexatriene. In other words, benzene is more stable 
than anticipated from its structure suggested by Kekule by an amount of 150 
kJ/mol. 
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 The relative energy (stability) of cyclohexene, 1,3-cyclohexadiene, 1.3,5-
cyclohexatriene, and benzene can be readily visualized from the height of the 
corresponding horizontal lines above the base-line which represents cyclohexane, 
the ultimate product in every case, in Fig.8.1. The lengths of the full vertical lines 
correspond to the values determined experimentally, while those of the broken 
vertical lines represent the expected values. Thus, the unusual behavior of 
benzene (substitution rather than addition reaction) and its unexpectedly high 
stability is not consistent with the Kekule's structure. 
 The structure of benzene remained a dilemma until the development of 
quantum mechanics in the 1920s, which provided two methods of approaching the 
structure of a molecule:  
 Resonance method 
 Molecular Orbital Method 
 We now discuss these methods as they apply to benzene. 
 Resonance Method 
 If we look at the structure of the two Kekule’s structure of benzene (XVI 
and XVII), we notice that is all the single bonds in the structure XVI are double 
bonds in the structure XVII and vice versa. Moreover, a six-membered ring 
containing alternates single and double would not be a regular hexagon because a 
double bond is shorter than a single bond. The alternation between the two Kekule 
structure of benzene would, therefore, require the movement of nuclei, as shown 
below: 

Relative Energy Diagram 
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 The x-rays analysis and spectroscopic measurement have revealed that the 
molecule of benzene consists of a six-membered planar ring with all the bond 
angles of 120 and all its carbon-carbon bonds of equal length of 1.39A. Thus, the 
molecule of benzene consists of a planar regular hexagon in which the carbon-
carbon bonds are neither single bonds nor double bonds, rather their bond order is 
in between that of a single bond a double bond. A picture consistent with these 
experimental observations can emerge if we blend the Kekule's structures and 
XVII and visualize a hybrid of them. This also explains why only one 1,2-
dibromobenzene exists. The benzene molecule is therefore considered as a 
resonance hybrid of the two Kekule structure which is then considered as the 
canonical forms, and should relate to a double-headed arrow, as shown below: 

 
 This is the resonance method of expressing the structure of a molecule. 
According to the theory of resonance, when equivalent canonical forms contribute 
towards the resonance hybrid, the resonance compared to its canonical hybrid is 
much more stable than any of the canonical forms. This also applies to benzene 
which is much more stable as compared to its canonical forms, i.e., the Kekule's 
structures. Thus, benzene is said to be resonance stabilized by an amount of 
150.5kJ/mol which is known as the resonance energy of benzene. It is the 
resonance stabilization of benzene that is responsible for its newest of properties, 
For example, as it appears from the Foig.8.1, the first step of hydrogenation of 
benzene that would involve the addition of one mole of hydrogen to one mole of 
benzene to produce one mole of 1,3-cyclohexadiene having a different ring 
system, would require23.5 kJ of energy, and therefore would be unfavorable. On 
the other hand, in a substitution reaction benzene retains its ring system with 
almost the same energy content. Thus, the benzene molecule would resist addition 
reactions, but undergo the substitution reactions. Resonance alone does not 
account for all that we observe kin benzene. A more detailed picture of the 
benzene molecule is obtained by considering its molecular orbitals. 
 The Molecular Orbital Method 
 Since each carbon atom in the benzene ring is bonded to three other atoms, 
i.e; two carbons and one hydrogen, it involves sp2 hybridization leaving one p 
orbitals unhybridized on each carbon atom. Each of the p orbitals is occupied by a 
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single electron. The six sp2 hybridized carbon atoms requiring a bond angle of 
1200 and be best regarded as lying at the corners of a planar regular hexagon. The 
unhybridized p orbitals are thus perpendicular to the plane of the ring and parallel 
to each other. Each one of them is therefore in a perfect position to overlap with 
the neighboring p orbitals on either side. 

 
 
 
 
 
 According to the theory of molecular orbitals, a combination of six 
overlapping p orbitals should result in the formation of a set of six pi molecular 
orbitals, as shown in fig.  Three of the molecular orbitals of benzene (π 1, π 2 and 
π 3) have energies lower than the energy of an isolated p orbitals and are called 
bonding molecular orbitals. The other three molecular orbitals (π 4*, π 5* and π 

6*) have energies higher than the energy of an isolated p orbitals and are called 
antibonding molecular orbitals. The molecular orbitals π2 and π 3 have the same 
energy and are said to be degenerate. Similarly, the molecular orbital π 4* and π 5* 
are degenerate. A composite of the three bonding molecular orbitals is represented 
by a doughnut-shaped π electrons cloud above and below the plane of the ring. 
Since each molecular orbital can accommodate only two electrons of opposite 
spin, the six electrons of p orbitals can fill three molecular orbitals. Thus, in the 
ground state, all the bonding orbitals of benzene are filled, each with a pair of 
electrons of opposite spin. In other words, benzene has a closed shell of 
delocalized π electrons. The unusual stability of benzene is, in fact, the result of 
this closed bonding shell which is also responsible for the observed behavior of 
benzene. Despite delocalization, the π electrons are more loosely held than the 

Six pi Molecular Orbital of Benzene  
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sigma electrons and are therefore available particularly to an electrophilic reagent. 
Therefore, benzene readily undergoes electrophilic substitution reactions 

 
 
 
 
 
 Representation of the structure of benzene 
The structure of benzene is now often represented by a regular hexagon 
containing a circle inside it, as shown below: 

 
 The structures viii represent the resonance hybrid for the Kekule's structure 
XVI and XVII.   In this structure, the straight lines stand for the single bonds and 
the circles stand for the extra six half – bonds. This structure also represents the 
molecular orbitals picture of benzene where the straight lines stand for the sigma 
bonds joining carbon atoms and the circle stands for the delocalized π electrons 
cloud. However, when accounting for the electron is necessary, we may use one 
or the other of the Kekule's structures.  
 

8.2. Aromaticity 
 Benzene contains a cyclic system of delocalized Pi electrons, which is 
formed from six overlapping p orbitals present on a planar regular hexagonal ring. 
The six P orbital combine to give rise to six pi molecular orbitals. A characteristic 
feature of these pi molecular orbitals is that there is only one lowest-lying Pi 
molecular orbital followed above it by the pi molecular orbitals in pairs of equal 
energy, and then again there is only one pi molecular orbital at the highest energy 
level. The π molecular orbital energy levels could be designated by π quantum 
numbers, i.e.0,1,2,3 and so on, such that each quantum number represents the 
atomic orbital shells. Thus, the bonding pi molecular orbital of benzene is 
characterized by the π Q.Nos. 0 and ± 1, and the antibonding π molecular orbitals 

Doughnut-shaped π electrons of Benzene 
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by the π Q. Nos. ± 2 and 3. In the ground state, the 1 shell of benzene is filled. 
This filled shell is responsible for the stability of benzene, just as the noble gases. 
Thus, the term aromatic which was initially associated with benzene has now 
come to be associated with the cyclic compounds having a filled shell of π 
molecular orbitals. 
8.2.1. The Huckel’s (4n+2) π Electrons Rules 
  The stability of benzene is associated with other compounds having a ring 
system similar to that of benzene, but of different sizes, such as cyclobutadiene, 
cyclooctatetraene, etc. All these monocyclic compounds can be represented by a 
structure having alternated single and double bonds like benzene. 
Cyclic compounds consist of alternating single and double bond are known as 
annulene. The size of the ring of an annulene is indicated by the number of carbon 
atoms given in square brackets. For example, benzene is [6] annulenes and 
cyclooctatetraene [8] annulenes. However, these names generally are not used for 
benzene and cyclooctatetraene but are used for conjugated rings of ten or more 
carbon atoms. 
 Cyclobutadiene is extremely reactive, which means that it is highly unstable. 
Cyclooctatetraene, though a stable compound, polymerizes on exposure to light 
and air, and react readily with halogens and other reagents. This shows that 
cyclooctatetraene is not as stable as benzene. Similarly, other annulenes are also 
less stable than benzene. The difference in the stability of benzene and other 
annulenes is evident from the fact that the benzene ring is found in thousands of 
natural products, whereas none of the other annulene rings has been found in 
nature.  
 German Erick Huckel, in 1931, explains the stability of benzene and other 
annulenes based on quantum mechanics, on cyclic conjugated molecules in which 
each atom of the ring is sp2 hybridized, and has an available p orbital to overlap 
with the neighboring p orbitals, as in benzene. Only five-, six or seven-membered 
ring of sp2 hybridized atoms are planar enough to allow an overlap of p orbitals 
without undue angle strain. Other sized rings will be either too small or too large 
to accommodate sp2 atom very well, so that any stabilization due to 
delocalization may be largely offset by angle strain or poor overlap of p orbitals, 
or both. 
 With this calculation, Huckel developed a rule known as the Huckel’s 
(4n+2) π electron rule which states that “the planar rings will be particularly 
stable and hence aromatic if the number of π-electron in their cyclic conjugated 
system is (4n+2) where n=0,1,2,3 and so on”. Huckel explain this phenomenon 
based on molecular orbital theory, that the rule has a bearing on the filling up of 
the various shells of the pi molecular orbital 
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Huckel explains that there are two distinct patterns of pi molecular orbital energy 
levels which are based on the number of atoms constituting the ring system A 
planar regular polygon with even no. of atoms, such as benzene, can form even 
no. of πmolecular orbitals that will follow a pattern in which there is a single 
lowest lying π molecular orbital followed by higher π molecular orbital in 
degenerate pairs until there is a single lowest lying π molecular orbital . The 
middle degenerate pair is nonbonding, the lower π molecular orbital is bonding, 
and the higher one is antibonding. Each π molecular orbital shell is characterized 
by a πQ. No. A planar regular polygon with odd no. of atoms can form an odd 
number of π molecular orbital that swill follows a π molecular orbital energy level 
pattern in which there is a single π molecular orbital at the lowest energy level, 
above which the π molecular orbitals appear as degenerate pairs. The lowest 
degenerate pairs are bonding, and the higher one is antibonding. There is no 
nonbonding π molecular orbital in this pattern. 
 For determining the energy level in a cyclic [n] annulene, in polygon a circle 
with one vertex at the bottom of the circle, each vert as shown in Fig. each vertex 
will correspond to the energy level of a π molecular orbital. the vertex below the 
horizontal diameter to the bonding π, molecular orbitals, those above are 
antibonding and those on the diameter are non-bondingπ molecular orbital.  

 
 Explanation: If electrons are filled into the π molecular orbitals of any of the 
two patterns, all electron paired like that of benzene will result only when the total 
no. of π electrons is 2,6,10, etc; 4n +2 where n=0,1,2,3, etc. If the no. of π electron 
is 4,8,12,16 etc. (4n), the last occupied shell will spin parallel. As a result, an 
open-chain structure, and therefore would not be expected to have the special 
stability associated with benzene. Thus, it is the (4n+2) π electrons system that 
gives to the planar conjugated rings the special stability associated with benzene 
and represents the Aromatic Character or Aromaticity. So, aromatic compounds 
have a closed loop of six π electrons (4n+2) in a ring called aromatic sextet. 
8.2.2. Aromatic, Non-Aromatic, Antiaromatic 
 Cyclic polyenes are stabilized as compared to open chain polyenes if the 
number of the π electron is 4n+2 and said to be Aromatic e.g. Benzene and 
destabilized if the number of the π electrons is 4n and said to be Antiaromatic e.g. 
cyclopropyl cation. Those showing neither stabilization nor destabilization is 
known as Nonaromatic e.g. cyclobutadiene, cyclooctatetraene. 
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8.2.3 Aromatic Ions 
 Some cyclic molecules that bear either positive or negative charge show 
aromatic stability. If the ring with 3,7,11,15 etc. carbon atoms, can lose an 
electron to yield cations follow Huckel rules(4n+2) π thus show aromatic 
stability. The anions of these rings will have 4n electrons and show antiaromatic 
behavior. Similarly, the ring with 5,9,13,17 etc, carbon atoms, their aromatic 
anion shows aromatic stability and cation are antiaromatic.  
 
8.2.4 Rules for Aromaticity 

For a Compound to be Aromatic 
molecule must fulfill the following 
theoretical requirements: 

For a Compound to be Aromatic 
molecule must fulfill the following 
experimental requirements 

 It must have a planar regular 
cyclic structure 

 Every atom of the ring must be 
sp2 hybridized to follow the 
delocalization of the π electrons 
through its unhybridized p 
orbitals. 

 It must obey Huckel ‘s Rules 
(4n+2)π 

 

 It undergoes substitution rather 
than addition reaction.  

 Stability of the molecule can be 
estimated by determining the 
resonance energy 

 The planar ring of aromatic 
molecules can be studied by X-
rays crystallography. 

 An aromatic compound should 
absorb the UV light of longer 
wavelength because of large 
delocalization of π electrons 

 Simple IR spectra should produce 
due to the symmetrical structure of 
aromatic compounds 

 In a monocyclic aromatic 
compound, all protons of the ring 
must be equivalent It should show 
a single peak at downfield in an 
NMR spectrum 

 Aromatic character is explained 
based on a dipolar structure should 
have a dipole moment. 

 Aromatic compounds should be 
diatropic because of the closed 
ring of π electrons able to sustain a 
ring current induced by an applied 
magnetic field. 
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8.3. Nomenclature of Aromatic Compounds 
Rule1: Monosubstituted benzene derivatives are generally named by prefixing 
benzene by the name of the substituent. The whole name is written as one-word 
e.g. 

 
 Several derivatives have the special name as well which represent the 
benzene ring together with its substituents e.g. 

 
Rule2:  In disubstituted benzene derivatives, the relative positions of the 
substituents in the benzene ring are indicated either by the numbers allocated to 
the carbon atoms of the ring to which the substituents are attached or by using the 
prefixes ortho-(o), meta-(m-) and para- (p-) for the 1,2-, 1,3-and 1,4- substituents, 
respectively. For example 
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 If the two substituents are different, both are used as prefixes successively in 
alphabetical order. If the relative positions of the substituents are to be indicated 
by numbers, the last-named substituents are to be the whole name is used as one 
word. For example 

 
 If one of the substituents is such that it gives a special name to the 
molecules, then the special name is used as the parent name, and the other 
substituents are used as the prefix. For example, 

 
 If both substituents are such that they independently give a special name to 
the molecule, then the substituent that is normally treated as suffix given the 
parent name to name to the molecules. For example,  
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 Simple disubstituted benzene derivatives also have special names that 
represent the benzene ring together with both the substituents. For example, 

 
Rule3:  If more than two substituents are attached to the benzene ring, their 
relative positions must be indicated by numbers. If all the substituents are the 
same, the benzene ring is numbered to give the lowest number to the substituent 
at the first point of difference. For example. 
 

 
 If the substituents are different, then the last-named substituents are 
understood to be at position 1 and the other substituents are assigned the numbers 
accordingly. The substituents that gives a special name to the molecule is always 
considered to be at position1.  
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 Some polysubstituted benzene derivatives also have a special name. For 
example, 

 
Rule4: When the benzene ring is present in a molecule as a substituent, it is 
called a Phenyl group, which is derived from the Greek word phainein meaning ‘ 
to shine’, because of the discovery of benzene in illuminating gas. The phenyl 
group may be represented in a molecule by C6 H5, Ph or the Greek letter ϕ. 

 
 Any substituent derived from an aromatic hydrocarbon by removal of a 
hydrogen atom is called an aryl group which is represented by the symbol Ar, 
analogs to the symbol R for an alkyl group.  
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Natural Sources of Aromatic Hydrocarbon 
 The aromatic hydrocarbon was discovered in 1825 by Michael Faraday. It is 
isolated from an oily condensate that deposited in the gas cylinder used as 
illumination purpose. It is produced by the hydrolysis of whale oil. Benzene and 
other simple aromatic hydrocarbons are the main starting material for most of the 
aromatic compounds. Simple aromatic hydrocarbons are readily available in large 
quantities from coal and petroleum.   
 

8.4. Preparation of Aromatic Hydrocarbon 
 Some of the methods commonly used for the preparation of aromatic 
hydrocarbon are given below. 
 Dehydrogenation of Cyclohexanes.  
 Cyclohexane and its derivatives are dehydrogenated to aromatic compounds 
either catalytically at elevated temperature or on oxidation with sulfur or 
selenium. 
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 Diels- Alder Reaction 
 The [4+2]-cycloaddition of a conjugated diene and a dienophile (an alkene 
or alkyne), an electrocyclic reaction that involves the 4 π-electrons of the diene 
and 2 π-electrons of the dienophile. The driving force of the reaction is the 
formation of new σ-bonds, which are energetically more stable than the π-bonds. 
A cyclic compound can be prepared by making use of the Diels Alder reaction. 

 
 
 
3.  Cyclization of Alkane 
 When alkane containing six or more carbon atoms are heated at elevated 
temperature under pressure in the presence of a metal oxide such as chromium 
oxide they undergo dehydrogenation with cyclization to form aromatic 
hydrocarbon. 

 
4.  Friedel- Crafts Reaction 
 An alkyl group can be introduced into the benzene ring by its treatment with 
an alkyl halide in    the presence of a Lewis acid catalyst such as aluminum 
chloride. The reaction is known as the Friedel-Crafts alkylation. 

 
5.  Wurtz-Fittig Reaction 
 The Wurtz reaction for the synthesis of alkanes was extended by Fittig in 
1864 to the synthesis of alkyl aromatic hydrocarbon (arenes). Thus, an arene can 
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be prepared by warming an ethereal solution of a mixture of alkyl and aryl halides 
with sodium. 

 
 
6.  Grignard Reaction 
 Arenes may also be prepared by the reaction between an alkyl halide and an 
aryl magnesium halide (Grignard reagent). Aryl bromides and iodides are readily 
converted to Grignard reagents by treatment with magnesium in anhydrous ether. 

 
7.  Ullman Reaction 
 Biphenyl and its derivatives are prepared by reaction of aryl iodide with 
copper powder at an elevated temperature, usually in nitrobenzene at its boiling 
points. 

 
Physical properties of Aromatic Hydrocarbons 
 The physical properties of aromatic hydrocarbons are almost like those of 
the aliphatic hydrocarbons. Aromatic compounds are soluble in the nonpolar 
solvent and insoluble in polar (water) solvent. The boiling point of aromatic 
hydrocarbons increases regularly with the molecular weight, but there is little 
correlation between the freezing points and the molecular weight of these 
compounds. However, the freezing points do depend on the symmetry of the 
molecules. The aromatic hydrocarbons are less dense than water, but their 
densities are about 10% higher than the densities of the corresponding 
cycloalkanes. The aromatic hydrocarbons burn with a luminous smoky flame; the 
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aliphatic hydrocarbons burn with a bluish non-smoky flame. Some of the physical 
data of the aromatic hydrocarbons are shown in Table 1.1. 
 

Table 1.1 
(Physical Properties of Aromatic Hydrocarbons) 

 
Name Formula F.pt. ( ) B.pt. ( ) Density at 20 

 
Benzene C6H6 +5.5 80 0.879 
Toluene C6H5CH3 -95 111 0.866 
Ethyl benzene C6H5CH2CH3 -95 136 0.867 
n-propylbenzene C6H5 (CH 2)2CH3 -99 159 0.862 
Isopropylbenzene C6H5CH(CH3)2 -96 152 0.862 
n-butylbenzene C6H5(CH2)3CH3 -81 183 0.860 
Isobutylbenzene C6H5CH2 CH (CH3 )2 -82 171 0.867 
sec-butylbenzene C6H5CH (CH3 ) 

CH2CH3 
-83 174 0.864 

Tert-butylbenzene C6H5 C(CH3)3 -58 169 0.867 
0-Xylene 1,2-CH3C6H4CH3 -25 144 0.880 
m-Xylene 1,3-CH3C6H4CH3 -48 139 0.864 
p-Xylene 1,4-CH3C6H4CH3 +13 138 0.861 
Mesitylene 1,3,5-C6H3(CH3)3 -45 165 0.864 
Diphenylmethane C6H5CH2 C6H5 +26.6 265 1.001 
 

8.5 Aromatic Electrophilic Substitution 
 “An electrophilic substitution reaction is a chemical reaction in which the 
functional group attached to a compound is replaced by an electrophile”. The 
displaced functional group is typically a hydrogen atom. 
 The stability of the aromatic compound makes it undergo a substitution 
reaction. The benzene ring has a cloud of π electrons exposed above and below its 
plane and serves as a source of electrons to an attacking electrophile. It provides 
the means for the direct introduction of certain groups into aromatic rings. These 
substituents groups can be interconverted by transformation or replacement 
reactions. Thus,  
Mechanism  
  Electrophilic substitution reactions generally proceed via a three-step 
mechanism that involves the following steps. 
Step1:  Generation of Electrophile 
An electrophile (electron seeking reagent) is generated with the help of Lewis 
acid. 
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Step2:   Electrophilic attack and formation of arenium ion attack of the 
electrophile on the aromatic ring, creating a resonance-stabilized carbocation 
called an arenium ion (Cyclohexadienyl Cation). Lose aromaticity in this step, so 
the energy of activation is high. Furthermore, this is the rate-determining step of 
the reaction because of the disruption of aromaticity. 

 
 In the arenium ion, the carbon atom to which the electrophile is bonded 
becomes sp3 hybridized and the benzene ring is left with only four πelectrons 
delocalized over the remaining five sp2 carbon atoms. The special stability 
associated with a closed shell of six π electrons is no more present in the arenium 
ion, although it is also stabilized by a resonance of its own. the positive charges 
on a carbon atom that is either ortho or para to the carbon bearing the electrophile. 
 

 
Step3:  Loss of proton and formation of a substituted product (gain of 
aromaticity) 
 The intermediate arenium ion rapidly loses proton from the carbon that 
bears the electrophile, to a base present in the reaction mixture, and the carbon 
atom again becomes sp2 hybridized.It requires a lower energy of activation 
because aromaticity is regained 

 
Reactivity of Aromatic Compounds 
 A substituent group on the aromatic ring that causes an increase in the 
electron density of the ring will increase its reactivity. The substituent group that 
increases the reactivity of aromatic ring relative to benzene itself, is called an 
activating group. On the other hand, A substituent group on the aromatic ring that 
causes a decrease in the electron density of the ring will decrease the reactivity. 
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The substituent group that decreases the reactivity of aromatic ring relative to 
benzene itself, is called a deactivating group. Thus, an activating group makes the 
aromatic ring to react faster than benzene itself, and the deactivating group makes 
the ring to react slower than benzene, in an electrophilic substitution reaction. 
The net effect of some important groups on the reactivity of the aromatic ring in 
an electrophilic substitution reaction are summarized below: 
 Strongly activating: -O-, -OH, -NH2, -NHR, -NR2 
 Moderately activating: -OR, -OCOR, -NHCOR 
 Weakly activating: -R, -Ar 
 Weakly deactivating: -X, -CH2X 
 Moderately deactivating: -CN, -CHO, -COR, -CO2H, -CO2R, -SO3H, -

CHX2, -CONH2 
 Strongly deactivating:  -NO2, -+NH3, -

+NR3, -CX3 
 The influence of these substituents group on the reactivity of the aromatic 
ring can be explained based on the electronic effect (Inductive effect & 
Resonance effect) the two effects may act in the same direction or they may 
oppose each other. For example 
 Alkyl group (Methyl) has an electron-donating inductive effect release 

electron to the aromatic ring, and increase electron density and act as an 
activating group. 

 
 In phenol oxygen atom of the hydroxyl group is more electronegative than 

carbon atoms of the ring, the hydroxyl group exert an electron-withdrawing 
inductive effect on the aromatic ring and deactivate it (a) and at the same 
time, a lone pair of electrons on oxygen atom of the hydroxyl group is 
delocalized over to the ring resulting an increase an electron density of the 
ring (b) thus, the hydroxyl group deactivates the ring through inductive 
effect, but activate it through resonance effect. The resonance effect of the 
hydroxyl group activates the ring and make it react faster than benzene. 



 216 

 
 Nitro group has an electron-withdrawing inductive effect and deactivate the 

ring (a). if in a substituent group the atom directly attached to the ring is also 
attached to oxygen or nitrogen by a multiple bond, the resonance effect of 
the group operate in the direction away from the ring, resulting decrease in 
the electron density of the ring (b), so nitro group deactivate the ring both 
inductive as well as resonance effect and make the aromatic ring to react 
slower than benzene. 

 
 
 The orientation in electrophilic substitution of the Aromatic compound 
(Benzene ring) 
 When an electrophilic substitution reaction is carried out on benzene, the 
substituent group may occupy any of the six available positions in the ring 
because all these positions is equivalent, and only one monosubstituted benzene is 
produced. The introduction of a second group the same or different into the ring 
may yield three isomeric disubstituted benzene, depending on whether the second 
group enter into a position ortho, meta or para to the first group. Which of the 
three available positions (ortho, meta, para) is occupied by the second group is 
determined by the group already present in the ring. This influences the 
orientation of the second group. 
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The influence of the group already present in an aromatic ring on the orientation 
in an electrophilic aromatic substitution reaction can be explained in two ways: 
 Based on the charge distribution over the ring  
 Based on the relative arenium ion stability 
 
Based on the charge distribution over the ring 
 The electrophilic substitution is more favorable at the ortho/pare position 

than a meta-position concerning the hydroxyl group in an aromatic ring. 

 
 These resonance hybrids of phenol result in an increased electron density at 
the ortho and para position by dispersing negative charge and making these 
positions more reactive towards electrophilic reagents. so the hydroxyl group is 
activating group and activate the aromatic ring in an electrophilic substitution 
reaction. The other activating groups are -NH2, -OR, -NR2, -CH3, etc 
 
 The electrophilic substitution is more favorable at the meta position than the 

ortho/para position concerning the nitro group in an aromatic ring. 

 
 These resonance hybrids of nitrobenzene result in a decreased electron 
density at the ortho and para position by dispersing positive charge and making 
these positions more unreactive towards electrophilic reagents. so the nitro group 
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is deactivating the group and deactivate the aromatic ring towards ortho/para 
position and activate the ring at meta position in an electrophilic substitution 
reaction. The other deactivating groups are -CN, -CHO,-CO2H,-SO3H etc. 
 In general, all activating groups are ortho/para directing and all deactivating 
groups are meta directing. 
Based on the relative arenium ion stability: 
 The rate of formation of the three isomeric disubstituted benzenes and their 
yields, in an electrophilic substitution reaction, depends on the relative stability of 
the corresponding arenium ions. The more stable the arenium ion is formed more 
rapidly, and thus yield more quantities of the respective isomer. Let us consider 
the three possible intermediate arenium ions formed when an electrophile attacks 
substituted benzene. 

 
 Each arenium ion has three resonance contributing structures, but the 
arenium ions resulting from the ortho and para attacks have one resonance 
structure each in which the positive charge is on the carbon atoms that are directly 
connected to the substituent group, whereas the arenium ion arising from the meta 
attack has no such structure. Therefore, a substituent with an electron-donating 
inductive effect methyl group, that stabilizes all the three arenium ion by 
dispersing their positive charge should stabilize the arenium ion resulting from the 
ortho and para attacks more than that resulting from the meta attacks because the 
inductive effect tapers off rapidly with distance. Such substituents are not only 
activating but also ortho/para directing. 
 On the other hand, a substituent with an electron-withdrawing inductive 
effect such as the nitro group that destabilizes all three arenium ions by 



 

intensifying their positive c
and para attacks more than the arenium ion of the meta attack. Such substituents 
are not only deactivating but also meta directing.
 

8.6 Reactions of Aromatic Hydrocarbons
The molecule of aromatic 
 The Aromatic Nucleus 
 Aliphatic side
 They are therefore expected to show two sets of chemical reactions. The 
principal types of reactions involving aromatic nucleus are substitution, addition, 
and oxidation. 
The aromatic nucleus gives the most important electrophilic aromatic substitution 
reaction such as Nitration, Halogenation, Alkylation, Acylation, and sulphonation. 
Nitration 
 Benzene reacts with concentrated nitric acid at below 55
concentrated
known as the nitration of benzene.

Mechanism
Step 1:  
form nitronium ion.

Step 2:  
reacts with benzene to form an arenium ion.

Step 3: The arenium ion then loses its proton to Lewis base forming nitrobenzene.

intensifying their positive c
and para attacks more than the arenium ion of the meta attack. Such substituents 
are not only deactivating but also meta directing.

Reactions of Aromatic Hydrocarbons
The molecule of aromatic 

The Aromatic Nucleus 
Aliphatic side-chain
They are therefore expected to show two sets of chemical reactions. The 

principal types of reactions involving aromatic nucleus are substitution, addition, 
and oxidation.  
The aromatic nucleus gives the most important electrophilic aromatic substitution 

action such as Nitration, Halogenation, Alkylation, Acylation, and sulphonation. 
 

Benzene reacts with concentrated nitric acid at below 55
concentrated sulphuric acid
known as the nitration of benzene.

Mechanism 
 Nitric acid accepts a proton from sulphuric acid and then dissociates to 

form nitronium ion. 

 The nitronium ion 
reacts with benzene to form an arenium ion.

The arenium ion then loses its proton to Lewis base forming nitrobenzene.

intensifying their positive charge should destabilize the arenium ions of the ortho 
and para attacks more than the arenium ion of the meta attack. Such substituents 
are not only deactivating but also meta directing.

Reactions of Aromatic Hydrocarbons
The molecule of aromatic hydrocarbons generally consists of two parts:

The Aromatic Nucleus  
chain 

They are therefore expected to show two sets of chemical reactions. The 
principal types of reactions involving aromatic nucleus are substitution, addition, 

The aromatic nucleus gives the most important electrophilic aromatic substitution 
action such as Nitration, Halogenation, Alkylation, Acylation, and sulphonation. 

Benzene reacts with concentrated nitric acid at below 55
sulphuric acid (1:2) on heating to form nitrobenzene. This reaction is 

known as the nitration of benzene.

Nitric acid accepts a proton from sulphuric acid and then dissociates to 

The nitronium ion acts as an electrophile in the process which further 
reacts with benzene to form an arenium ion.

The arenium ion then loses its proton to Lewis base forming nitrobenzene.
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 Halogenation 
 Benzene reacts with molecular halogen at 25  in the presence of Lewis 
Acid to form Halobenzene. This reaction is known as the Halogenation of 
benzene. 

 
Step 1:  A Lewis acid catalyst, usually AlBr3 or FeBr3, reacts with the halogen 
to form a complex that makes the halogen more electrophilic. 

 
Step 2:  The nucleophilic π electrons of the aromatic ring attack the 
electrophilic Br atom. 
This forms FeBr-

4 and generates a cyclohexadienyl cation intermediate, 
destroying the aromaticity of the ring. 
 

 
Step 3:  The FeBr-

4 removes the H+ from the ring. This re-forms the aromatic 
ring, produces HBr, and regenerates the catalyst. 
 

 
 
3. Alkylation (Friedel Craft Reaction) 
 Benzene reacts with an alkyl halide in the presence of Lewis Acids such as 
AlCl3, FeCl3  or other metal halides to form Alkylbenzene. This reaction is known 
as the Friedel Craft Alkylation of benzene. It can also be accomplished with 
alcohol and alkene. 

 
Step 1:  An electrophile is formed by the reaction of Alkyl halide with 
aluminum chloride. 
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Step 2:  The electrophile attacks the π electron system of the benzene ring to 
generates a cyclohexadienyl cation intermediate, destroying the aromaticity of the 
ring. 

.  
Step 3:  The arenium ion then loses its proton to Lewis base forming 
alkylbenzene. 

 
 
4. Acylation (Friedel Craft Reaction) 
 Benzene reacts with an acid halide or acid anhydride in the presence of 
Lewis Acids such as AlCl3, FeCl3 or other metal halides to form Acyl benzene 
(aromatic ketone). This reaction is known as the Friedel Craft Acylation of 
benzene.  

 
Step 1:  An electrophile is formed by the reaction of Acid halide with 
aluminum chloride. 

 
Step 2:  The electrophile attacks the π electron system of the benzene ring to 
generates a cyclohexadienyl cation intermediate, destroying the aromaticity of the 
ring. 

 
Step 3:  The arenium ion then loses its proton to Lewis base forming acyl 
benzene. 
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5. Sulphonation 
 Benzene reacts with concentrated sulphuric acid or fuming sulphuric acid 
(SO3+H2SO4) at below 100  or 25  in the presence of concentrated sulphuric 
acid on heating to form benzene sulphonic acid. This reaction is known as the 
sulphonation of benzene. 

 
Step 1: An electrophile (Sulphur trioxide)  is formed by the reaction of con: 
sulphuric acid. 

 
Step 2:  The electrophile attacks the π electron system of the benzene ring to 
generates a cyclohexadienyl cation intermediate, destroying the aromaticity of the 
ring. 

 
Step 3:  The arenium ion then loses its proton to Lewis base forming benzene 
sulphonic acid. 

 

 
6. Nucleophilic aromatic substitution 
 An aryl halide can undergo nucleophilic substitution in which the halide 
ions are displaced by a nucleophilic provided that there is a strong electron-
withdrawing group ortho or para to the halide.  For example, hydroxide, the ion 
can displace chloride ion from 2,4-dinitrochlorobenzene 
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Mechanism 
 The mechanism of the nucleophilic aromatic substitution is similar to that of 
the electrophilic aromatic substitution except that the former involves a negatively 
charged sigma complex as an intermediate. The negative charge of the complex, 
delocalized over to the ortho and para position, is stabilized by the electron-
withdrawing nitro group. Through both inductive and resonance effects. The loss 
of chloride ions from the complex restores the aromatic character of the ring.  
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7. Addition Reaction 
 The benzene ring is very resistant to addition reactions and requires much 
more vigorous conditions than generally required for alkene or alkynes. 
 
(i) Hydrogenation 
 Hydrogenation of benzene can be carried out in the presence of a catalyst 
such as Pt, Pd or Raney nickel only at an elevated temperature and high pressure. 
Rh or Ru supported on carbon are more effective catalysts. Acetic acid is 
commonly used as a solvent.  

 
(ii) Birch reduction 
 A partial reduction of the benzene ring to a non-conjugated cyclohexadiene 
can be affected by an alkali metal in ammonia in the presence of ethanol. The 
process is known as Brich Reduction. It follows the free radical chain mechanism 
in which the metal serves as a source of electron and ethanol as a source of 
proton. For example, 1,4-Dihydrobenzene. 
 

 
 
Mechanism 
 The reduction is conducted by sodium or lithium metal in liquid ammonia 
and the presence of alcohol. The mechanism begins with a single electron transfer 
(SET) from the metal to the aromatic ring, forming a radical anion. The anion 
then picks up a proton from the alcohol which results in a neutral radical 
intermediate. Another SET, and abstraction of a proton from the alcohol results in 
the final cyclohexadiene product and two equivalents of metal alkoxide salt as a 
byproduct 

 
(iii) Halogenation 
 Benzene can add three molecules of halogens under the influence of light 
the reaction involves free radical chain mechanism  



 225 

 
Mechanism 

 

 
9. Oxidation Reaction 
 The benzene ring is rather stable to the general oxidizing agents.  
(i) Catalytical Oxidation 
 On oxidation with air in the presence of vanadium pentaoxide at 450 
benzene is converted into maleic anhydride. 

 
 
(ii) Ozonolysis 
 Benzene reacts with ozone and gives glyoxal through triozonide (a). 
Ozonolysis of an alkylbenzene followed by treatment with hydrogen peroxide 
yield an aliphatic carboxylic acid 
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10. Side Chain Reaction 
 The reaction of the aliphatic side chain of aromatic hydrocarbons is like 
aliphatic hydrocarbon occur under similar conditions. 
(i) Halogenation of the side chain 
 Halogenation of alkylbenzene in the presence of a Lewis acid or a polar 
solvent follows a free radical chain mechanism. 

 
Mechanism 

 

 
 

 
(ii) Oxidation of the side chain 
 The benzene ring is quite a resistance to the oxidizing agent. it renders the 
aliphatic side chain susceptible to oxidation, but the oxidation of the side chain is 
still more difficult than the oxidation of an alkene it requires too prolonged 
heating. Alkylbenzene can be oxidized by alkaline KMnO4, acidic K2Cr2O7or 
dilute HNO3 to yield benzoic acid. 
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Mechanism 
 This reaction involves the intermediate formation of benzyl cation by the 
benzyl cations then reacts with water to form the benzylic carbon atom. The 
benzyl carbocation then reacts with water to form benzyl alcohol which is further 
oxidized benzaldehyde and then finally to benzoic acid. 
 
 
 

Self-Assessment Questions 
 What are aromatic, nonaromatic, antiaromatic compounds? 
 Define the Concept of Aromaticity. 
 Elucidate the benzene structure with the help of molecular orbital theory and 

resonance method. 
 What is Electrophilic Aromatic Substitution Reaction describe the general 

mechanism of the reaction? 
 Describe two Methods for the preparationof Benzene. 
 Predict the product of the following compound from benzene. 
 Nitrobenzene (b)  Acetophenone (c ) Benzenesulphonic Acid 
 What is Friedel Craft Reaction? Given Mechanism of Alkylation and 

Acylation Reaction? 
 Why does aromatic hydrocarbon resist toward addition and Oxidation 

Reaction? 
 Discuss the reactivity of Aromatic Hydrocarbon? 
 Draw the structural Formulas of the following: 
 O-Ethyltoluene (c) p-Nitroaniline 
 Cumene  (d) 1,2-Diphenylethsane 
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 Introduction  
Compounds that have the same molecular formula, but different chemical 

structures arecalled isomers and the phenomenon is called isomerism.Since 
isomers have the same molecular formula, the difference in their properties 
mustbe due to different modes of combination or arrangement of atoms within the 
molecule. Thereare two main types of isomerism:  
(1)  Structural Isomerism  
(2)  Stereoisomerism 

Structural Isomerism: When the isomerism is due to difference in the 
arrangement of atomswithin the molecule, without any reference to space, the 
phenomenon is called StructuralIsomerism. In other words, structural isomers are 
compounds that have the same molecularformula but different structural formulas. 
Structural isomerism is of five types: 
(a)  Chain isomerism  
(b)  Position isomerism   
(c)  Functional group isomerism  
(d)  Metamerism  
(e)  Tautomerism 
Stereoisomerism 
 When isomerism is caused by the different arrangements / orientation of 
atoms or groups in space, the phenomenon is called Stereoisomerism. The 
stereoisomers have the same structural formulas but differ in arrangement of 
atoms in space. In other wordsstereoisomer is exhibited by such compounds 
which have the same structural formula but differ in configuration, (The term 
configuration refers to the three-dimensional arrangement of atoms that 
characterizes a compound).Stereoisomerism or Stereoisomers are molecules that 
have the same molecular formula and differ only in how their atoms are arranged 
in three-dimensional space. Be careful not to confuse them with constitutional 
isomers which also have the same molecular formula but differ in the way their 
atoms are connected. 
 Stereoisomers (Stereoisomerism) are also isomeric molecules that have the 
same molecular formula and sequence of bonded atoms (constitution)but differ in 
the three-dimensional orientations of their atoms in space. This contrasts with 
structural isomers, which share the same molecular formula, but the bond 
connections or their order differs. 
Stereoisomerism is of two types:  
(a)  Geometrical or Cis-Trans Isomerism  
(b)  Optical Isomerism 
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Chiral Center 
 First, we will discuss plane of symmetry which help us to 
understand this topic. 
Plane of Symmetry 
 A plane which divides an object into two symmetricalhalves, is said to be 
plane of symmetry. For example, a personor a fish has a plane of symmetry. 

 
Figure 9.1: Balanced symmetry in man; and a fish showing different planes of 
balanced symmetry 
 
A person’s handor gloves lack plane of symmetry. 

 
                                         Figure 9.2 Lack of plane of Symmetry in Hand 
 
 An object lacking a plane of symmetry is calleddissymmetric or Chiral 
(pronounced as Ki-ral). A symmetric object is referred to as Achiral.A 
dissymmetric object cannot be superimposed on itsmirror image. A left hand for 
example does not possess a planeof symmetry, and its mirror image is not another 
left hand but a right hand. The two are not identical because theycannot be 
superimposed. If we were to lay one hand on top- ofthe other, the fingers and the 
thumb would clash. 



 

                                        
 
Chiral objects
 Achiral molecule has at least one asymmetric center and does not have a 
plane of symmetry.
Carbon-Based Chiral Centers
 A carbon atom which is bonded to four different groups is called an 
Asymmetric Carbon Atom.
Examples are:
 

 
 The term asymmetric carbon atom is rather misleading. It only means that a 
carbon atomis bonded to four different 
lacks plane of symmetry. Sucha molecule is called asymmetric (Latin a = 
without), that is, without symmetry. Presently the termDissymmetric or Chiral 
Molecules is often for asymmetric molecules.
Optical Activity
 Light from ordinary electric lamp is composed of waves vibrating in many 
different planes.
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 After successful completion of this unit, hopefully student will be able to.
1.   Discuss the basic concepts of Stereoisomerism
2.    Describe the types of isomerism 
3.    Point out conformational isomerism 
4.    Explain optical isomerism  
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b) Cycloalkane conformations: Including medium rings and macrocycles
Cycloalkanes (also called naphthenes, but distinct from naphthalene) are the 
monocyclic saturated hydrocarbons. In other words, a cycloalkane consists only 
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(possibly with side chains), and all the carbon
Cycloalkanes are named analogously to their normal alkane counterparts of the 
same carbon count: cyclopropane, cyclobutane, 
The larger cycloalkanes, with more than 20 carbon atoms are typically called 
cycloparaffins.
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Optical Isomerism of Lactic Acid 
 Lactic acid (2-Hydroxypropanoic acid) is an example of a compound which 
shows opticalisomerism. It contains one asymmetric carbon atom. Twothree 
dimensional structures are possible for Lactic acid 

.  
 These structures are not identical because they cannot besuperimposed on 
each other. On the mirror image of theother, such non superimposable mirror 
image forms areoptical isomers and called enantiomers. Thus, three forms of 
lactic acid are known. Two areoptically active and one is optically inactive. 
 
 (+) Lactic Acid: it rotates the plane of polarized light to the right (clockwise 
direction) is called 
dextrorotatory. 
 (-) Lactic Acid: it rotates the planeof polarized light to the left(anticlockwise 
direction) is calledlevorotatory. (-) Lactic acid is themirror image of (+) lactic 
acid andvice versa. 

 
 
 (±) Lactic Acid: it does not rotatethe plane of polarized light. That is,it is 
optically inactive. It is anequimolar mixture of (+) and (-)forms (racemic 
mixture). 
 Optical Isomerism of Tartaric Acid:Tartaric acid (2,3-Dihydroxybutanedioic 
acid) contains two asymmetric carbon atoms.Four forms of tartaric acid are 
known. Two of them are optically active an Optical Isomerism of Tartaric Acid 
Tartaric acid (2,3-Dihydroxybutanedioic acid) contains two asymmetric carbon 
atoms. Four forms of tartaric acid are known. Two of them are optically active 
and two are optically inactive. The optically active forms are related to each other 
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as an object to its mirror image. That is, they are enantiomers. Isomers of Tartaric 
Acid 
 (+)Tartaric Acid: It rotates the plane of polarized light to the right 
(clockwise direction) is calleddextrorotatory. (-) Lactic acid is the mirror image of 
(+) lactic acid and vice versa. 
(-) Tartaric Acid: It rotates the plane of polarized light to the left (anticlockwise 
direction) iscalled levorotatory. 

 
                                                       Figure 9.8 Tartaric Acid 
 (±)Tartaric Acid: It does not rotate the plane of polarized light. That is, it is 
optically inactive. Itis an equimolar mixture of (+) and (-) forms (racemic 
mixture). 
 

9.3  Geometric or Cis-Trans Isomerism. 
 Geometrical isomerism (also called cis-trans isomerism) results from 
arestriction in rotation about doublebonds, or about single bonds in 
cycliccompounds. 

 
Figure 9.9  Geometric Isomerism 
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Geometrical Isomerism in Alkenes 
 The carbon atoms of the carbon-carbondouble bond are sp2 hybridized. 
Thecarbon-carbondouble bond consists ofa sigma bond and a pi bond. The 
sigmabond is formed by the overlap of sp2hybrid orbitals. The pi bond is formedby 
the overlap of p orbitals. The presence of the pi bond locks each molecule in one 
position.The two carbon atoms of the C=C bond and the four atoms that are 
attached to them lie in oneplane and their position in space are fixed. Rotation 
around the C=C bond is not possiblebecause rotation would break the pi bond. 
 

 
Figure 9.10 Rotation about pi bond 

 Rotation about pi bond is not possible because it would break the pi bond. 
This restriction of rotation about the carbon-carbon double bond is responsible for 
thegeometrical isomerism in alkenes. A popular analogy for this situation is based 
upon two bondsand two nails. Driving one nail through two boards will not 
prevent free rotation of the two bonds.But once a second nail used, the boards 
cannot be freely rotated. 
 Consider the case of 2-butene. Itexists in two special arrangements. These 
two compounds are referred toas geometrical isomers and aredistinguished from 
each other by theterms cis and Trans. The cis isomeris one in which two similar 
groupsare on the same side of the doublebond. The Trans isomer is that inwhich 
two similar groups are onthe opposite sides of double bond. 

 
Figure 9.11. Cis-trans isomers. 

 Consequently, this type of isomerismis often called cis-trans isomers. 
Geometrical isomers arestereoisomer, because they have the same structural formula 



 

but differentspecial arrangement of atoms.The conversion of cis
isomer or vice versa is possibleonly if either isomer is heated to a high temperature or 
absorbs light. The heat supplies theenergy (about 62 Kcal/mole) to break the pi bond so 
that rotation about sigma bond becomespossible. Upon cooling, the ref
pi bond can take place in two way giving mixtureof trans

 The trans isomers are more stable than the corresponding cis isomers. This is 
because, incis isomer, the bulky groups are on the same side of the double
stearic repulsion ofgroups makes the cis isomers less stable than the trans isomer in 
which the bulky groups arefar (they are on the opposite sides of the double bond).The 
geometrical isomers have different physical and chemical properties. They
beseparated by conventional physical techniques like fractional distillation, gas 
chromatographyetc.All alkenes do not show geometrical isomerism. Geometrical 
isomerism is possibleonly when each double bonded carbon atoms is attached to two 
different atoms orgroups. The following examples illustrate this condition for the 
existence of geometrical isomers.
 No geometrical isomers are possible for propene (CH
because one of doublebonded carbons 
attached to it.

Example 2. Consider the case of 3
This is because each double bonded carbon atom is attached to two different 
groups (CHCH
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Example 3. Consider the case of Butenedioic acid. (HOOC-CH=CH-COOH) 
Geometrical isomers are possible has this because each double bonded carbon 
atoms has two 
different groups attached to it (H and COOH). 

 
Geometrical Isomerism in Cyclic Compounds 
 Geometrical isomerism is also possible in cyclic compounds. There can be 
no rotation about carbon-carbon single bonds forming a ring because rotation 
would break the bonds and break ring. For example , 1,2-dimethylcyclopropane 
exists in two isomeric forms. 

 
 In cis-1,2-dimethylcyclopropane the two methyl groups are on the same side 
of ring. Intrans 1, 2-dimethylcyclopropane, they are on opposite sides. A 
requirement for geometricalisomerism in cyclic compounds is that there must be 
at least two other groups beside hydrogenon the ring and these must be on 
different ring carbon atoms. For example, no geometricalisomers are possible for 
1,1-dimethylcyclopropane. 
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Self-Assessment Questions 
 Define or explain the following terms 

(a)  Structural isomerism  (b) Stereoisomerisms 
(c)  Geometrical isomerism  (d) Optical isomerism 
(e)  Asymmetric carbon  (f) Chiral molecule 

 State the necessary condition for a compound to show geometrical 
isomerism. Illustrate your answer with examples. 

 What is optical activity: how is it measured? 
 Write a note on Optical Isomerism of Lactic acid 
 Write a note on Optical isomerism of tartaric acid 
 How does Cis-isomer convert into trans-isomer? 
 The trans-isomer is more stable. Why? 
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