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INTRODUCTION

Chemistry is the study of matter. Matter is studied under the three divisions
of chemistry, viz: Physical, Inorganic and Organic chemistry. While
inorganic and physical chemistry are detailed elsewhere, organic chemistry
which deals with hydrocarbons, their numerous derivatives in addition to
their physical and chemical propertieswill be studied in thistext. This course
is coded CHM 203. It forms the second part of organic chemistry courses
you will encounter during the course of your programme in chemistry and
related programmes. CHM 203 isatwo credit unit course. The course content
consists of 3 inter-related and interesting modules.

WHAT YOU WILL LEARN IN THIS COURSE

In this course, you will learn about the electronic concepts in organic
chemistry where we discussed the various factors affecting the structure and
physical properties of organic compounds, availability of electrons and
stereochemistry, the relationship between the structure of organic
compounds and their reactivity. Also this course describes Aromatic
hydrocarbons and their derivatives in addition to their physica and
chemical properties which determinetheir usesin theindustry. You will find
several In-Text Questions(ITQs) and Self-Assessment Questions (SAQS),
with answers provided as well as activity exercise in each unit.

COURSE AIMS

The course aims at giving you an in-depth knowledge of the physical and
chemical properties of selected, important classes of organic compounds thus
giving you asolid foundation in organic compounds of industrial importance.
The aim of this course can be summarized as follows:

1 Discuss the Relationship between the structure and reactivity of
organic compounds.

2. Acquaint learners with Aromatic and polynuclear aromatic
compounds.

3. To study the determinants of the properties and identification of
selected classes of organic compounds.

4, To determine the importance of molecular architecture on physical
properties of organic compounds.
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COURSE OBJECTIVES

Each unit has its respective objective which you should always refer toin
your course of study so that derailment from set target will be avoided.
Always make alist of your attainment after each unit and compare them with
the objectives listed by the course developers. Thus the overall objective of
the course can be summarized as:

a) Familiarize ourselves with molecular structure of organic
compounds.

b) Note the characteristics of selected groups of organic compounds.

C) Describe how compounds of the same group can be identified.

d) Describe the importance and uses of organic compounds

CONTENTS

CHM 203 Organic Chemistry Il consists of three modules which have been
painstakingly put together to take you through aunique, structured learning
experience.

WORKING THROUGH THISCOURSE

In order to be able to successfully complete this course, you are required to
carefully study each unit along with recommended textbooks and other
materials that may be provided by the National Open University. You may
also need to exploit other e-reading such as internet for further useful
information on the course.

Each unit contains SAQsand ITQs. At certain pointsin the course you would
be required to submit assignments for grading and recording purposes. Y ou
are also to participate in the final examination at the end of the course. It is
recommended that you devote an abundant time for reading and
comprehension. It is highly necessary that you avail yourselves the
opportunity of attending the tutorial sessions where you will be able to
compare your understanding of the course contents with your colleagues.

COURSE MATERIALS

The course materials are made up of the following sections:
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This describes how best to study this major aspect of organic chemistry and
it also spells out what constitute the course itself.

STUDY UNITS

Each study unit gives an overview of the content to be covered in this course.
Thisissub-divided into sub-headings asintroduction, objectives; that iswhat
to focus on, the content, conclusion, summary, references and alist of other
materials to be consulted in order to augment or facilitate the student’s
understanding and finally the tutor-marked assignments.

Modulel Electronic Concept and Stereochemistry

Unit 1 Factors Affecting Structure and Physical Properties of
Organic Compounds

Unit 2 Factors Affecting Availability of Electrons

Unit 3 Stereochemistry

Module2 Functional Groupsand Reactivity in Organic Chemistry

Unit 1 Functional Group Chemistry of Main Class Organic
Compounds

Unit 2 Alkanes, Free Radical Substitution Reactions in Alkanes
and The Reactivity-Selectivity Principle

Unit 3 Various Organic Reactions

Unit 4 Nucleophilic Substitution and Elimination Reactions

Module3  Aromatic Compounds

Unit 1 Benzene and other Aromatic Compounds
Unit 2 Reactionsin Aromatic Compounds

ASSIGNMENT FILES

The files contain tutorial questions that cover the whole course. These will
enable you to assess your understanding of the course by the facilitator. The
marks scored for the assignments will be stored and will constitute 30% of
the final score at the end of the semester examination.

vi
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PRESENTATION SCHEDULE

The method of operation, that is, self-tutored and faceto face facilitation with
respect to the course will be available at the information desk at different
study centres nearest to you.

Y ou are welcome to the study of CHM 203 - Organic Chemistry 11, one of
the tripods on which the study of chemistry stands.

Vii
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MODULE 1 ELECTRONIC CONCEPT AND
STEREOCHEMISTRY

INTRODUCTION

The study of organic chemistry involves the reactions and interactions of
molecules. Since molecules are composed of atoms, it is necessary to
study the structure of atoms and how they contribute to the properties of
molecules. In this module we will study the factors that affect the
structures and physical properties of organic compounds. This knowledge
will make learning about organic molecules a little easier. Because
organic chemistry isastudy of compoundsthat contain carbon and to have
a better understanding of the properties of organic molecules, one has to
study their three-dimensional (3D) structure. Why is this important? Our
perception of smell and taste depends, in many instances, on the 3D
structure of molecules. Enzymes are very selective in the 3D structure of
the molecules they interact with. The effectiveness of drugs is highly
dependent on their 3D structure. Organic chemists need to be able to
determine the 3D structures (stereochemistry) of new and existing
molecules to relate 3D structure to reactivity. Hence, the following units
will be discussed in this module:

Unit 1 Effect of molecular architecture on physical properties of
organic compounds

Unit 2 Factors affecting availability of electrons in organic
compounds

Unit 3 Stereochemistry

UNIT 1 EFFECT OF MOLECULAR ARCHITECTURE
ON PHYSICAL PROPERTIES OF
ORGANIC COMPOUNDS

CONTENTS

1.0 Introduction

2.0 Learning Objectives

3.0 Main Content

3.1 Molecular Architecture and Factors Affecting Physical

Properties
3.1.1 Intermolecular Forces
3.1.2 Meélting Point
3.1.3 Boiling Point

3.1.4 Solubility
40 Conclusion
50 Summary
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6.0 Tutor Mark Assignment
7.0 References/Further Readings

1.0 INTRODUCTION

In our previous knowledge in organic chemistry, we have learnt some of
the important aspects of bonding and the structures of organic molecules
in detail. But have you thought about how we establish the identity and
structure of a molecule? One answer to this question could be comparing
its physical and chemical properties with those of the known compounds.
Earlier methods of identification involved the determination of physical
properties such as melting point, boiling point, solubility and refractive
index. The chemical methods used for identification involved, however,
either the degradation of the molecule to simple compounds of known
structure or its synthesis from the simple compounds of known structure.
The structure and properties of organic compounds are considerably
influenced by the conditions under which they are formed most especially
bond type and temperature. In this unit, we will discuss the relationship
between molecular structure and physical properties. The study of
physical properties is also important in the purification of organic
compounds.

20 OBJECTIVES

By the end of this unit you should be able to:

identify organic molecules using their physical properties such
as melting and boiling points, solubility and refractive index
determine the relationship between molecular structure and
physical properties of organic compounds.

3.0 MAIN CONTENT

3.1 Molecular Architecture and Factors Affecting Physical
Properties of Compound

The bonding and structural features of a compound are manifested in its
physical properties. Thus, physical properties of a compound such as
melting point, boiling point, solubility, etc., often give valuable clues
about its structure. Conversely, if the structure of a compound is known,
its physical properties can be predicted.

The physical properties of a compound depend upon the number and
nature of atoms constituting its structural units and also on the nature of
forces holding these units together. You know that in case of ionic

2
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compounds, the positive and negative ions are held together by strong
electrostatic forces. Contrary to this, in covalent compounds, the
molecules are held together by intermolecular forces. Let us now study
briefly what these intermolecular forces are. Then, you will learn how
these intermolecular forces affect the physical properties of the
compounds.

3.1.1 Intermolecular Forces

Forces between mol ecules are responsiblefor the magnitude of the melting
and boiling temperatures and for solubility characteristics of molecules.
The greater the attraction between molecules of a specific compound, the
higher the melting and boiling points are likely to be. Solubility
characteristics use the classic saying, like dissolves like. Polar molecules
aremost solublein polar solvents and nonpolar molecules are most soluble
in nonpolar solvents. The three important intermolecular forces are: (i)
dipole-dipole interactions, (ii) London forces and (iii) hydrogen bonding.
Let us now consider these intermolecular forces one by one.

(1) Dipole-Dipole Interactions. are defined as the interactions
between the different molecules of a compound having permanent
dipoles. Dipoles result from unequal sharing of electrons in bonds. If
molecules are close to each other, the negative pole of one molecule is
attracted to the positive pole of another molecule. Consider the example
of chloromethane which has a permanent dipole. The molecule of
chloromethane orient themselves in such a way that the positive end
of onedipole points towards, and is thus attracted by, the negative end
of the other dipole. Theseinteractions, called dipole-dipole interaction are
depicted in Fig 1.1.

85 5

b Y W LR ;
H_Cl B T rd T rd "|"'"_"'""_'}
s 9 CH;—Cl \CH;—Cl/ CH;—Cl
0 H—Cl
3) Dipole-dipole b) dipole -dipole interactions
Fig. 1.1: Intermolecular forces (*- - - - - ” indicates interaction). a) A

polar hydrogen chloride moleculeinteracting with another hydrogen
chloride molecule b) Arrangement of chloromethane molecules
showing positive and negative poles of one molecule and the Dipole-
dipoleinteractions between chloromethane molecules.

The dipole-dipole interactions are weak interactions and are of the order
of 4 to 12 kJ mol* whereas the bond energy for an ordinary covalent
bond ranges from 125 to 420 kJ mol .
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In-Text Question 1

When the positive end of a molecule attracts the negative end of another
molecule, the electrostatic forces that arise is named

A. Electrovalent bond B. Dipole-dipole forces C. Weak forces D.
Gaseous forces

In-Text Answer 1

Option B

(ii)  London Forces. The intermolecular interactions exist between
non polar molecules also. At any given instant, the electrons surrounding
an atom or molecule are not uniformly distributed; that is, one side of
the atom may have a greater electron density than the other side. This
results in a momentary dipole within the atom. The dipole on one atom
may induce a dipole on another atom. The net result is an attraction
between atoms.

Consider two nonpolar molecules A and B in which the centre of positive
charge coincides with that of the negative charge.

+ +

A B

When the molecules A and B approach each other, there is a distortion
in the distribution of the charge resulting in asmall and momentary dipole
in one molecule. This small dipole can then create another dipole in the
second molecule which is called induced dipole. Thus, if the momentary
dipole of molecule A and B is as shown below;

+ —+

A B

Such a distribution of charge leads to mutual attraction between the
molecules. These induced dipole — induced dipole interaction are also
known as L ondon for ces (illustrated with ... in Figure 1.2).
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Fig. 1.2: London forces are induced-dipole-induced-dipole
interactions.

London forces are the only forces of attraction possible between nonpolar
molecules. These interactions are weaker than the dipole-dipole
interactions and are of the order of 4 kJ mol-1. These forces vary with the
distance between the molecules. If ‘r’ is the distance between the two
molecules, then the London forces are proportional to 1/r®. Thisexplains
the interaction between helium atoms (Fig. 1.3), that are nonpolar, yet
they must have attraction for each other since they form liquids when
cooled sufficiently. All molecules exhibit dispersion forces.

ISHyEH

Fig 1.3: London dispersion forcesin two helium atoms

In-Text Question 2

1. Classify the following statement as true or false: London forces
are the only forces operating between polar molecules.

2. At 25°C, chlorine (Cl>) is a gas whereas bromine (Br») isaliquid.
Why?

(iii)  Hydrogen Bonding: This is a specia type of dipole-dipole
interaction. It does not refer to an actual bond, but a strong interaction
between a covalently bonded hydrogen atom and a molecule containing
an atom with nonbonding electrons, such as oxygen, nitrogen, and the
halogens. The hydrogen atom undergoing hydrogen bonding must be
covaently bonded to an oxygen, a nitrogen, or a fluorine atom, resulting
in a highly polar covalent bond. This puts a large partial positive charge
(6%) on the covalently bonded hydrogen atom and it seeks an electron pair
on another atom. Hydrogen bonds are stronger than most dipole-dipole
interactions but weaker than a covalent bond. An example is shown for
water in Fig 1.4.

hydrogen bonding
Fig. 1.4: hydrogen bonding in water molecules



CHM 203 ORGANIC CHEMISTRY |1

The strength of a hydrogen bond ranges from 10 to 40 kJ mol. Hydrogen
bonding has an important influence on physical properties such asmelting
point, boiling point and solubility of substances. This will be illustrated
using examples in the following subsections.

The dipole-dipole, induced dipole-induced dipole etc. interactions are
collectively known as van der Waals forces. Some authors prefer to
give the name van der Waals forces only for London forces. Having
understood the intermolecular forces, let us now study how the variation
in molecular structure affects these intermolecular forces which in turn
Is reflected in the physical properties of the molecules.

In-Text Question 3
Which response includes only those compoundsthat can exhibit hydrogen
bonding?

(8 AsHs, HzTe

(b) AsH3, CH3NH>
(c) CH4, AsH3, HoTe
(d) CH3sNH2, HF

(e) HF, H2Te

3.1.2 Méelting Point

The melting point (mp) is the temperature at which a solid is converted
into aliquid.

Pure crystalline solids have sharp melting points. Thus, melting point is
used as an important physical property both for the identification of
organic compounds and for making the general assessment of the purity
of these compounds. Pure crystalline solids have sharp melting points
and they melt over a temperature range of 1° or less. In contrast to this,
impure crystalline solids melt over wider ranges of temperatures. In a
crystalline solid, the constituent ions or molecules are arranged in an
orderly and rigid fashion. When such as solid is heated, the thermal
energy of the molecules increases. This finaly leads to the
disintegration of the crystal structure and at the melting point adisorderly
and random arrangement of particles, characteristic of a liquid, is
obtained. Since the electrostatic forces holding the ions arevery strong,
they can be overcome only at high temperatures. Therefore, the ionic
compounds generally have high melting points. For example, the melting
point of sodium chloride is 1074 K and that of sodium ethanoate is 595
K. But, the intermolecular forces are very weak as compared to the
interionic forces and hence, these can be overcome at lower temperatures
leading to lower melting points for covalent compounds. The melting
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point of methane, a covalent compound, isonly 90 K and the melting
point of methanol, another covalent compound, is 179 K.

Let us now study the effect of molecular weight on the melting point.
If you examine the melting points of the alkanesin Table 1.1, you will see
that the melting points increase (with afew exceptions) in a homologous
series as the molecular weight increases. The increase in melting point is
less regular than the increase in boiling point because packing influences
the melting point of a compound. Packing is a property that determines
how well theindividual moleculesin asolidfit together in acrystal lattice.
The tighter the fit, the more energy is required to break the lattice and
melt the compound.

Table 1.1: Nomenclature and Physical Properties of Straight-Chain Alkanes

Number| Molecular ~ Name Boiling Melting Density*
of formula point point (g/mL)
carbons (°C) ]
| CHq4 methane -167.7 -182.5
2 C2He ethane -88.6 -183.3
3 CsHg propane -42.1 -187.7
= C:Hy butane -0.5 -138.3
5 CsHi pentane 36.1 -129.8 0.5572
6 CeHua hexane 68.7 -95.3 0.6603
7 C:His heptane 98.4 -90.6 0.6837
8 CsHig octane 127.7 -56.8 0.7026
9 CoHao nonane 150.8 -53.5 0.7177
10 CioHz decane 174.0 -29.7 0.7299
11 CiiHa undecane 195.8 -25.6 0.7402
12 Ci2Has dodecane 216.3 -9.6 0.7487
13 Ci3Hos tridecane 2354 -5.5 0.7546
| * Density is temperature dependent. The densities given are therefore determined at 20°C

In Figure 1.5, you can see that the melting points of alkanes with even
numbers of carbon atoms fall on a smooth curve (the red line). The
melting points of alkanes with odd numbers of carbon atoms also fall on
a smooth curve (the green line). The two curves do not overlap, however,
because alkanes with an odd number of carbon atoms pack less tightly
than alkanes with an even number of carbon atoms. Alkanes with an odd
number of carbon atoms pack less tightly because the methyl groups at
the ends of their chains can avoid those of another chain only by
increasing the distance between their chains. Consequently, akane
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mol ecules with odd numbers of carbon atoms have lower intermolecular
attractions and correspondingly lower melting points.

50 e
.
E -50 |- *“* ~ -
= .__.-.'
2 -100 2t
i 4;? ‘—|
= -150 2 odd numbers|
. ¥
pad il A R S L) U
1 5 10 15 20

Murnber of carbon atoms

Fig. 1.5: Plot of melting pointsof straight-chain alkanes. Alkaneswith
even numbers of carbon atoms fall on a melting-point curve that is
higher than the melting point curvefor alkaneswith odd number s of
carbon atoms.

You can see inthe figurethat the melting point increases with the
increase in the molecular weight. This can also be explained due to
increase in the London forces between the larger molecules of higher
molecular weight. Thus, each additional methylene (-CH,) unit
contributes to the increase in melting point.

In a homologous series, the higher the molecular weight, the larger will
be the molecules and the greater will be the ‘area of contact’ between
the two molecules and hence the greater will be the London forces.

You must have noticed in Fig. 1.5, the alternating pattern of melting
points for the alkanes having odd and even number of carbon atoms. It is
also evident from the figure that the compounds having even number of
carbon atoms lie on a higher curve as compared to the compounds
having odd number of carbon atoms. This can be explained on the basis
that in solid state, the London forces among the molecules having odd
number of carbon atoms are weaker than those in the molecules having
even number of carbon atoms. This is because the molecules of alkanes
having odd number of carbon atoms do not fit well in the crystal lattice
as compare to those of the alkanes having even number of carbon atoms.
After studying the effect of molecular weight on melting point, let us
now see how the isomeric compounds having the same molecular weight,
show different melting points. The melting points of straight chain and
branched chain isomers of butane are given below:
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CH;
|
CH;CH,CH,CH; CH;CH-CH;
butane 2-methylpropane
m.p 134 K mp. 111.25K
mol.wt.58 mol.wt.58

The branching of the carbon chain interferes with the regular packing of
the molecules in the crystal; branched chain hydrocarbons tend to have
lower melting points than their straight chain isomers.

But, in case, the branched molecule has a substantial symmetry, then its
melting point isrelatively high. Thisis clearly evident when we compare
the melting points of isomeric pentanes which are as given below:

CH:
|
CH;CH-CH,CH,CH,4 CH;CH:CHCH; CH; - C - CHs
| |
CH, CH;
Pentane 2-methylbutanc 2,2-dimethylpropanc
mp. 43 K mplI3K m.p. 257 K

The branching from pentane to 2-methylbutane lowers the melting point
but further branching in 2,2-dimethylpropane increases the melting point.
This can be explained by the fact that the symmetrical molecules fit
together more easily in the crystal lattice and hence have higher melting
points as compared to the less symmetrical molecules. Hence, higher
melting point for 2,2-dimethylpropaneisjustified.

This is also reflected when we analyse the melting points of cis- and
trans-isomers. The trans- isomer being more symmetrical, fits better in
the crystal lattice than the less symmetrical cis- isomer. Hence, the
trans- isomers generally have higher melting points.

The nature of the functional groups present in a molecule also affectsits
physical properties. For example, when the functional group is such that
it introduces polarity, and hence leads to a permanent dipole moment in
the molecule; then, due to the dipole-dipole forces of attraction between
the polar molecules, they show higher melting points than the nonpolar
molecules of comparable molecular weights. For example, the melting
point of propanone, a polar molecule having molecular weight of 58, is
178 K. Y ou can compare it with the melting points of isomers of nonpolar
butane (mol. Wt. = 58) you have just studied above. This leads to the
conclusion that the polar propanone has higher melting point than the
nonpolar isomeric butanes.



CHM 203 ORGANIC CHEMISTRY II

The effect of hydrogen bonding on melting point is small. But, the
hydrogen bonding has significant effect on the boiling point, about which
you will study in the next subsection.

In-Text Question 4
Which compound has the highest melting point? A. decane B. 2,2,3,3-
tetramethylbutane C. 2,2,3-trimethylpentane D. 4-methylnonane

3.1.3 Bailing Point

The boiling point of a substance is the temperature at which it changes
(vapourizes) from the liquid to the gaseous state. At the boiling point the
vapour pressure of a liquid is equal to the external pressure. Thus, the
boiling point depends on the external pressure and it increases with
increase in the external pressure. Hence, while reporting the boiling point
of a substance, external pressure must be specified.

Similar to the case of melting points, the boiling points are also used as
constants for identification and characterization of liquid substances.
The knowledge of boiling points is aso important in the purification of
liquids.

Let us now study some of the factors affecting the boiling point.

The boiling point of a substance depends on its molecular structure. In
order for a compound to vapourize, the forces that hold the individual
molecules close to each other in the liquid must be overcome. This means
that the boiling point of a compound depends on the strength of the
attractive forces between the individual molecules. If the molecules are
held together by strong forces, it will take a lot of energy to pull the
molecules away from each other and the compound will have a high
boiling point. In contrast, if the molecules are held together by weak
forces, only asmall amount of energy will be needed to pull the molecules
away from each other and the compound will have a low boiling point.
For example, relatively weak forces hold alkane molecules together.
Alkanes contain only carbon and hydrogen atoms. Because the
electronegativities of carbon and hydrogen are similar, the bonds in
alkanes are nonpolar. Consequently, there are no significant partial
charges on any of the atomsin an alkane.

The molecules of an alkane are held together by these induced-dipole-
induced-dipole interactions, which are known as van der Waals forces.
Van der Waalsforces are the weakest of al the intermolecular attractions.
In order for an alkane to boil, the van der Waal s forces must be overcome.
The magnitude of the van der Waals forces that hold alkane molecules
together depends on the area of contact between the molecules. The

10
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greater the area of contact, the stronger are the van der Waals (London)
forces and the greater is the amount of energy needed to overcome those
forces. If you look at the homologous series of alkanesin Table 1.1, you
will see that the boiling points of alkanes increase as their size increases.
Generdly, this increase in boiling point amounts to 20-30° for the
addition of each carbon atom in the molecule. This relationship holds
because each additional methylene group increases the area of contact
between the molecules. The four smallest alkanes have boiling points
below room temperature (room temperature is about 25 °C), so they exist
as gases at room temperature. Pentane (bp = 36.1°C) isthe smallest alkane
that isaliquid at room temperature. The boiling points of the compounds
in any homologous series increase as their molecular weights increase
because of the increase in van der Waals forces. So the boiling points of
the compounds in a homologous series of ethers, alkyl halides, alcohals,
and amines increase with increasing molecular weight.

Among isomeric molecules, since the unbranched isomer is linear and
hence extended in shape, it has larger surface area as compared to the
branched isomers. Therefore, the London forces are stronger in the
unbranched isomer leading to higher boiling point for this isomer. Thus,
if two alkanes have the same molecular weight, the more highly branched
alkane will have alower boiling point Thisisillustrated in the structures
below for the isomers of pentane.

g
CHiCH,CH,CH,CH;  CH,CHCH,CH, CH,CCH;
pentane
bp = 36.1 °C CH; CH;
isopentane neapentana
bp=27.9°C bp = 9.5 °C

The boiling points of these compounds, however, are also affected by the
polar character of the bond (where Z denotes N, O, F, Cl, or Br) because
nitrogen, oxygen, and the halogens are more electronegative than the
carbon to which they are attached.

R—C—7 Z=N,0,F Cl, or Br

The magnitude of the charge differential between the two bonded atomsis
indicated by the bond dipole moment. The dipole moment of a bond is
egual to the magnitude of the charge on one of the bonded atoms times the
distance between the bonded atoms.
H;C—NH; H:C—0—CH; H.C—1 H.C—OH
02D 07D 12D 0.7 D

H,C—F H;C—Br HyC—Cl
16D 14D 15D

When we compare molecules having the same shape and size, the more
polar molecule has the higher boiling point. Examples are:

11
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/ 0\ / =
H,C CH, H,C CH;,
Dimethyl ether propane
Dipole moment 20.98 x 10*%cm -0
Boiling point 249.4 K 231K
Molecular weight 46 44

Alcohols have much higher boiling points than alkanes or ethers of
comparable molecular weight (Table 1.2) because, in addition to London
forces and the dipole-dipole interactions of the bond, alcohols can form
hydrogen bonds. A hydrogen bond is a special kind of dipole-dipole
interaction that occurs between a hydrogen that is bonded to an oxygen,
a nitrogen, or a halogen and the lone-pair electrons of an oxygen,
nitrogen, or halogen in another molecule (see subsection 3.1.1 of this
unit). Thus, to vaporize such a compound, hydrogen bonds between the
molecules must be broken. This requires energy, which is manifested as
the unusually high boiling point for such compounds.

Alkanes Ethers Alcohols Amines
CHsCH2CHs CH3OCHs CHsCH20OH CH3CH2NH:
-42.1 -23.7 73 16.6
CH3CH2CH2CH3 CH3OCH>CHs CH3CH>CH2OH CH3sCH2CH2NH2
-0.5 10.8 97.4 47.8
CH3CH2CH2CH2> CH3CH2OCH2C CH3CH>CH2CH> CH3CH2CH2>CH:
36.1 345 117.3 77.8

The length of the covalent bond between oxygen and hydrogen is 0.96 A.
The hydrogen bond between an oxygen of one molecule and a hydrogen
of another molecule is almost twice as long (1.69-1.79 A), which means
that a hydrogen bond is not as strong as an O-H covalent bond. A
hydrogen bond, however, is stronger than other dipole-dipole
interactions. The strongest hydrogen bonds are linear—the two
electronegative atoms and the hydrogen between them lie on a straight
line. Although each individual hydrogen bond is weak—requiring about
21 kJmol (5 kcal/mol) to break—there are many such bonds holding
alcohol molecules together. The extra energy required to break these
hydrogen bonds is the reason alcohols have much higher boiling points
than either alkanes or ethers with similar molecular weights.

12
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The boiling point of water illustrates the dramatic effect hydrogen
bonding has on boiling points. Water has a molecular weight of 18 and a
boiling point of 100 °C. The alkane nearest in size is methane, with a
molecular weight of 16. Methane boils at -167.7°C.

Primary and secondary amines also form hydrogen bonds, so these amines
have higher boiling points than alkanes with similar molecular weights.
Nitrogen is not as electronegative as oxygen, however, which means that
the hydrogen bonds between amine molecules are weaker than the
hydrogen bonds between alcohol molecules. An amine, therefore, has a
lower boiling point than an alcohol with asimilar molecular weight (Table
1.2).

Because primary amines have two bonds, hydrogen bonding is more
significant in primary amines than in secondary amines. Tertiary amines
cannot form hydrogen bonds between their own molecules because they
do not have a hydrogen attached to the nitrogen. Consequently, if you
compare amines with the same molecular weight and similar structures,
you will find that primary amines have higher boiling points than
secondary amines and secondary amines have higher boiling points than
tertiary amines.

Hydrogen bonding is also important in other ways. As we shall see in
the next subsection, hydrogen bonding plays an important role in the
solubility of organic compounds.

In-Text Question 5
Which of the following alkanes will have the lowest boiling point?

13
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3.1.4 Solubility

When any substance dissolves in a solvent, its constituent ions or
molecules get separated from each other and the space between them is
filled by solvent molecules. This is known a solvation and the amount of
substance dissolved in a certain amount of solvent is referred to as its
solubility in that solvent. Solubility thus depends on the interactions
between solute-solute, solute-solvent and solvent-solvent molecules. The
general rule that explains solubility on the basis of the polarity of
molecules is that “like dissolves like”. In other words, polar compounds
dissolve in polar solvents, and nonpolar compounds dissolve in nonpolar
solvents. Thisis because a polar solvent such as water has partial charges
that can interact with the partial charges on a polar compound. The
negative poles of the solvent molecules surround the positive pole of the
polar solute, and the positive poles of the solvent molecules surround the
negative pole of the polar solute. Clustering of the solvent molecules
around the solute molecules separates solute molecules from each other,
which is what makes them dissolve. Clearly strong solute-solvent
molecular interactions as compare to those of solute-solute or solvent —
solvent molecules will lead to dissolution of the solute.

&t
]i_[ !
5+ #
[ b
i+ e
52 f
&+

solvation of a polar compound

gt @
(¥ — Z) by watear

Similar to the processes of melting or boiling, dissolution of a substance
also requires that the interionic or intermolecular forces of attraction
between theions or molecules must be overcome. The strong electrostatic

14



CHM 203 MODULE 1

forces between the ions of an ionic compound can be overcome by the
solvents which have high dielectric constant. Thus, water which has a
high dielectric constant (¢ ) of 80, dissolves ionic compounds readily
whereas solvents like carbon tetrachloride (e =1.2) or ether (e = 4.4)
are extremely poor solvents for such compounds. Hence, ionic
compounds have greater solubility in polar solvents.

The dielectric constant €, of a solvent measures its ability to separate the
ions of the solute.

Theterm polar has double usage in organic chemistry. When we refer that
it has a significant dipole moment, u. But, when we talk about a polar
solvent, we understand that it has a high dielectric constant, €. Thus, the
dipole moment is the property of individual molecules whereas solvent
polarity or dielectric constant is a property of many molecules acting
together.

In determining the solubility of covalent compounds, the rule of thumb
islike-dissolves-like. Sincewater isapolar compound, it isagood solvent
for polar compounds, but is a poor solvent for hydrocarbon which are
nonpolar in nature. Thus, the hydrocarbons readily dissolve in other
hydrocarbons or in nonpolar solvents such as benzene, ether or
tetrahydrofuran. This is because the van der Waals interactions between
solvent and solute molecules are about the same as between solvent—
solvent and solute—solute molecules.

Alkanes are nonpolar, which causes them to be soluble in nonpolar
solvents and insoluble in polar solvents such as water. The densities of
alkanes (Table 1.1) increase with increasing molecular weight, but even
a 30-carbon alkane such as triacontane (density at 20 °C = 0.8097 g/mL)
is less dense than water (density at 20 °C = 0.9982 g/mL). This means
that a mixture of an alkane and water will separate into two distinct
layers, with the less dense alkane floating on top.

An acohol has both a nonpolar alkyl group and a polar OH group. So, is
an alcohol molecule nonpolar or polar?Isit soluble in anonpolar solvent,
or is it soluble in water? The answer depends on the size of the alkyl
group. Asthe alkyl group increasesin size, it becomes a more significant
fraction of the alcohol molecule and the compound becomes less and less
soluble in water. In other words, the molecule becomes more and more
like an alkane. Four carbons tend to be the dividing line at room
temperature. Alcohols with fewer than four carbons are soluble in water,
but alcohols with more than four carbons are insoluble in water. In other
words, an OH group can drag about three or four carbonsinto solution in
water.
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The four-carbon dividing line is only an approximate guide because the
solubility of an acohol also depends on the structure of the alkyl group.
Alcohols with branched alkyl groups are more soluble in water than
alcohols with non-branched alkyl groups with the same number of
carbons, because branching minimizes the contact surface of

the nonpolar portion of the molecule. So tert-butyl alcohol is more
soluble than n-butyl alcohol in water.

The solubility of organic compounds in water also depends on the extent
of hydrogen bonding possible between the solute and the solvent (water)
molecules. For example, the greater solubility of ether in water as
compared to that of pentane (in water can be accounted on the basis of
hydrogen bonding present in the former case.

H CH._  CH.  _CH
‘- Se” T N e
CH L0 _CH I
I CH:'/ o] CH ;-’ - )
diethyl ether = pe_ntan:
solubility : 75 g in 1 dm?. 0.36°g in 1 dm*
of water of water

Since the olefinic, acetylenic or benzenoid character does not affect the
polarity much, the solubility of unsaturated and aromatic hydrocarbons
in water is similar to that of alkanes. In compounds like ethers, esters,
aldehydes, ketones, alcohols, amides, acids and amines, solubility in
water depends on the length of the alkyl chain and the members
containing less than five carbon atoms in the molecules are soluble in
water.

Increase in the intermolecular forces in a solute, as aresult of increasein
the molecular weight, is aso reflected in the low solubility of compounds
having high molecular weight. For example, glucose is soluble in water
but its polymer, starch is insoluble in water. This is because polymers
have high molecular weight. Thus, in a homologous series, the solubility
of the members decreases with the increase in molecular weight.
However, branching of the carbon chain leads to a decrease in the
intermolecular forces. Hence, the branched chain isomer is more soluble
as compared to the straight chain isomer.

Apart from other factors discussed above, solubility of a compound in a
given solvent generally increases with temperature.

Sometimes high solubility of a compound is observed due to a chemical
reaction which acts as a driving force. One such category of reactionsis
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acid-base reactions. For example, the higher solubility of aniline in
agueous acid is due to the formation of anilinium ion.

H;0% + CgHsNH, ——»  CeHsNH;" + Hy0
aniline anilinium ion

Although determination of the physical properties such as those discussed
above helpsin the identification of organic compounds, physical methods
involving the use of spectroscopy allow determination of the molecular
structure much more rapidly and nondestructively using small quantities
of material.

In-Text Question 6
Which of the following compounds is expected to have the greatest
solubility in water?

AT TR e OH MMDH
(A) B)
O
(C) D)
,-/A““ DM
(E)

SELF ASSESSMENT EXERCISE

I Which of the following compounds will form hydrogen bonds
between its molecul es?
1. CH;CH,CH,0H 2. CHCH,CH,SH 3. CH;OCH,CH;

ii. Which of the compounds in SAQ 4.1 above will form hydrogen
bonds with a solvent such as ethanol ?

iii.  List thefollowing compoundsin order of decreasing boiling point:

OH OH OH NH.
spillons HO_ | OH I - _ | _oH Josi

e

WY Rank the following groups of compounds in order of decreasing
solubility in water:
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a. CH;CH,CH,0H  CH;CH,CH,CH,CI CH,CH,CH,CH,0H
HOCH,CH,CH,0H

b CH; NH, OH
PN §
V. In which of the following solvents would cyclohexane have the

Vi.

lowest solubility: pentanol, diethyl ether, ethanol, or hexane?
Rank the following compounds in order of increasing strength
of intermolecular forces. CH3CH.CH>CH2CHz (pentane),
CH3CH2CH2CH2OH  (1-butanol), and CH3CH2CH>CHO
(butanal).

Pentane has only nonpolar C-C and C-H bonds, so its molecules
are held together by only van der Waalsforces.

1-Butanol is a polar bent molecule, so it can have dipole-dipole
interactionsin addition to van der Waalsforces. Becauseit hasan
O-H bond, 1-butanol molecules are held together by
intermolecular hydr ogen bonds as well.

Butanal has atrigonal planar carbon with a polar C=0 bond, so it
exhibits dipole-dipole interactions in addition to van der Waals
forces. Thereisno H atom bonded to O, so two butanal molecules
cannot hydrogen bond to each other.

CHaCH,CH,CH,CH,4 CHyCH,CH,CHO CHaCH,CH,CH,OH

Vil

viii

IX
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Increasing strength of intermolecular forces

Which compound in each pair has the higher boiling point?
\, / CH

- - 'f
T T T T // ar — b' . cr

> @ A N P

-

A B c D

Which compound is water soluble?

[/>—CI [}OH

chlorocyclopentane cyclopentanol

A B

Which of the following molecules can hydrogen bond to another

molecule like itself?
Which of the following molecules can hydrogen bond with
water?
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CHaCH,” "CH,CH CHyCH, ™\ PH2CHa
diethyl ether diethylamine
A B

40 CONCLUSION

We can safely conclude that a good knowledge of the physical and
chemical properties of organic compounds is paramount in the
identification of such compounds.

50 SUMMARY

During the course of this unit, we have learnt about the relationship
between molecular architecture and physical properties of organic
compounds. We have aso learnt about the interrelationship between
intermolecular forces, melting and boiling points and the solubility of
organic compounds. The greater the attractive forces between
molecules—London (van der Waals) forces, dipole-dipole interactions,
hydrogen bonds—the higher is the boiling point of the compound. A
hydrogen bond is an interaction between a hydrogen bonded to an O, N,
or F and the lone pair of an O, N, or F in another molecule. The boiling
point increases with increasing molecular weight of the homolog.
Branching lowers the boiling point. Polar compounds dissolve in polar
solvents, and nonpolar compounds dissolve in nonpolar solvents. The
interaction between a solvent and a molecule or an ion dissolved in that
solvent is called solvation. The oxygen of an alcohol or an ether can drag
about three or four carbons into solution in water.
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1.0 INTRODUCTION

In this unit, you will study about the factors that affect the availability of
electrons in organic compounds. These factors are known to affect the
reactivity of organic molecules. The reactivity of one substance towards
another is measured by the rate at which the two substances react and
the amount of the products formed. These effects which are associated
with the change in molecular structure are called structural effects
which includes: inductive effect, resonance effect and steric effect.

Not al molecules are equally reactive. But, what make some organic
molecules more reactive than others? To find an answer to this question,
we should have some idea of the nature of reactions that the organic
molecules undergo. A large number of reactions that the organic
molecules undergo can be readily understood as simple analogies of
acid-base reactions. Therefore, it is important for us to know the basic
features of acid-base reactions. We will familiarize ourselves with the
concept of acid-base equilibrium in thisunit. Here, you will also study
that the position of the acid-base equilibrium is a measure of molecular
reactivity; further it is influenced by many factors. Although, the
functional groups present in a molecule are of key importance in
determining the molecular reactivity, it has been observed that various
compounds containing the same functional groups differ in their
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reactivity. Thus, in addition to the presence of the functional groups,
structural effects vis-a-vis the nature and arrangement of atoms attached
to the functional groups aso control the molecular reactivity. We will also
discuss solvent effects and hydrogen bonding which are also important
factors affecting the rate and the extent of such reactions. Finally, you will
study an interesting equilibrium involving a proton shift from one atom
of amolecule to another, called tautomerism.

2.0 OBJECTIVES
By the end of this unit, you should be able to:

understand some of the factors affecting electron availability in
organic molecules, along with their consequences.

apply these factors on organic substrates to locate electron
deficient and electron rich sites.

define acids and bases and be able to classify given compounds as
acids or bases according to Bronsted — Lowry and Lewis
definitions.

define pKa of an acid and predict the relative acidities and
basicities of compounds.

explain the effect of structural changes on the acidic and basic
behaviour of organic molecules.

define tautomerism and give examples of various kinds of
tautomerism.

3.0 MAIN CONTENT

3.1 Factors Affecting Availability of Electrons in Organic
Compounds

Electronic factors that influence organic reactions include the inductive
effect, electromeric effect, resonance (mesomeric) effects, and
hyperconjugation. These electronic factors involve organic molecules,
most of which are made from a combination of thefollowing six elements:
carbon, hydrogen, nitrogen, oxygen, phosphorus, and sulfur (known
collectively as CHNOPS). Yet, the limited number of building blocks
does not prevent organic compounds from taking on diverse propertiesin
their physical characteristics and chemical reactivity. The subtle
differentiation of various compoundsin organic chemistry is essential for
the biological functions of the molecules and creates a wide variety of
reactions. Let us now discuss these factors one after the other.
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3.1.1 Inductive Effect

We have seen that when carbon bonds to an el ectronegative element like
O, N, ClI, or F, a bond polarization develops, making the C &+ and the
heteroatom or halogen 6-. The phenomenon of withdrawing electrons
through sigma (o) bonds to the more electronegative atom or group is
called an inductive effect. The inductive effect is a permanent state of
polarization. The electron density in a o bond between two unlike atoms
is not uniform and denser toward the more electronegative of the two
atoms. The inductive effect is what gives rise to bond polarizations,
polarizations within molecules, and bond and molecular dipole moments.

d® &G o® 60

Partial charges due to induction

The inductive effect is a distance-dependent phenomenon:

e O o NI o IO, ;). 4

TR TR S -

If the electronegative atom X is connected to a chain of carbon atoms,
then the positive charge is relayed to the other carbon atoms. Cy, with its
positive & charge, exerts a pull on the electrons of C», but the pull is
weaker than it is between X on Ci. The effect rapidly dies out and is
usually not significant after the 2" carbon atom, or at most the 3",

There are two categories of inductive effects. the electr on-withdrawing
(-1) effect and the electr on-donating (+1) effect. In the figure above, X is
electron-withdrawing and Y is electron-donating.

These relative inductive effects are measured with reference to hydrogen:
The -1 effect is seen around a more electronegative atom or group, and
electron density is higher there than elsewhere in the molecule. Electron-
withdrawing groups include halogen, nitro (-NO2), cyano (-CN),
carboxyl (—-COOQOH), ester (-COOR), and aryloxy (—OAr). On the other
hand, the +I effect is observed among the less electronegative atoms of
the molecule by electron-releasing (or electron-donating) groups. The
akyl groups are usualy considered electron-releasing (or electron-
donating) groups.

NO; > COOH >F > Cl > Br > 1 > OR > OH > C;Hs;(Benzene) > H > Me;C™ > MesCH™ > MeCH;™ > CH;y ™.

- I -~

Increasing -1 effect | Increasing +1 effect
Inductive effect generaly influences both physical and chemical
properties of organic compounds as seen in the strength of organic acids
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(to be discussed in later section of this unit), basic strength of amines and
amides, ease of substitution reactions of haloalkanes (dipole moment and
bond length), the ease of addition reactions of unsaturated hydrocarbons,
and so on.

In-Text Question 1

a State whether the following statements or True or False? Explain
your choice: Inductive effect isthe ability of an atom or agroup of
atoms to cause polarization of electron density along the covalent
bond so that the atom of higher electronegativity becomes electron
deficient.

b. Explain the comparative stability of primary, secondary and
tertiary carbocations using Inductive effect.

3.1.2 Resonance (Mesomeric) Effect

Whilst inductive effects pull electrons through the o-bond framework,
electrons can also move through the m-bond network. A m-bond can
stabilize a negative charge, a positive charge, alone pair of electrons or
an adjacent bond by resonance (i.e. delocalisation or ‘spreading out” of
the electrons). A resonance effect reflects the ability of an atom or group
of atoms to withdraw or donate electrons through m-bonds. Thisis also
sometimes referred to as a mesomeric effect.

In a normal m bond, the 1 electrons are localized between the constituent
atoms. However, if double and single bonds are present alternately in a
molecule, it is called conjugation e.g. in 1,3-butadiene, the double bonds
are conjugated.

H,C——=C——C—=CH,
2 H H 2

Similarly, if the double, single and a lone pair are present, alternatively,
itisalso called conjugation e.g. vinyl chloride.

H,C=—=C——Cl|
H

The presence of conjugation alters the properties of the compound and
there is a difference in the actual and expected properties. The theory of
resonance explains the anomalous properties of such conjugated
compounds. This theory states that when a molecule can be represented
by two or more classical structural (or electronic) formula, all of which
can explain some but not all the properties, then the molecule has neither
of these structures (called contributing or canonical or limiting structures)
but isahybrid of all these contributing structures. For example:
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=2 = o)
CE;—T;LCH— Cl: «—> CHz—':H= Cl:

Yinyl chiloride

Note that the m electrons are not necessarily present where one would
expect them, but are rather delocalised over the entire molecule which
gives it extra stability expressed in terms of delocalisation energy or
resonance energy. Also, normally, wefind chlorine withdrawing electrons
towards itself by -I effect but here we find that the same chlorine has got
a positive charge and is involved in a double bond. Does this mean that
chlorine haslost its-| effect? No, thisisnot true as-1 effect isapermanent
effect. In fact, in addition to the —I effect, it now aso has an electron
donating mesomeric or resonance effect (called +M or +R effect).

Sincethe two effects are operating in opposite directions, one of them will
overwhelm the other. Remember there was no such possibility if halogen's
lone pair was not conjugated. For example, in the following case, the Cl
Is not conjugated to the double bond and hence Cl is only exerting its -
effect.
H>,C=CH-CH,-Cl

The atoms/groups like Cl in which lone pair (or electrons of negative
charge) isin conjugation with double or triple bond are electron donating
and gain aformal positive chargein the resonating structure in the process
and are known to exert +M/+R Effect.

Consider the case of —NO: joined to a conjugated system, where the nitro
withdraws the conjugated electrons and gives rise to polarization as
shown below:

= ™) +
HOo—=CH ) Vg c
\4"' (/* ‘“\j \\
. < ¥ -
o' O

The atoms/groups like -NO. which are in conjugation with double or
triple bond and are electron withdrawing and gain a formal negative
charge in the resonating structure in the process and are known to exert -
M/-R Effect.

The resonance effect also alters the electron density distribution in the
molecule significantly and its direction may be different from the normal
inductive effect. In case the two effects are operating in opposite
directions, the relative strengths of the two effects will determine which
will  dominate. Mesomeric/resonance effect introduces total
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delocalization of charges while inductive effect introduces partia
polarization, hence, in general M > |. But there are exceptions to it like
when halogens are attached to a conjugated system like benzene, -1 > +R
(negative inductive effect is greater than resonance effect).

-M groups generally contain an electron withdrawing or a m-bond(s): CHO, C{O)R., COzH,
COyMe, NOy, aromatic groups, alkenes etc.
+M Ernups generally cottain afleast a lone I:IEII of electrons or a m-bond(s):

E‘i Br DH DR SH ‘\IHﬁ NHR "CRa aromatic, alkenes, etc.
Aromatic (or aryl) groups and alkenes can be both +M or —M effect.

In neutral compounds, therewill always be a +M and —M group(s): One
group donates (+M) the electrons and the other group(s) accepts the
electrons (-M).

Y A @ S)

9— §,HR - = RO——C—CHR

+M group -M group

All resonance forms are not of the same energy. In phenol, for example,
the resonance form with the intact aromatic benzene ring is expected to
predominate.

o ®
(‘OH* -tMgroup  OH

®
OH gH
)
e I - P
b {5

aromatic —M group
ring is intact

As a rule of thumb, themore resonance structures an anion, cation or
neutral m-system can have, the more stable it is.

Key point about resonance:

1) Resonating/canonical structure are maginary hypothetical, while
resonance hybrid is the true strucure.

(i)  Resonanceinvolve the delocalization of lone pair and m-electrons.

(iii)  Resonanceisan intramolecular process.

(iv)  Resonance must follow the Lewis octet rule, i.e. C-atom, N-atom
are never pentavalent and O-atom never tetravalent.

(v) In the resonating structure arrangement of atoms remain same,
they should differ only with respect to arrangement of electrons.
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(vi) The energy difference in between resonance hybrid and most
stable resonating structure is called resonance energy.

(vii) Resonance work only at ortho and para position with equal
intensity, it never work at meta position.

(viii) Resonance proceeds in the system via n-electrons.

(\05 0 0 (r\@
4—)6 > > —
> )

| Phenoxide ion Resonance hybrid

Inductive ver sus mesomeric effects:

Mesomeric effects are generally stronger than inductive effects.
A+M group is likely to stabilise an anion more effectively than a
+| group.

Mesomeric effects can be effective over much longer distances
than inductive effects, provided that conjugation is present (i.e.
alternating single and double bonds).Whereas inductive effects are
determined by distance, mesomeric effects are determined by the
relative positions of +M and —M groups in amolecule.

In-Text Question 2

a Mesomeric effect involves delocalisation of :

b. State whether the following statements or True or False? Explain
your choice: The—-OH group cannot exhibit Inductive effect.

3.1.3 Hyperconjugation

A o-bond can stabilize a neighbouring carbocation (or positively charged
carbon) by donating electronsto the vacant p-orbital. The positive charge
is delocalized or “‘spread out’, and this stabilizing effect is known as “no-
bond resonance”. Hyperconjugation helps explain the stability of alkyl
radicals. It involves the delocalization of g-electrons belonging to the C-
H bond of the alkyl group attaching to an atom with an unshared p-orbital.
The more the hyperconjugative hydrogen, the more is the stability.

Why are more highly substituted alkenes more stable? One explanation
involves hyperconjugation: hyper meaning above/beyond and
conjugation meaning getting together. Figure 1.6 shows the overlapping
of the sp3-sorbitals of a C-H bond with an empty antibonding m orbital of
an adjacent alkene carbon atom. This overlapping of orbitals and sharing
of the C-H bonding electrons, called hyperconjugation, increases the
stability of the molecule.
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Fig. 1.6: Hyper conjugation stabilization.

Hyperconjugation involves the conjugation of sigma-electrons with
adjacent pi electrons, as shown below:

+

H H

h (|:_(|: c-

Thisinteraction is also known as conjugation. Thistype of delocalization
leads to a situation where there is no bond between the hydrogen and the
carbon atom of the molecule. Therefore, it is also known as hydrogen
no-bond resonance. Remember that the proton does not leave its
position and since the nuclei or the atoms do not change their positions,
therefore, the hyperconjugation becomes similar to resonance.
Hyperconjugation a so results in the delocalization of charge, as you will
now study in case of carbocations. Hyperconjugation involving
hydrogens is the most common.

—0
A
Y

The stability of carbocations has been earlier explained on the basis of
inductive effect of the alkyl groups. Let us consider again a primary
carbocation, such as the one shown below in Fig. 1.7 below:
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Let's consider how a methyl group is involved in
hyperconjugation with a carbocation centre.

First we need to draw it to show the €-H g-bonds.

Note that the empty p orbital associated with the
positive charge at the carbocation centre is in the same
plane (i.e. coplanar) with one of the C-H o-bonds
(shown in blue.)

This geometry means the electrons in the o-bond can
be stabilised by an interaction with the empty p-orbital of
the carbocation centre.

(this diagram shows the similarity with resonance and
the structure on the right has the "double bond - no
bond" character)

Fig 1.7: the hyperconjugation in a car bocation

It is clear from the above structure that the electrons forming the -C-H
bond can overlap, into the empty p orbital of the carbon atom carrying the
positive charge. The C-H bond adjacent to the >C = C< or carbonation is
referred here as -C-H bond. The resulting hyperconjugation can be
represented as illustrated below:

H H
R R
s —c=cZ
\ | R
R
H H

Note that hyperconjugation produces some additional bonding between
the eectron-deficient carbon and the adjacent carbon atom. Hence,
hyperconjugation results in the stabilization of carbocation by
delocalizing the positive charge. Obvioudly, the more the number -C-H
bonds which can participate in hyperconjugation, the more stable will be
the carbocation. You can see that in case of the primary carbocation
shown above, there are three such -C-H bonds. Let us now examine the
secondary and the tertiary carbocations.

For hyperconjugation to occur, the substituent next to the positively

charged carbon must have a filled o-orbital available to overlap with
vacant p-orbital of the carbon atom carrying the positive charge.
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- H
H_| _H
H ~ C-/
L B
i N o ¢ S H _ H N C . fl
-~ < % ~ ~ G % ~
HT \ [ ~H H /| TH
H H H H
secondary carbocation tertiary carbocation
ba=C-H bonds ¢ a~C-H bonds

The secondary carbocation has 6 a-C—H bonds which can participate in
hyperconjugation whereas the tertiary carbocation has 9 a-C-H bonds.
Certainly, more delocalization of charge is possible in case of atertiary
carbocation than in a secondary carbocation which is in turn more
than the possibility in a primary carbocation. Therefore, the tertiary
carbocation is more stable than the secondary carbocation which is more
stable-than the primary carbocation. Highly alkyl substituted alkenes have
more opportunities to undergo hyperconjugation and therefore have
increased stability.

Unsubstituted H,C=—CH,

, Monosubstituted H,C=—CHR
Potential | pjisubstituted, cis RHC=—CHR

energy Disubstituted, trans RHC =CHR
Trisubstituted RHC=—CR-
Tetrasubstituted R-.C—CRs

Hyperconjugation has therefore been used to explain the relative
stabilities of substituted alkenes. Consider the following order of stability
of some alkenes.
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CH, CH, CH CH, H H H H
T P KRB R P
/ - = \ /C’:C\ > /CEC\ > an(:\ > ;::—C‘

CHj “CH, CH; H CH; H CH, ©CHy CH, W H §

12 «-C~H bonds 9 a-C—H bends frans— ols—

fefrasubstituted trisubstituled 6 a-C—H bonds Ja-C-Hbonds noe-C-H

disubstituted monosubsiituted  no hyperconju

waruhetity

Y ou can see that in an alkene, the more the number of a-C-H bonds which
can participate in hyperconjugation, the higher isits stability.

In spite of the fact that hyperconjugation can be used to explain many
otherwise unconnected phenomena, it is controversia as it involves the
formation of aweaker pi bond at the expense of a strong sigma bond.

In-Text Question 3

a Hyperconjugation involves the del ocalisation of

b. The larger the number of hyperconjugation structures, the stability
of free radicals will

3.2 Application of Inductive Effect, Hyperconjugation and
Mesomeric Effect: Acidity and Basicity

What are Acids and Bases?

There are various ways of defining acids and bases. According to
Arrhenius (1884), a Swedish chemist, an acid is a substance which
ionizes in aqueous solution to produce hydrogen ions (H*), also known
asprotons. And, abaseisasubstance whichionizesto produce hydroxide
(OH) ions. Thus, Arrhenius theory assumes a simple dissociation such as,

H—""A H" + A
Arrhenius acid
and
M— OH M™ + -“OH

Arrhenius base

Note that during dissociation, the covalent bond between H-A is broken
and the electrons forming this bond shift on A as shown by the curved
arrow.

Thus, HCI is an acid and NaOH is a base because on dissociation they
yield H* and OH" ions, respectively. Thus, the strength of these acids
and bases is related to the degree of their dissociation. The mineral acids
such as HCI, HI, HBr, H2SO4 and HNO:s are strong acids because they
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are amost completely dissociated in agueous solutions. Similarly, the
strength of a base will also depend upon its degree of dissociation.

An alternative theory of acids and bases was devised independently by
Bronsted and Lowry in 1922. According to the Bronsted-L owry approach,
an acid is a proton donor and a base is a proton acceptor. Since under
ordinary reaction conditions afree proton cannot exist as a separate entity,
when an acid in the Bronsted-Lowry sense is considered, a base must be
present to accept the proton from the acid. The Bronsted acids are aso
called protic acids because they react by the transfer of aproton. Consider
the following example,

conjugate pair

o | ] ?
1 -
CH,EOH + H,0 &5 CH,CO + H,0*
ethanoic acid water ethanoate hydrlonium
(acid) (base) ion ion ‘
(conjugate base of (conjugate acid
ethanoic acid) of water}

conjugate pair

Here, the ethanoic acid is an acid because it donates a proton to water
which is a base because it accepts the proton. Similarly, the ethanoate
ion, which isformed by the loss of a proton from ethanoic acid, functions
as a base because it can accept a proton to become ethanoic acid again.
Thus, ethanoate ion is called the conjugate base of ethanoic acid.
Similarly, the hydronium ion isthe conjugate acid of the base, water. This
pair of a base and its conjugate acid or an acid and its conjugate base is
also called conjugate acid-base pair.

Let us now consider an acid-base reaction involving methylamine which
acts as abase and water which actsas an acid in this case, as shown below:

conjugate pair

CH;NH, + HO = CHyNH, " + OH™
methylamine water methylammonium hydroxide
(base) (acid) ion fon
(conjugate acid of (conjugate base
methylamine) of water)

conjugate pair

Note that water can act both as an acid as well as a base. It acts as an
acid by donating a proton to yield the OH" ion which isits conjugate base.
It can also act as a base by accepting a proton to yield a hydronium ion
which isits conjugate acid.

Although, we haveillustrated both the above examples using water as one
of the components, the scope of Bronsted-Lowry definition of acids and

32



CHM 203 MODULE 1

bases is not limited to agueous solutions as is the case in Arrhenius
definition. The Bronsted-Lowry concept of acids and bases is more
genera and appliesto any type of solvent.

Thus, according to this concept the general form of an acid-base reaction
can be written as;

Ay + B B, + Ay
Acid  Base Conjugate base  Conjugate acid
of acid A, of base B,

where A1 — B1 and A2 — B> are conjugate acid-base pairs.

The acid-base theory was further broadened by Lewis in 1934. He
proposed that the acids are the electron-pair acceptors and the bases
are the electron-pair donors.

Hence, according to this idea any molecule or ion which can
accommodate an electron pair is an acid. For example, a proton, H*, isa
Lewis acid because it can accept an electron pair.

A proton is only one of a large number of species that may act as a
Lewis acid. The electron deficient species such as AlCls, BFs, BCls,
ZnCl,, Mg?* and carbocations are also Lewis acids. The electron deficient
atoms in these species accept the electrons to compl ete their valence shell
octets.

Similarly, any molecule or ion which has an unshared pair of electronsto
donate can act as a base. Thus, dimethyl ether acts as a Lewis base
towards boron trichloride which acts as a Lewis acid. This acid-base
reaction is represented below:

CH (|3! TH3 T!
® O
‘) g e
] Cl Cl
dimethlether
Lasts s boron trichloride complex of dimethlether
Lewis acid and boron trichloride

Note that the curved arrow shows the movement of a pair of electrons
from their source to their destination.

You will agree that the bases are much the same in both the Lewis and

the Bronsted-Lowry definitions because a Bronsted-Lowry base must
possess a pair of electronsin order to accept a proton.
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Having identified a substance as an acid or a base according to the
above criteria, let us study how to determine the strength of an acid or a
base using the electronic factors discussed previously in section 3.1 of
this unit.

In-Text Question 4

Label the conjugate acid and the conjugate base in each of the following
reactions.

1l
(1) CH,~C—OH+ "OH — CH;~C-0" +H,0
C

O
1

C
i
=

+ — 3
{3) (CH;)sNH + CH;Q — (CH,)3N: + CH,;OH

H; -

; | + —
(2) —OH +H;80 —« CH;3—C~OH,;+ HSO,

CH3 : (I:Hg
N
(4) C“CH2+H30+ ot CH3-'C++H20
4 ' i
CH, ‘CHa,

3.2.1 Strengthsof Acidsand Bases

It is not possible to determine the strength of an acid or a base in
absolute terms. Therefore, these strengths are always expressed in relative
terms. The relative strengths of acids are determined by the extent to
which they transfer a proton to a standard base. The standard base which
is commonly used for such comparisons is water. Hence, for an acid HA,
the proton transfer can be represented by the following equilibrium,

.. K ® e
HA + H20 H‘;U s A where, Kit i3 3Cidit}" constant
Acid Base Conjugate Acid  Conjugate Basc

The equilibrium constant, Kg, for the above equilibrium can be written
as,

- [HjO"][A'] pK, =-log, K,
5 [HA] The higher the value of K, the lower the
As H.O is in excess pK, value and the more acidic is HA
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where the quantities in square brackets are the molar concentrations
(expressed as moles dm?3) of the species at equilibrium. For dilute
solutions, the concentration of water islarge and is almost constant.

The pKa value equals the pH of the acid when it is half dissociated. At
pH above the pKa the acid exists predominantly as the conjugate base in
water. At pH below the pKa, it exists predominantly as HA.

The pKavaues are influenced by the solvent. Polar solvents will stabilize
cations and/or anions by solvation, in which the chargeis delocalized over
the solvent (e.g. by hydrogen-bonding in water).

H

o+ 0 ot 0— |® o—
HO=HtmmArmmmnH—0QH H20||||y0Ql||uOH2
H H

The dissociation of acid HA in solvents other than water can be
generalized as,

HA + solvent H -solvent + :A

The more electronegative the atom bearing the negative charge, the more
stable the conjugate base (which is negatively charged).
pKa 3 16 33 48

Most acidic HF > ”20 = N“3 > CH4
-«

increasing electronegativity

Therefore, F is more stable than HsC .

The conjugate base can also be stabilised by —I and -M groups which can
delocalize the negative charge (the more spread out the negative charge,
the more stable it is). While the cation can be stabilised by +I and +M
groups, which can delocalize the positive charge. (The more ‘spread out’
the positive charge, the more stableit is).

-l and -M groups therefore lower the pKa, while +1 and +M groups raise the pKa

On the other hand, basic compounds have high pKa vaues and are good
proton acceptors, as the cations (or conjugate acids), formed on
protonation, arerelatively stable. Similar to acids, an equilibrium for bases
in water can be written as,
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. K, ® S C
B + H0 BH + HO where, K is basicity constant
Base  Acid Conjugate Conjugate

acid base

The strength of bases are usually described by the Ka and pKa values of
the conjugate acid.

® Ka
BH + H,0

B+ n.}.% where Ka is acidity constant.

K(:

I_As H,O is in excessJ

Since the reaction is carried out in aqueous solution, water is acting both
as a solvent as well as an acid; hence, its concentration can be taken as
amost constant.

If B is a strong base, then BH* will be relatively stable and not
easily deprotonated. BH* will therefore have a high pKavalue.

If B isaweak base, then BH will be relatively unstable and easily
deprotonated. BH* will therefore have alow pKavalue.

It is customary to express the strengths of organic bases not as Ky, values
but in terms of the Kaand pKavaluesbecauseit allows asingle continuous
scale for both acids and bases. As has been stated above the stronger the
acid, the weaker will be its conjugate base and vice versa. In other words,
the stronger the acid, the lower the pKa, but, the stronger the base, the
higher is the pKa.

A comparison of the pKavalues showsthefollowing order of the basicities
for some of the bases.

-CH;, > NH, > RO > OH > RCOO”

Note that the organic compounds which act as bases can be regarded as
alkyl derivatives of either water or ammonia; for example, alcohols (R —
O - H), ethers (R - O - R-) and amines RNH>2, R-NH and R3N. The basic
character of these compounds can be attributed to atoms such as nitrogen
and oxygen which contain at least one lone pair of electrons.

The strengths of acids and bases depend upon many factors. Apart from
the presence of functional groups; structura variations in molecules also
influence their acidic or basic properties. We will now focus our attention
on some effects which arise due to structural changes in the molecule. A
change in molecular structure can affect the reactivity of the molecule by
changing the electron distribution of the system, in which caseit is called
an electronic effect. Another possibility is that two or more groups or
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atoms may come close enough in space so that the London interactions
between them become significant. The effects arising from such
interactions are called steric effects.

Before proceeding to the study of the lists which deals with these factors,
answer the following ITQ 5.

In-Text Question 5

An acid HA1 has pKa = 20 and another acid HA> has pKa = 10.

1. Which of these two acidsis stronger?
2. If Na" A1 salt is added to acid HA >, does any acid- base reaction
take place? Explain.

a) Inductive effects in carboxylic acids and aliphatic (or alkyl)
amines:

The carboxylate anion isformed on deprotonation of carboxylic acids. The

anion is stabilised by resonance (i.e. the chargeis spread over both oxygen

atoms) but can also be stablised by the R group if thishas a-I effect.

0 (o 2

Y/ Base
rR—c? e R—Cp R—C/\
oH (Baseth 0 o

Note that the inductive effect is a permanent effect.

Let us now analyse how inductive effect causes a change in the acidity
or basicity of a molecule. Let us take the example of ethanoic acid
whose structure is shown below:

1 e
H-—2C—IC-~O——H X-C-C-0-~H
| I
H H
ethanoic acid substituted cthanoic
pka 4.76 acid

If we substitute one of the hydrogen atoms on the C, carbon atom with
a substituent X, then, the nature of the substituent group may affect
the electron density of the O-H bond resulting in a change in the acidity
of the molecule.
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Depending upon whether the substituent X is electron-withdrawing or
electron donating, the electron density will decrease or increase,
respectively. If the electron density between the bond formed by O and
H atoms decreases, then, the lossof H as H* ion is facilitated resulting
in the increased acidity of the molecule. On the other hand, an increase
in the election density at the bond between O and H atoms will make the
proton release difficult, thereby, decreasing the acidity.

The greater the -l effect, the more stable the carboxylate anion and the
more acidic is carboxylic acid.

F— CHZ_ CO2H BI'_CHz'_COgH CH3_COZH
pKa 239 29 48
Most acidic as F is more Least acidic as the CH;
clectronegative than Br and group is a +1 group

hence has a greater - effect

(1) When the substitution X is electron withdrawing, it decreases the
electron density at H as shown below:

H O
|-l
X—=C—=C—=<0-—<«H

I
H

(i)  When the substituent X is electron donating, it increases the
electron density at H as represented below:

H O
Il

I |
X - C>C 5> QO - H

I
H

-1 effect of some groups is in the order
-H < -(¢H;5 < -OCH; < -OH < -1 < -Br < -Cl < -F <-COOH < -CN < -NO, < -N*(CHj);

+I effect of some of the groups is in the following order:
-H <-D <-CH;3 <-CH,R <-CHR, <-CR; <-COO

The effect of some of these substituents on the acidity of the substituted
acidsin terms of their pKa valuesis shown in Table 1.3 below:
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Table 1.3: pKa valuesfor some substituted acids deter mine in water
at 298 K.

Name Structure pK,
i
ethanoic acid lCH:COH 4.76
H
i
propanoic acid [CH1COH 4.87
CH,
0
[
fluoroethanoic acid CH,COH 2.59
|
F
0}
Il
chloroethanoic acid szCOH 2.86
Cl
f
bromoethanoic acid FH;COH 2.90
Br
0
s : : |
iodoethanoic acid CH;(I',‘OH 3.17
|
l

Table 1.3 shows the decreased acidity for propanoic acid (larger pKa
value) as compared to the ethanoic acid. Note that the propanoic acid
has a methyl group in place of H in ethanoic acid. The methyl group is
electron-donating in nature and therefore, has a +l effect which results
in the decrease in the acidity. But the acidity increases when the electron-
withdrawing substituents such as F, Cl, Br and | are present. Note that the

increase in acidity is in accordance with the electronegativity of these
elements.

The inductive effect of these substituents is further enhanced with the

increase in the number of these substituents. Thisis represented in Table
1.4.
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Tablel1l.4: Effect of increasein the number of chlorine substituents
on acidity of ethanoic acid

Acid Structure Pk,

S

Ethanoic acid -H—_?-‘-C—_—D.— H 4,76
H
Cl O
|

Monochioroethanoic acid .H-.-?-C-O—-H 2.B6
H
ct O
b ;

Dichloroethanoic acid Cl—(f-—C«-O-— H 1.30
H
1

Trichlorcethanoic acid I CI-'-IC-C-O-H _ 0.45
Cl

In monochloroethanoic acid, one of the three hydrogen atoms in ethanoic

acid has been replaced by an electron withdrawing chlorine atom. Hence,

the electron pair constituting the C-Cl bond is drawn closer to the

chlorine atom. This effect is transmitted through other atoms forming
o

o-bonds to the OH bond of the —&—o—* group. Thisresultsin ashift
of the electrons constituting the O-H bond towards oxygen as shown
below:

H O
I

I
Cl<C<C—-<0-<H

]
H

monochloroethanoic acid

Such an electron withdrawal by chlorine atom, thus, facilities the
department of the proton and hence, increases the acidic character of
monochloroethanoic acid as compared to ethanoic acids, the presence of
second and third chlorine.

In the di- and trichloroethanoic acids, the presence of second and third
chlorine.
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Cl 8] Cl (&)
4 Il A I
Cl =C =« C 0O —=H Cl «-C «C <0 —<H
| T
H 1

dichloroethanoic acid trichloreethanoic acid

Atoms results in more electron withdrawal away from hydrogen of the
O-H bond and would, therefore, further increases the acidity of the
compounds as compared to ethanoic acid or chloroethanoic acid.
Therefore, we can arrange these acids in the increasing order of their
acidities as ethanoic acid < chloroethanoic acid < dichloroethanoic acid
< trichloroethanoic acid.

The position of electron-withdrawing substituents in a molecule also
influences its acidic character. This is shown by the pKa values of
isomeric monochlorobutanoic acids given in Table 1.5.

Table 1.5: Effect of position of substituent on acidity

MName Structure PR,
9
butanoic acid CH,CH;CH,COH 4.82
i
I
2-chlorobutanoic acid CH;CH,CHCOH 2,86
I
Cl
il
3-chlorobutanolc acld CHyCHCH,COH 4.05
I
Cl |
o !
1
4-chlorobutaneic acid CH,;CH,CH,COH 4.52
|
Cl

It can be seen that although in each of these acids a chlorine atom has
replaced a hydrogen atom but they show different acidities. Note that as
the distance of the electron withdrawing chlorine atom from the reaction
site(i.e.,, O-H of the COOH group) increases, the acid strength decreases.
Thus, the influence of the inductive effect on acid strength is greatest
when the electron withdrawing chlorine atom is present on the carbon
next to the carboxylic group and it diminishes quickly with increase in the
distance. This effect is almost negligible after the fourth carbon atom in
the chain.
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A similar electron withdrawal occurs when a positively charged group is
present in a molecule. A positive centre such as (CHz)sN*- (trimethyl
ammonium) or *NHs (ammonium), eases the departure of proton by
withdrawing electrons and hence, increases the acid character of the
molecule. Thisisillustrated in the example given below:

+ T+
CH;COOH  (CH;);N~CH,COOH (CH3)3N CH,CH;CH,CH,COOH
pK, 4.76 - . pK, 1.83 _ . pk, 4.27

Notethat here also with theincreasein the distance between the positively
charged group and the carboxyl group, the inductive effect decreases.

If the presence of a positively charged group increases the acidity of a
molecule, then a negatively charged group should decrease the acidity.
Consider the dissociation of propanedioic acid, as given below:

a
COOHCH,;COOH === HOOCCH,COO0- + H'

propanedioic acid
PKy = 2.83

where Kg; is the dissociation constant.

Here, aprotonislost from one of the two carboxyl groups of the molecule.
The dissociation constant for this dissociation is called the first
dissociation constant and is represented by Kg;. Further dissociation of
the anion obtained in the above dissociation is difficult becauseit involves
the removal of the proton from a negatively charged species. Therefore,
this step has a pKa value equal to 5.69. This is called pKga, because Kg,
represents the second dissociation constant.

Always remember that Ka, is larger than Ka for a dicarboxylic acid.
Therefore, for these acids pKg,; islower than pKa.

From the above discussion, we can say that the substituents having |
effect increase the acidity while the substituents having +I effect
decrease the acidity.

In a smilar way, since the substitution having +l effect decrease the
acidity, their presence should aso increase the basicity. Thisis what is
actually observed when the hydrogen atoms of ammonia are successively
replaced by methyl groups to give methylamine and dimethylamine
whose basicities increase with the increase in the number of methyl
groups, as shown below by the pKavalues of their conjugate acids.
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H CH,
* | . +
NH, CH;—-N-H CH;—N-H

| |

H H
pK, 9.24 pK, 10.62 pk, 10.73

On protonation of amines, ammonium salts are formed.
R—MNH2> + X —— R—NH3; X

The greater the +l effect of the R group, the greater the electron density
at nitrogen and the more basic the amine. The greater the +l effect, the
more stable the ammonium cation and the more basic the amine.

H e X et Bt
\® - \® 1 \® 1 \®
H—N—H Et—N—H Et—N—H Ef—N—H
/ / / /
H H H HA
pK, 93 10.7 10.9 10.9

The pKa values should increase steadily as more +I akyl groups are
introduced on nitrogen. However, the pKavalues are determined in water,
and the more hydrogen atoms on the positively charged nitrogen, the
greater the extent of hydrogen-bonding between water and the cation.
This solvation leads to the stabilization of the cations containing N-H
bonds. However, in organic solvents (which cannot solvate the cation),
the order of pKasis expected to be as follows:

R;N > R;NH > RNH, > NHj (R=+1 alkyl group)
most basic least basic

The presence of —I and /or —M groups on nitrogen reduces the basicity, and
hence, for example, amides are poor bases. Ethanamide has apKaof -0.5.

0 The C=0 group stabilises the
|| | lone pair on nitrogen by resonance.
C This reduces the electron density on

/ @ nitrogen,
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At this stage, it would be helpful to answer the following ITQ.
In-Text Question 6

1. Arrange the following compounds in the decreasing order of their
acid strengths. Also, give reasons in support of your answer.

(i)  CHsCOOH, NCCH2COOH, NCCH2CH>CH2COOH
(i)  CHsNOz CHx(NO,)2 CH(NO2)s
(iii) CHsCOOH, HOOCCOOH, -OOCCOOH

2. Arrange the following compounds in the decreasing order of their
base strength. Support your answer with reasons.

(1) aniline, N-methylaniline, N, N-dimethylaniline
(i) NH3s, NH2CH3, NH-OH

The COOH group is-I type. Hence, it increases the acidity in case of
HOOCCOOH as compared to CHzCOOH. But, in case of “OOCCOOH,
the removal of a proton is different because it is a negatively charged
species. Hence, it isless acidic as compared to CH3COOH.

1)  The basicities decrease in the following order:
N,N-dimethylaniline > N-methylaniline > aniline

As the methyl group is electron donating, it increases the basicity in case
of N-methylaniline as compared to aniline. The basicity further increases
in N, N-dimethylaniline due to the increase in the number of methyl
groups.

i) The decreasing order of basicitiesis as shown below: CHzNH, >
NHz > NHOH

Since the methyl group has +1 effect, it increases the basicity of CH3NH>
as compared to NH2, But, the substitution of an —OH group in NHs

decreases its basicity because it has —I effect.
b) Mesomeric effectsin phenolsand aryl (or aromatic) amines:

Mesomeric effects can also stabilise positive and negative charges. In this
case, The negative charge needs to be on adjacent carbon atom for a-M
group to stabilise it while the positive charge needs to be on adjacent
carbon atom for a+M group to stabiliseit. On deprotonation of phenol the
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phenoxide anion is formed. This stabilised by delocalisation of the
negative charge at the 2-, 4- and 6-positions of the benzene ring.
OH

05 Q 0O 0
i) 2 Base 3
—_— -~ - -
13

Keynotesin mesomeric effects

If —M groups are introduced at 2-, 4- and/or 6-positions, the anion
can be further stabilised by delocalization through the m-system, as
the negative charge can be spread onto the —-M group. We can use
double-headed curly arrows to show this process.

If -M groups are introduced at the 3- and/or 5-positions, the anion
cannot be stabilised by delocalization, as the negative charge
cannot be spread onto the—M group. Thereisno way of using curly
arrows to delocalize the charge onto the -M groups.

If —I groups are introduced on the benzene ring, the effect will
depend on their distance from the negative charge. The closer the -
| group is to the negative charge, the greater will be the stabilising
effect. The order of —I stabilisation is therefore 2-position > 3-
position >4-position.

The -M effects are much stronger than —I effects.

Example: The NO2 group is strongly electron-withdrawing; —I and —-M.

HO
HO OH
OH NO,
@2 @Nog
i
NGOs
4 N02

pK, 9.9 8.4 7.2
Least acidic as nu-lor-M  The NO, canonly stabilise  The NOy can only stabilise  Most acidic as both NO; groups can
groups on the ring the anion inductively the anion inductively and  stabilise the anion inductively and
by resunance by resonance
Q @0 o ©g
ﬁ*’\ ol 3 ol |
~
/) e N=q N
@ ®
// \da \ N
€]
// ¢ 7 g S) / AN &
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The presence of groups such as OH, OMe, or halogen an electron-
withdrawing inductive effect, but an electron-donating mesomeric effect
when in the o- and p- positions, may, however, cause the p- substituted
acids to be weaker than the m- and, on occasion, weaker even than the
unsubstituted acid itself, e.g. p-hydroxybenzoic acid:

pK, of XC,H,CO,H . . .
B c Br OMe OH R R
0420 204 285 490 298
m420 383 381 409 408 >
p420 399 400 447 458 G
| X X 1

It will be noticed that this compensating effect becomes more pronounced
ingoing Cl = Br - OH, i.e. in increasing order of readiness with which
the atom attached to the nucleus will part with its electron pairs. The
behaviour of o- substituted acidsis, as seen above, often anomalous. Their
strength is sometimes found to be considerably greater than expected due
to direct interaction between the adjacent groups. Thus intramolecular
hydrogen bonding stabilises the anion (B) from o-hydroxybenzoic
(salicyclic) acid (A) by delocalising its charge, an advantage not shared by
its m- and p- isomers, nor by o- methoxy benzoic acid:

Intramolecular hydrogen bonding can, of course, operate in the
undissociated acid aswell asintheanion, but itislikely to be considerably
more effective in the latter than in the former - with consequent relative
stabilisation - because the negative charge on oxygen in the anion will lead
to stronger hydrogen bonding. The effect is even more pronounced where
hydrogen bonding can occur with hydroxyl groups in both o-position, and
2, 6-dihydroxybenzoic acid is found to have pKa = 1.30. The below table
shows different carboxylic acids and their respective pKa values.
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Table 1.6: Different carboxylic acids and their respective pKa values

Acid pKa Acid pKaVaue
Value

HCO.H 3.77 HO.CCOzH 1.23

CH3COH 4,76 HO.CCH>CO2H 2.83

CH3CH2CO | 4.88 HO.CCH2CH2CO: | 4.19

oH H

CeHsCOH | 4.17 HOCCeH4COH | 0- 2.98; m- 3.46; p-
3.51

Similar to acidity, the basicity of compounds is aso affected by the
resonance. For example, in case aminobenzene (aniline), the lone pair
of electrons on the nitrogen atom of the aminobenzene can be stabilized
by the delocalization of the electrons onto the 2-, 4-and 6-positions of the
benzene ring. Aromatic amines are therefore less basic than aiphatic
amines.

® D
NH, NH,

" @
CNHZ NH,
6 2 9‘)
- - R e
4

.=

If =M groups areintroduced at the 2-, 4-and/or 6-positions (but not
at the 3- or 5-position), the anion can be further stabilised by
delocalization, as the negative charge can be spread onto the —M
group. This reduces the basicity of the amine.

If —I groups are introduced on the benzene ring, the order of —I
stabilisation is 2-position > 3-position > 4-position. This reduces
the basicity of the amine.

MH;} Hpi\] NH;

ONOZ

i i “NO,

pK, 4.6 245 0.28
Mast Bisicisficla: ™ The NO group can stabilise (he Least hasic: The NO, group can stabilise
groups on the ring June pair inductively the lone pair inductively and by resonance

If +M group (e.g. OMe) are introduced at the 2-, 4- or 6-position of
aminobenzene, then the basicity is increased. This is because the
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+M group donates electron density to the carbon atom bearing the

amine group.
HoM NH, HN
OMe
MeO
pKa 4.2 4.5 53

Leas basic: The OMe group cannot. - The OMe group can donate electron gt basic: The OMe group can donate

donate electron density 1o the carbon  density tc the nitrogen but it has

atom bearing the nitrongen strong -1 effect as it is in the 2-
position

electron density fc the nitrogen and it has a
weak —I effect (as well apart from the nitrogen)

Thistrend can be illustrated using the scheme below:

Q Q electron density
adjacent to the
- ‘\ I nitrogen increases
2, © the basicity

. OMe ®OMe ®OMe

Resonance structures discussed in this section involve 1 - electrons and
in some cases non-bonded electrons. These resonance structures clearly
show that the nonbonding electrons of the nitrogen atom are delocalized
over the aromatic ring. Thus, the electron density at the nitrogen atom
increases which results in the higher basicity of p-substituted aniline.

You can test your knowledge of resonance by answering the following

ITQ.

In-Text Question vii

Draw resonance structures for the following species to rationalize the
facts given with them.

a H>C =:0"-H is the conjugate acid of methanal (formaldehyde)
and has a substantial positive charge on carbon.

b. In acetonitrile oxide. HsC — C = N*-O: -, the inner carbon can
act asalLewisacid.

So far we have been discussing factors that may influence the relative
availability of electronsin bonds, or at particular atoms, in a compound,
and hence affect that compound’s reactivity. The operation of these factors
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may, however, be modified or even be nullified by the influence of steric
factors; thus effective delocalization via m-orbitals can only take place if
the p or m-orbitals on the atoms involved in the del ocalization, can become
paradle or fairly nearly so. If this is prevented, significant overlapping
cannot take place and delocalization may be inhibited. In the next section,
you will study the steric effect on molecular reactivity.

3.3 Steric Effect

The effect arising from the spatial interactions between the substituent
groups is called the steric effect. Resonance ability of an atom islost if
it loses planarity with the other part of the system due to steric crowding
by bulky group in adjacent positions. In away, you have already studied
the effect of such interactions on the stability of geometrical isomers
(where you studied that the trans-isomer is more stable than the cis-
iIsomers) and conformational isomers (where you studied that the
staggered conformation is more stable than the eclipsed conformation).
As the acid-base behaviour or the molecular reactivity is related to the
availability of the electrons, steric factors may also influence the
molecular reactivity. For example, they can inhibit the delocalization of
charge, as observed in case of N,N-dimethyl-o-toluidine. The
delocalization of the non-bonded electron pair on nitrogen, as shown in
the structure of N,N-dimethylanilinein Fig 1.8 (a).

H
CHy  CHs CH;  CHs CHy  CHj CHy = CHy
2 e
\N/ \*+/ \N/ llq
CHs CHy
= 2 * \
! sy | . P |
P Y
N, N- dimethylaniline  pK 8.1 N, N-dimethyl-c-toludine. pK 59

LD
o @

. H @

H H

H H

sterically feasible not serically fearible
(a) (b}

Fig 1.8: (@) Delocalization of non-bonded electrons on nitrogen into
aromatic ring in N,N-dimethylaniline (b) Such a delocalization in not
possible in N,N-dimethyl-o-toluidine requires that the p-orbital of
nitrogen and those of the aromatic ring should be coplanar. Such
coplanarity is inhibited in the case N,N-dimethyl-o-toluidine due to the
presence of the ortho methyl group, as shown in Fig. 1.8 (b). Therefore,

in this molecule the eectron pair is not delocalized but is available for
bonding with the proton which makes this molecule more basic than
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N,N-dimethylaniline. This type of steric effect is known as steric,
inhibition of resonance.

The most common steric effect is, however, the steric hindrance where
the presence of the bulky groups makes the approach of the reagent to
the reaction site difficult. Such steric hindrance can account for the
lower basicity of tertiary amines as compared to secondary amines.

Remember that the steric hindrance affects the molecular reactivity not
by increasing or decreasing the electron availability but due to spatial
congestion. Therefore, it is different from electronic effects.

Let’s look at some other acid and base examples below:

NH, NH,
H,C CHg
H;C CH3
NO, NO
B
COOH COOH
HsC CHg
H,C CH3
NO, NO,
, (D)
©)

In the above compounds, A and B have everything identical except
position of the two methyl group. It is expected that A should be stronger
base than B due to closeness of two electron donating methyl group to —
NH>. The fact is opposite to this. In compound B —NO- is surrounded by
two bulky methyl group and they sterically repel the—NO2group. In order
to minimize the steric repulsion by the two adjacent methyl group, the
nitro group loses planarity with the benzene ring. Therefore, -NO- due to
lack of planarity-weigh ring isnot ableto resonate. Thisisknown assteric
inhibition of resonance. Thusin B, -NO: is not decreasing basic strength
by resonance. In A —NO: liesin the plane of the ring, it is in resonance
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with the ring, decreases basic strength of —NH> by resonance, hence
weaker base.

Using same analogy, we can explain the acidic strength of Cand D. C is
stronger acid in spite of closeness of two electron donating methyl group
to —COOH.

Activity 3.1:
Make models of primary, secondary and tertiary amines and compare
the steric hindrance observed in these molecules.

| &)
CHy~N: +H;0 w CHy;-N-H OH
| |

CH, CH_,
trimethylamine trimethylammonium
| cation
pK, 9.8

Trimethylamine is thus least stabilized by solvation, leading to the lower
basicity of trimethylamine in water as compared to dimethylamine and
methylamine. However, in the gas phase or non-agueous media, the
electron-donating inductive effect of a methyl group makes
trimethylamine the most basic among the methylamines.

Let usnow study what is solvation and the role of solvent on the reactivity
of the molecules.

The presence of a solvent in acid-base reactions leads to the solvation of
the ionized species which are the conjugate acid and the conjugate base
when we are dealing with Bronsted acids and bases. Solvation refers to
the interaction of the dissolved species and solvent molecules wherein
several solvent molecules surround the dissolved species by forming a
solvent shell or solvent cage around it, as shown below:
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H H ¢olvated conjugated
\O/ acid
H—0O f / H
l H .",, P
H 0 Vanmetet M ---------- O \
bydrogen 7 \ f
bonding | i
b A /o\
— segusated A-
o—H Y H H
’ / .."|
H  golvated H\
conjugated 0]
base H/

The greater the solvation, the greater is the delocalization of the charge
on the species. Thus, increased solvation increases the dissociation of an
acid or a base by increasing the stability of the ions. These interactions
are particularly important when water is used as a solvent where the
hydrogen bonding plays an important role in solvating the anions. The
high dielectric constant of water also helpsin the dissociation of the acids.
Thus, the ionization and the acidity of a substance increases with the
increase in the dielectric constant of the solvent. This is illustrated in
Table1.7.

Table 1.7: Effect of solvent on pKa of ethanoic acid at 298 K

Solvent pKa

Benzene Almost unionized
82% Dioxane — 18% Water 10.14

70% Dioxane — 30% Water 4.32

45% Dioxane — 55% Water 6.31

20% Dioxane — 80% Water 5.29

\Water 4.76

Thus, as the percentage of water in the solvent system increases, pKa
value of the acid decreases. Water is peculiar solvent asit can behave both
asan acid as well as a base. But its use has a limitation in the sense that
some organic compounds are not solublein it.

Having discussed the various aspects of acids and bases, let us now
focus our attention on an internal acid-base process called tautomerism.

In-Text Question viii
What is a steric effect in organic chemistry?
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3.4 Tautomerism

The term tautomerism designates a rapid and reversible interconversion
of isomers which are related to each other with the actual movement of
electrons as well as of one or more atoms. Such isomers are called
tautomers. Thus, tautomerism is a chemica reaction and is to be
differentiated from resonance in which the nuclei do not move. It is,
therefore, represented by the equilibrium sign ( ) between the
tautomers. Tautomers which differ from each other only in the location
of a hydrogen atom and a double bond are called proton tautomers.
Table 1.8 shows some examples of proton tautomers. In contrast to
resonance structure, tautomers are real compounds and are capable of
Independent existence.

Table 1.8: Some examples of proton tautomers

[I-{l 13: i'?H Ketc-enol tautometism
i occurs with all carbony!-
i S b ~C=C~ sontaining functional
Carbony!® |- groups {esters, amides, ¢ic.)
atbony o
~ RH
y |
ey — s
~C-CH- |
1mine Enamizes
0H
0; N=C-
I = l
,N—iH—
Nitrase Oxime?
S H
O, 4+ o
IN-CH- = Q‘Eh(%- (*=more stable tautomer)
Nitrg® ! ""
acl-Nitro
NaC-CH- = HN=C=C-
Nitrile l

A particular example of tautomerism involving the ketones as carbonyl
compoundsis called keto-enol tautomerism and is represented below:
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— A
protonation %/ g T
of oxygen \ H— ?_H

+
f||j: H I,i”jH (|)H
RCH,—C—R =—— R{foC—R — RCH=C—R + H.0'

H
keto tautomer *.| \ enol tautomer
e \
H,0:- |removal of a proton
from the a-carbon

The keto-enol tautorism is enormous importance as you will study later
in this course and also in the Organic Reactions Mechanism course. In
keto-enol tautomers, the keto form is usually the more stable form and,
therefore, it predominates at equilibrium.

The mechanism of enolisation involves solvent mediated proton transfer
steps rather than a direct intramolecular jump of the proton from carbon
to oxygen. Proton tautomerism in some cases leads to the formation of a
ring in one of the tautomers. Such atautomerism is known as ring-chain
tautomerism and isillustrated below for 2-acetyl benzoic acid:

o}
O
OH
—
o= =——7—
OH
OH
e CHs,

Ring form Chain form

Another kind of tautomerism, known as valence tautomerism involves
a shift in interatomic distance within a molecule, without the separation
of any atom from the rest of the molecule, as an intermediate stage. This
kind of tautomerism occurs as a result of movement of valence electrons
of the molecule. An example of valence tautomerism is shown below:

=
N
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cyclooctatetraene

The valence tautomerism may appear similar to resonance but remember
that the two are different. The difference is that the valence tautomerism
involves making and breaking of ¢ and m electrons or the nonbonding
electrons shift and the o framework of the molecule is not disturbed.
Some other differences between tautomerism and resonance are as
follows:

i) Tautomerism may involve a change in the hybridization of
atoms which may result in achange in the shape of the molecule.
While in resonance there is no such change in the hybridization
and geometry of the molecule.

i) The tautomers have a physical reality while the resonance
structures are imaginery.
iv) Tautomerism involves an equilibrium between two or more

tautomers. On the other hand, the resonance implies that the
actual structure of the molecule in the weighted averaged of
various resonance contributors and not a mixture on them.

SELF ASSESSMENT EXERCISE

I Explain the acidic nature of 2,2,2-trifluoroethanol as compared
to ethanol.

I. Explain the difference between pKa (4.16) and pKg (5.61)
of butanedioic acid.

lii.  Draw resonance structures for the following:
) chlorobenzene ii) acetonitrile iii) pyrrole
Pyrroleis less resonance stabilized than benzene, as can be seen from the
above resonance structure of pyrrole that in four out of the five structures

an electronegative nitrogen atom has a positive charge over it.

iv.  Ethylamine and aniline react with ag. HCI. Write the equation
for these reactions.

V. Draw all the enol tautomers for each of the following ketones.
) | ]
I LA
a. CH;CCH; b. CH,CH,CCH,CH,CH, c. CHC—{ )

.,I'.
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Vi Which of the following alcoholic proton (OH) is expected to be

the most acidic?
\/(il\/
OH OH OH
OH T
\J:l/\/ \/jl/
(A) ®) © D)
Vil Deduce the correct order of acidity among the following

compound I-1V.

COOH
COOH COOH COOH

NO» NO,
1 11 111 v

viii  Are the following pairs of compounds tautomers or resonance
forms?

+

I ICH,
.
() CH;-C=N(CH;), and CH;-C-N(CHy),

OCH,

OCH,
| |
() CH;-~C=NCH, and CH,~-C-N(CHy),

0_~_,0  HO 0
(€) -
O
ol
¢
d) \ i N W
I
H
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40 CONCLUSION

Electronic effects are the effects originating or present in the organic
molecules due to which the reactivity at one part of amoleculeis affected
by electron attraction or repulsion originating in another part of a
molecule. These electronic effects are of three types mainly, inductive
effect, mesomeric (or resonance) effect, and hyperconjugative effect.
They are all permanent effects that stability and reactivity of organic
molecules and aso determines the strength of an organic acid or base.

50 SUMMARY
In this unit, you studied that:

Many reactions of organic compounds can be classified as acid-
base reactions. Therefore, the study of acids and bases isimportant
for understanding the organic reactions.

According to Bronsted-L owry definition, an acid is a proton donor
and abaseis proton acceptor.

Lewis definition classifies acids as electron pair acceptors and
bases as electric pair donors.

The acidities of Bronsted acids can be expressed in terms of their
pKavalues

A strong acid has a weak conjugate base and a weak acid has a
strong conjugate base and vice versa.

Structural changes can bring about marked differencesintheacidic
and basic behaviour of a molecule which can be explained on the
basis of inductive, resonance and steric effects and on the basis of
hydrogen bonding.

The inductive effects operate through sigma bonds and decrease
rapidly with increase in the distance between the substituent and
the reaction site. As a consequence of the fact that inductive effect
increases with the number of substituents present, a tertiary
carbocation is more stable than a secondary carbocation which is
more stable than a primary carbocation.

Resonance stabilization of an anion (or the conjugate base) favours
dissociation of the acid.

The steric effect operates due to the presence of the bulky groups
near the reaction site which prevent the approach of the reagent to
the reaction site. The steric requirements for Bronsted acids are
usually negligible because of the small size of the proton but are
important in case of Lewis acids.
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In addition to the structural changes mentioned above, the nature
of the solvent also plays an important role in the acid-base
equilibrium.
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1.0 INTRODUCTION

Compounds that have the same molecular formulabut are not identical in
structure are called isomers. Isomers fall into two main classes:
constitutional isomers and stereoisomers. Constitutional isomers differ in
the way their atoms are connected (revised your introduction to organic
chemistry course). For example, ethanol and dimethyl ether are
constitutional isomers because they have the same molecular formula,
C2He0O, but the atoms in each compound are connected differently. While
the oxygen in ethanol is bonded to a carbon and to a hydrogen, the oxygen
in dimethyl ether is bonded to two carbons.
CH;CH,OH and CH;OCH;
ethanol dimethyl ether

Unlike the atomsin constitutional isomers, the atomsin stereoisomers are
connected in the same way. Stereoisomers (also called configurational
isomers) differ in the way their atoms are arranged in space.
Stereoisomers are different compounds that do not readily interconvert.
Therefore, they can be separated. There are two kinds of stereoisomers:
cis-transisomers and isomers that contain chirality centers.

This unit is al about stereochemistry which deals with the arrangement

of atoms in space. Here, you will learn about the different kinds of
stereoisomers that are possible for organic compounds.
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2.0

OBJECTIVES

At the end of this unit, you should be able to:

3.0

31

Understand the concept of stereochemistry.

differentiate chira and achiral molecules.

recognize and draw structural isomers (constitutional isomers),
sterecisomers including enantiomers and diastereomers and
racemic mixture.

identify the stereocenters in a molecule and assign the
configurationasR or S.

know the relationship between enantiomers and their specific
rotations.
MAIN CONTENT

Definition of |somers

If two or more different compounds have the same molecular formulawe
call them isomers. This is the general definition of isomer. Isomers are
the compounds with the same composition of elements, therefore their
relative molecular weights and general formulas are identical, but their
structures — including in the 3D arrangement — are different. There are
two major classes of isomers, and under these mgjor classes there are
further classifications of isomersasin Fig 1.9.
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Isomers
|

Constitutional Stereoisomer

or Structral Ismoers Spatial Isomers

Diastereomers

Geometric Isomers
Cis & trans

Fig 1.9: Typesof Isomers

Now let uslook individually at the different types of isomer and see some
examplesfor each type.

3.1.1 Constitutional Isomers (Structural Isomers)
Different compounds that have the same molecular formula are called
isomers and when they have different connectivity (i.e. which atom is

bonded to which) we call them constitutional isomer or structural isomers.
Examples are as shown below:

CoHgO

This compound has amolecular formulaof CoHsO. Now we can draw two
structures 1 & 2 for this molecular formula:
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H H H T
| |
H—C—0—C—H H—C—{ll—DH
H H H H
1 2
Dimethylether Methanal
C4H1o
i
H-C-H
H
1 4
H—G—(C————
T T
HH HH A N
n-Butane isoButane
3 4

Dimethyl ether 1 and Methanol 2 are constitutional isomers (or structural
isomers) because both of them have the same molecular formula CoHsO
but they have different structures due to the difference in the bond
connectivity of the atoms to each other. In 1 the bonds are C-O-C and
each C atom has 3 H atoms. In structure 2 the bonds are C-C-O and each
carbon has 2 H and there is aone H bonded to O atom.

Similarly, the molecular formula of butane is CsH10. Two structures can
be drawn for butane in order to obtain a saturated hydrocarbon with
molecular formula C4H1o. The two structures have the same molecular
formula but they have different bond connectivity so they are
congtitutional isomers. Note that structure 1 & 2 are completely two
different compounds, they have different physical (boiling and melting
point etc.) and chemical properties. The second example is however
chemically active and both isomer 3 & 4 can react with carboxylic acid
to form ester while 1 will not react.

Now if you try to convert 1 to 2 or vice versa, you will never be able to
do so without breaking the bonds and then re-building the molecules. The
same thing is applicable in the case of structures3 & 4. Wewill never be
able to interconvert from one structural isomer to another by rotation
about bonds. We only can do that via only breaking bonds.

In-Text Question 1

a Draw three constitutional isomers with molecular formula
C3HgO.
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b. How many constitutional isomers can you draw for CsH100?
312 Ster eoisomers (Spatial | somer s)

In sterecisomers (spatial isomers), different compounds that have the
same molecular formula and the same bonds connectivity but they have
different arranging (orientation) in the space. There are two types of
stereoisomers which are:

Conformational isomers
1) Configurational isomers

Both types are stereoisomers that have the same molecular formula and
the same connectivity and both of them have different arrangement in the
space. However, in Conformational isomers we can convert from one
isomer to another isomer by just rotation about a C-C bond. Ethane is
good and simple example on conformational isomers. Let us look at the
most two important conformations of ethane staggered and eclipsed
conformations.

C2Heg
Ethanc

k &,

- &

Staggered conformation Eclipsed conformation

Now apply the definition of stereoisomers on the two isomers and see
what you will find out?

The two structures have the same molecular formula that means they are
isomers, they have the same bond connectivity that mean they are
stereoisomers, they have different bonds arrangement in the space and so
they may be either conformational isomers or configurational isomers.
For sure now we can say they are conformational isomers because we can
convert from staggered conformation to the eclipsed one via rotation
about the C-C bonds. Let us look at, respectively, the chair conformers
and Newman projection representation of the same example.
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60" rotation about C-C

g H f_.r H
F
—_ _.r'J
o
| _,-'r
= 4
H
Staggered conformation Eclipsed conformation

Chair conformers of ethane

Another view

60" rotation about C-C

\ H “_*
H7/T\TH - f/’ —“\l

H”'I<‘,H}(\"H eSS
H

MNewman projection of the
chair conformers of ethane

Hence, conformational isomers are stereoisomers that can be converted
from one isomer to other isomers by rotation about C-C bond. The
conformations of propane, butane and all other conformations have the
same property as the ethane so they all are conformational isomers.

In-Text Question 2

Using Newman projections, draw the most stable conformer for the
following:

a. 3-methyl pentane, considering rotation about the bond

b. 3-methylhexane, considering rotation about the bond

c. 3,3-dimethylhexane, considering rotation about the bond

Now let us look at the second type of stereoisomers; Configurational
Isomers.

In the Configurational isomers we cannot convert from one isomer to
other isomers by rotation about bonds. We can only convert from one
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isomer to other isomers via bond breaking. There are two major types of
Configurationa isomers which are:

1) Geometrical isomers
2) Optical isomers

Geometrical isomers (cis-trans isomers) are isomers that have the same
molecular formula, the same bond connectivity but the atoms are in
different non-equivalent positions to one another. Geometrical isomers
occur as a result of restricted rotation about a carbon-carbon bond.
Restricted rotation about C-C bond can arise in two different situations:

@ In adouble bond
(b) In acyclic compound

That means geometrical isomers can arise only if we have adouble bonds
and/or cyclic structures.

As aresult of the restricted rotation about a carbon-carbon double bond,
an alkene such as 2-pentene can exist as cis and trans isomers. The cis
isomer has the hydrogens on the same side of the double bond, whereas
the transisomer hasthe

hydrogens on opposite sides of the double bond.

HAC CH,CHj H;C H
N/ N/
C=C C=C
ra e ol S
H H H CH,CH,;
cis-2-pentene trans-2-pentene

Cyclic compounds can also have cisand transisomers. The cisisomer has
the hydrogens on the same side of the ring, whereas the trans isomer has
the hydrogens on opposite sides of the ring.
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H Br
H H
Br H
Cl Cl
cis-1-bromo-3-chlorocyclobutane trans-1-bromo-3-chlorocyclobutane
H H H CH,
H;C CH; H,;C H
cis-1,4-dimethylcyclohexane trans-1,4-dimethylcyclohexane

In-Text Question 3

Draw the cis and trans isomers for the following compounds:
a. 3-hexene c. 1-bromo-4-chlorocyclohexane
b. 3-methyl-2-pentene d. 1-ethyl-3-methylcyclobutane

Now we will study the second type of configurational isomers which is
the optical isomers.

3.1.3 Optical Isomerism

Optical isomerism is one form of sterecisomerism. In optical isomerism
there is presence of atetrahedral center. By tetrahedral center we mean
that a C atom is attached to four other atoms or group with single bonds
(sp® hybridization). We have the name optical isomers because of their
effect on plane polarized light (reacts with light) as we will see later.

Cl

e
H'D”f

tetrahedral center

tetrahedral center

There are two major types of optical isomers
1) Enantiomers
2) Diastereomers
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Before we start studying the optical isomers in details we need to learn
some definition of termsrelated to the stereochemistry.

3.1.3.1 Chirality

Chirality means "handedness'. Chiral objects (molecules) are those
objects (molecules) which are not superimposable on (cannot be made to
coincide with) their mirror image. In other words, its mirror image is not
the same as itself. A hand is chiral because if you look at your left hand
inamirror, you do not see your left hand; you see your right hand (Figure
1.10). In contrast, a chair is not chiral—it looks the same in the mirror.
Objects that are not chiral are said to be achiral. An achiral object has a
superimposable mirror image. Some other achiral objects would be a
table, afork, and aglass.

Chiral object Achiral object

| )
==

f—T ——

[

right hand left hand

Figure 1.10: Usingamirror totest for chirality. A chiral object, right
hand, is not the same as its mirror image - they are non-
superimposable. An achiral object, chair, is the same as its mirror
image - they are superimposable.

An object will exhibit handedness if it has no plane of symmetry. Plane
of symmetry is a position where an object can be cut in half and each half
Isidentical. In other words, a plane of symmetry bisects a molecule into
two mirror images halves.
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Not only objects can be chiral, molecules can be chiral, too. The feature
that most often is the cause of chirality in a molecule is an asymmetric
carbon.

A .

an asymmetric carbon

An asymmetric carbon is a carbon atom that is bonded to four different
groups. The asymmetric carbon in each of the following compounds is
indicated by an asterisk. For example, the starred carbon in 4-octanol is
an asymmetric carbon because it is bonded to four different groups (H,
OH, CH2CH2CH3 and CH2CH2CH>CHzs). The starred carbon in 2,4-
dimethylhexane is an asymmetric carbon because it is bonded to four
different  groups—methyl, ethyl, isobutyl, and hydrogen.

CH;
* * [ ¥
CH3CHQCH2(|3HCH2CH2CH2CH3 CH3(]3HCH2CH3 CH;CHCH,CHCH,CH;
OH Br CH3
4-octanol 2-bromobutane 2,4-dimethylhexane

An asymmetric carbon is also known as a chiraity center. The
hybridization on the chiral carbon must be sp®. Examples:

>|< (|JHE.CH3 f|3|
----- Ne ~C wr G
H" >y H™ 7™ R F
# Glz CHs B/

4-difterent atoms or groups attached to the C atom

An sp® hybridized carbon with 1, 2, or 3 different atoms or groups
attached can be superimposed onitsmirror image and is, therefore achiral.
None of the following three compounds (a, b, c) is chiral because they do
not have 4 different atoms or groups on the sp® central C atom. Each of
them are superimpose on its mirror image.
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H GHy H,y
Hn-}é—H H't'}'é;_H H“,,é_DH
H
a b .

Now itisimportant to learn how to draw the mirror image of the structure.
All what you need to do is to imagine that you have a mirror and draw
what you will see. Let us take 3-methylhexane for example:

CH, oH |
CHiCH,CHCH,CHGHs  CHyCH,CHCH,CH,CH /C\

draw the structure detedt the chiral C draw one of the wo sluclures
1 2 3
CH,CH;
, WI;H mirror
HaC CH>CH>CH3
now aftach the 4 groups fo the chiral C CHyCH; THcha
G
T W H [ “cHs
CHCHCHs | HyCH,CH,C
Another example using 2-chlorobutane can be shown as,
Cl The C holding the star has |
\)\ 4 different groups Me, Et, H, CI (lll C
; wH H"/™~CH,CH;
CH3CH;;/\‘C|..|3 H4C :

N

In-Text Question 4
a. Name five capital letters that are chiral.
b. Name five capital letters that are achiral.

The star means there is
chiral center on the C atom

3.1.3.2 Enantiomers

Molecules that are not superimposable on their mirror images are chiral.
The existence of chirality is necessary and sufficient condition for the
existence of enantiomers i.e. if a compound is chira; it can exist as
enantiomers and if it isachiral it cannot exist as enantiomers.
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Enantiomers (from the Greek enantion, which means “opposite”) are
stereocisomers that are mirror image of each other and they are non-
superimposable on their mirror images. In other words, two isomers (the
original molecule and its mirror image) have a different spatial
arrangement, and so cannot be superimposed on each other. All

enantiomers are chiral (we will study them in more details soon).

mirror

mirror H H
H H é :
3 : l=—C—CI| Cl=—C—=
: : SO,H SO4H
cl ¢ = |

H

H H:

i |-—-:{;j—-—|
HiE=E=EH; e

6l SO.H

\ i % v J
superimposable  not-enantiomers non superimposable  enantiomers
Example: -
mirror
Cl i Cl
\///H HW ™= CH,CH,
CH4CH
Gl CHz HaC
(5)-2-chlorobutane (R)-2-chlorobutane
Y J
Y
Enantiomers

2-bromobutane can also be presented in a similar manner.

70



CHM 203 MODULE 1
CHg(leCHZCEh
Br
2-bromobutane
Elir E Blr
___.-"'C igp : a CH"‘H.
CH}CHZ \ 'H E H J CHECH3
CH; ! CH;
mirror
the two isomers of 2-bromobutane
enantiomers
e S
]:T:r ]?r 1]3r ]?r
G, o G e
cH,CL,\ B | B/ omen, || cHycl, \CHs | BsCY e, cH;
CH; | HiC CH, H;C
a chiral nonsuperimposable an achiral superimposable
molecule mirror image molecule mirror image

enantiomers

identical molecules

The two stereoisomers of 2-bromobutane are enantiomers. A molecule
that has a non-superimposable mirror image, like an object that has a non-
superimposable mirror image, is chiral. Each of the enantiomersischiral.
A molecule that has a superimposable mirror image, like an object that
has a superimposable mirror image, is achiral.

To see that the achiral molecule is superimposable on its mirror image
(i.e., they are identical molecules), mentally rotate the achiral molecule
clockwise.

Now let us ook at how chemists draw Enantiomers.

Chemists draw enantiomers using either perspective formulas or Fischer
projections.

Per spective formulas show two of the bonds to the asymmetric carbon
in the plane of the paper, one bond as a solid wedge protruding out of the
paper, and the fourth bond as a hatched wedge extending behind the paper.
Y ou can draw the first enantiomer by putting the four groups bonded to
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the asymmetric carbon in any order. Draw the second enantiomer by
drawing the mirror image of the first enantiomer.

]El’;r I-llr
G 8
H~ \ “CHj H;C™y ~H

CH,CH, CH;CH,

perspective formulas of the enantiomers of 2-bromobutane

A shortcut—called a Fischer projection—for showing the three-
dimensional arrangement of groups bonded to an asymmetric carbon was
devised in thelate 1800s by Emil Fischer. A Fischer projection represents
an asymmetric carbon as the point of intersection of two perpendicular
lines; horizontal lines represent the bonds that project out of the plane of
the paper toward the viewer, and vertical lines represent the bonds that
extend back from the plane of the paper away from the viewer. The carbon
chain awaysis drawn vertically with C-1 at the top of the chain.

Cyas}.fmmetric carbon ]\CH:;
Br +H

CH,CH; CH,CH;
Fischer projections of the enantiomers
of 2-bromobutane

To draw enantiomers using a Fischer projection, draw thefirst enantiomer
by arranging the four atoms or groups bonded to the asymmetric carbon
in any order. Draw the second enantiomer by interchanging two of the
atoms or groups. It does not matter which two you interchange. It is best
to interchange the groups on the two horizontal bonds because the
enantiomers then look like mirror images on paper.

Physical properties including melting point, boiling point, colour,
hardness, density, etc. All physical properties of pair of enantiomers are
the same except for one propriety whichisoptical activity (wewill discuss
this in the next subsection). However, enantiomers have identical
chemical properties, except toward chiral substances where they will
behave differently. That mean apair of enantiomersreact in different way
with external chiral molecule.

In-Text Question 5

Using Fischer projections, draw enantiomers for each of the following
compounds:
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Br CH, CHj;
a-CH;(!“.HCHEDH b. CICH;CHz(liHCHECH; ¢. CH;CHCHCH,
&
In-Text Answer 5

d. Br Br

H30—|—CH20H ! HOHzC—I—CHS
H E H
b. CHs ! CHs,
C”"zCHzC—I—CH20H3 ! HSCHzc—I—CHleHzCI
H H H
e i
I : H
(HSC)zHc—I—CHs 5 Hsc—I_CH(CHslz
OH ! OH
3.1.3.3 Optical Activity

Enantiomers share many of the same properties—they have the same
boiling points, the same melting points, and the same solubility. In fact,
all the physical properties of enantiomers are the same except those that
stem from how groups bonded to the asymmetric carbon are arranged in
space. One of the propertiesthat enantiomers do not share is the way they
interact with polarized light.

What is polarized light? Normal light consists of electromagnetic waves
that oscillate in al directions. Plane-polarized light (or smply polarized
light), in contrast, oscillates only in a single plane passing through the
path of propagation. Polarized light is produced by passing normal light
through a polarizer such as a polarized lens or a Nicol prism or other
polarizing medium so that all of the vibrations are in the same plane.
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non-polarized polarized

However, when polarized light passes through a solution of a chiral
compound, the light emergeswith its plane of polarization changed. Thus,
a chiral compound rotates the plane of polarization. A chira compound
will rotate the plane of polarization clockwise or counterclockwise. If one
enantiomer rotates the plane of polarization clockwise, its mirror image
will rotate the plane of polarization exactly the same amount
counterclockwise. Therefore, enantiomersrotate aplane polarized light in
different direction.

the plane of polarization
has been rotated

direction of light propagation

— - - A ¥
i ||| AT i
r, \'-I i y \ Il.n’ [J f f‘ ’4 \:'-I f ,"
l, | . | e e
B I ] ; ! | i T ) y . / J'
) r./ '-._'\\ .'I 3 7 ‘.\ J | ;. fi '.}\ ;I.l “};‘ 4
3 L i N ! | %) / ’
S : Wik gly &
light normal polarizer plane-polarized sample tube plane-polarized
source light light containing a light

chiral compound

A compound that rotates the plane of polarization is said to be optically
active. In

other words, chiral compounds are opticaly active and achira
compounds are optically inactive. If an optically active compound rotates
the plane of polarization clockwise, it is called dextrorotatory, indicated
by (+). If an optically active compound rotates the plane of polarization
counterclockwise, it is called levor otatory, indicated by (-). Dextro and
levo are Latin prefixes for “to the right” and “to the left,” respectively.
Sometimes lowercase d and | are used instead of (+) and (-). The degree
to which an optically active compound rotates the plane of polarization
can be measured with an instrument called a polarimeter.

direction of light propagation

LA .

| ! ] | / ki / A . A { .
) | ; 1 f (e ( v, 17 45
4 4 ' Lgiwuledl 7
{ i i i /- /
(S| ~ | LYY R L 7
light normal polarizer plane-polarized sample tube plane- analyzer viewer
source light light containing a polarized
chiral compound light
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Fig 1.11: Schematic representation of polarimeter

Now when a polarized light pass through a samplein the polarimeter there
are two possibilities:

1) The polarized light will pass straight without any reflection, that
means either the substance in the polarimeter is achiral.

OR

The substance in the polarimeter is an equal mixture of two enantiomers.
In this cases we say the substance is optically inactive. Optically inactive
substances are those substances which do not rotate the polarized light.
An equal mixture of enantiomers is called Racemic mixture. Thisis a
mixture containing equal quantities of enantiomers (50:50) (i.e. a chiral
molecule and its mirror image). The racemic mixtureis optically inactive
because one molecule will rotate the

polarized light for example by 50° to the right, the other enantiomers will
rotate the polarized light by 50° to the left so they cancel each other and
the resultant rotation is zero.

2) The second possibility iswhen the polarized light of a polarimeter
pass through a sample and there is arotation of the polarized light either
to the left or to the right depending on the nature of the substance. If such
a rotation takes place, we say the substance is optically active. For a
substance to be optically active it must be chiral and it should be either
single enantiomers or unequal mixture of enantiomers (one of them
present in excess).

The amount of rotation is called the observed optical rotation, a, this value
is obtained directly from the polarimeter and it depends on:

Concentration
length of the cell
the wavelength
solvent
temperature

agrwpNE

To compare samples, a quantity called the specific rotation, [a], is
measured. The specific rotation is the number of degrees of rotation
caused by a solution of 1.0 g of the compound per mL of solution in a
sample tube 1.0 dm long at a specified temperature and wavelength. The
specific rotation can be calculated from the observed rotation using the
following formula:
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), = T7xe

Where, [a] = specific rotation
T = temperaturein °C
A = wavelength
a = observed rotation
| = length of sample container in
decimeters
C = concentration in g/mL

Example: The observed rotation of 2.0 g of a compound in 50 mL of

solution in a polarimeter tube 20-cm long is +13.4°. What is the specific
rotation of the compound?

/ i o
Iy = e
| in decimeter = 20/10 =2 dm (10cm=1dm)

cing/mL =2/50=0.04 g/mL

Therefore, specific rotation, [a]"1= 31— 1167.5°
2 x 0.04

For example, one enantiomer of 2-methyl-1-butanol has been found to
have a specific rotation of +5.75°. Because its mirror image rotates the
plane of polarization the same amount but in the opposite direction, the
specific rotation of the other enantiomer must be -5.75°.

(|3H20H {|:H20H
A HeC~CH,
CH;  cH,CH, CH,CHs;
(R)-2-methyl-1-butanol (5)-2-methyl-1-butanol
[]V°C = +5.75° []?C = —5.75°

Note: when the sodium D-lineisused, A is indicated as D.

3.1.3.4 Naming of Enantiomers. The R and S System of
Nomenclature

We need away to name the individual stereoisomers of acompound such
as 2-bromobutane so that we know which stereocisomer we are talking
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about. In other words, we need a system of nomenclature that indicates
the configuration (arrangement) of the atoms or groups about the
asymmetric carbon. Chemists use the letters R and S to indicate the
configuration about an asymmetric carbon. For any pair of enantiomers
with one asymmetric carbon, one will have the R configuration and the
other will have the Sconfiguration. The R,S system was devised by Cahn,
Ingold, and Prelog.

Let us now look at the Cahn-Ingold-Prelog (CIP) sequence rules in
naming enantiomers.

1. Rank the groups (or atoms) bonded to the asymmetric carbon in
order of priority. The atomic numbers of the atoms directly attached to
the asymmetric carbon determine the relative priorities. The higher the
atomic number, the higher the priority.

‘ this has the highest priority‘

&)
\

‘ this has the lowest priority ‘

2. Orient the molecule so that the group (or atom) with the lowest
priority (4) is directed away from you. Then draw an imaginary arrow
from the group (or atom) with the highest priority (1) to the group (or
atom) with the next highest priority (2). If the arrow points clockwise, the
asymmetric carbon hasthe R configuration (R isfor rectus, whichisLatin
for “right™). If the arrow points counterclockwise, the asymmetric carbon
has the S configuration (Sisfor sinister, which is Latin for “left™).

clockwise = R configuration

F

As an example, we will determine which of the enantiomers of 2-
bromobutane has the R configuration and which has the S configuration.
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l|3r Elh'

C iy W C
CH,CH;~ \ "“H H" /" ™CH,CH,
CH3 CH3

the enantiomers of 2-bromobutane

From step 1 above, we have:

1 1

El’.r ]|3r
C., .4 B
CH;CH;  \"H H" /™~CH,CH;
’ CHq CH; °

From step 2, if the group (or atom) with the lowest priority is bonded by
ahatched wedge, draw an arrow from the group (or atom) with the highest
priority (1) to the group (or atom) with the second highest priority (2). If
the arrow points clockwise, the compound has the R configuration, and if
it points counterclockwise, the compound has the S configuration.

]?r li%r'
|
1 "y 4 + ,C\ P:
CH:CHy \ = H" /" CH,CH,;
2 CH; {;H3 2
(S)-2-bromobutane (R)-2-bromobutane

If the group with the lowest priority (4) isnot bonded by a hatched wedge,
then switch two groups so group 4 is bonded by a hatched wedge. Then
proceed as in step 2 (above): Draw an arrow from the group (or atom)
with the highest priority (1) to the group (or atom) with the second highest
priority (2). So if the arrow for the enantiomer with the switched groups
points clockwise, the molecule has the R configuration. This means the
original molecule before the switch has the S configuration. In contrast,
if the arrow points counterclockwise, the enantiomer (with the switched
groups) has the S configuration, which means the original molecule has
the R configuration.

78



CHM 203 MODULE 1

’) 2

(|:H2CH3 I_,---->(|3H2CH3
C. 3 switch Cs;
HO/ \ (!CH:; CH;and H HO/ \ 'Hy
% 4 1 CEH%
‘ what is its configuration? ‘ this molecule has the R configuration;

therefore, it had the 5 configuration
before the groups were switched

3. In drawing the arrow from group 1 to group 2, you can draw past
the group with the lowest priority (4), but never draw past the group with
the next lowest priority (3).

|

I
OH ~—allowed _——OH

i il ] (G|
A Ly
\ 4 \
CHB{_‘;HE QH2CH2B r CHS(%:HZJ, . (;Hz(:HzB r

(R)-1-bromo-3-pentanol it i

Now let’s see how to determine the configuration of a compound drawn
as a Fischer projection.

1. Rank the groups (or atoms) that are bonded to the asymmetric
carbon in order of priority.

2. Draw an arrow from the group (or atom) with the highest priority
(2) to the group (or atom) with the next highest priority (2). If the arrow
points clockwise, the enantiomer has the R configuration; if it points
counterclockwise, the enantiomer has the S configuration, provided that
the group with the lowest priority (4) is on avertical bond.

oy 1

Cl '
CH;3CH, +CHZQHZCH3 CH3CI_:IQ(EHQ %CHQ(_;Hg
: H:i ” . H4 )
(R)-3-chlorohexane (5)-3-chlorohexane
3. If the group (or atom) with the lowest priority is on a horizontal

bond, the answer you get from the direction of the arrow will be the
opposite of the correct answer. For example, if the arrow points
clockwise, suggesting that the asymmetric carbon hasthe R configuration,
it actually has the S configuration; if the arrow points counterclockwise,
suggesting that the asymmetric carbon hasthe S configuration, it actually
has the R configuration. In the following example, the group with the
lowest priority is on a horizontal bond, so clockwise signifies the S
configuration, not the R configuration.
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CH, | . CH,
\H——OH™—  (HO ——H.4
CH,CH;<" ~—CH,CH;
(5)-2-butanol (R)-2-butanol
4, In drawing the arrow from group 1 to group 2, you can draw past

the group (or atom) with the lowest priority (4), but never draw past the
group (or atom) with the next lowest priority (3).

i |
~2COH 2COH ™
| ¢H+CH33 1CH1+H1
OH OH
1 1
(5)-lactic acid (R)-lactic acid

Knowing whether a chiral molecule hasthe R or the S configuration does
not tell us the direction the compound rotates the plane of polarization,
because some compounds with the R configuration rotate the plane to the
right (+) and some rotate the plane to the left (-). We can tell by looking
at the structure of acompound whether it hasthe R or the S configuration,
but the only way we can tell whether a compound is dextrorotatory (+) or
levorotatory (-) isto put the compound in a polarimeter. For example, (S)-
lactic acid and (S)-sodium lactate have the same configuration, but (S)-
lactic acid is dextrorotatory whereas (S)-sodium lactate is levorotatory.
When we know the direction an optically active compound rotates the
plane of polarization, we can incorporate (+) or (-) into its name.

T T
/C\"-wH /C\"-wH
HO  toon HO  tooNa'
(5)-(+)-lactic acid (5)-(-)-sodium lactate

Note: When comparing two Fischer projectionsto seeif they are the same
or different, never rotate one 90° or turn one over, because thisis a quick
way to get awrong answer. A Fischer projection can be rotated 180° in
the plane of the paper, but thisisthe only way to move it without risking
an incorrect answer.

Now answer the following I TQ to check your understanding.
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In-Text Question 6
Indicate whether each of the following structures has the R or the S
configuration:

CH(CH3y), Br
a. CH;CH,——CH,Br c. CHy—|-H
CH; CH,CH;
CH,CH,CHs CH,CH,CH,CHj
b, HO—+—H d. CHT$—CHgHQCH3
CH,OH CH,CH,

SELF ASSESSMENT EXERCISE

I 20 mg mandelic acid was dissolved in 1 cm? of ethanol and the
solution placed in a 10 cm long polarimeter cell. An optica
rotation of —4.35°C was measured (that is, 4.35° to the left) at
20°C with light of wavelength 589 nm. What is the specific
rotation of the acid?

I. Neglecting stereoisomers, give the structures of all compounds
with molecular formula CsHio. Which ones can exist as cis-
trans isomers?

lii.  The relationship between the following two structuresis:

CH_; CH?

H——0OH HO——H

H——OH H——OH

. CHs CHy

(A) enantiomers (B) diastereomers (C) structural isomers (D) identical
iv. The specific rotation of pure (R)-2-butanol is-13.5°. What % of a
mixture of the two enantiomeric forms is (S)-2-butanol if the specific
rotation of this mixture is -5.4°? (A) 40%(B) 30%(C) 60%(D) 70%(E)
None of the above

<

Which of the following objects are chiral ?

A mug with DAD written on one side of the handle.
A mug with MOM written on one side of the handle.
A mug with DAD written opposite the handle.

A mug with MOM written opposite the handle.

A wheelbarrow.

A remote control device.

A nail.

A screw.

S@ o o0 T
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Vi Do the following structures represent identical molecules or a pair
of enantiomers?

rl:f I, OH

; /(: il and C " CHy

HO" Yy cH.C CH,CH,CH,
(.HZI_{\.H:‘(.HQ LR RN LS ] .[.I.

SAQ 4.7
Name each of the following compounds using R,S and E,Z designations
where necessary:

a. CH,CH, . F, H & JL o
C=CH, ;C:C\ IR
C|Ho ci Br
H+CH3
CH,CH;
CH; CH,
F, p CHafIZ{T CH,CH,CH;CHy BrCH,CH, J/_cngcngcncn_;
b C=C__ d. £=C, 2 L=C_
<l Br H:C CH,CH,CI Br CH;
CH,0H CH;
g. HO—I—CH; h. HO—+—H
CH,CH,CH,OH H——Cl
CH,CH,

40 CONCLUSION

The excitement that chemists feel for the area of stereochemistry has
hopefully rubbed off during your reading of this unit. From simple
structural isomers to geometric isomers and then optical isomers where
we mentioned enantiomers and diastereomers, stereochemistry continues
to challenge organic chemists to create molecules of increasing
complexity, which inevitably leads to molecules with intriguing
properties and simple aesthetic beauty. Furthermore, stereochemical
concepts shed important light on the study of reaction mechanisms. It is
thistopic that we still need to develop further. In our analyses of reaction
mechanisms, we will rely heavily upon the concepts and terminology
introduced in this unit. All introductory organic chemistry courses teach
the fundamentals of sterecisomerism, and we have only briefly review
that information here.
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50 SUMMARY

Stereochemistry is the field of chemistry that deas with the
structures of molecules in three dimensions.

Compounds that have the same molecular formula but are not
identical are caled isomers; they fall into two classes:
constitutional isomers and sterecisomers. Constitutional isomers
differ in the way their atoms are connected. Stereoisomers differ
in the way their atoms are arranged in space. There are two kinds
of sterecisomers. cis-trans isomers and isomers that contain
chirality centers.

A chira molecule has a nonsuperimposable mirror image. An
achiral molecule has a superimposable mirror image. The feature
that is most often the cause of chirality is an asymmetric carbon.
Nonsuperimposable  mirror-image  molecules are called
enantiomers. Diastereomers are sterecisomers that are not
enantiomers.

Theletters R and Sindicate the configuration about an asymmetric
carbon. If one molecule has the R and the other has the S
configuration, they are enantiomers; if they both have the R or both
have the S configuration, they are identical.

Chiral compounds are optically active-they rotate the plane of
polarized light; achiral compounds are optically inactive. If one
enantiomer rotates the plane of polarization clockwise (+), its
mirror image will rotate the plane of polarization the same amount
counterclockwise (-).

A racemic mixture (recemate) is optically inactive.
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MODULE 2 FUNCTIONAL GROUPS AND
REACTIVITY IN ORGANIC CHEMISTRY

INTRODUCTION

The main classes of compounds you will study in organic chemistry are
alkanes, alkenes, alkynes, alkyl halides, ethers, alcohols, and amines. As
you learn various properties and reactivity of compounds, you will need
to be able to refer to them by name. So you will begin your study of this
module by learning how to identify and name some of these main classes
of organic compounds. First you will learn how to name alkanes and the
way they react because they form the basis for the names of almost all
organic compounds. Subsequently you will study the various organic
reactions. It is important that you are conversant with the names and
formula of at least the first 10 members of each functional group in
organic chemistry. The following units will be discussed in this module:

Unit 1 Functional group chemistry of man class organic
compounds

Unit 2 Alkanes, free radical substitution reactions in alkanes and
the reactivity - selectivity principle

Unit 3 Electrophilic and nucleophilic substitution reaction

Unit 4 Various organic reactions e.g. addition free radicals,

elimination reaction etc.

UNIT 1 FUNCTIONAL GROUP CHEMISTRY OF MAIN
CLASS ORGANIC COMPOUNDS

CONTENTS

1.0 Introduction
2.0  Learning Objectives
3.0 Main Content
3.1  Functional Groupsin Organic Chemistry
3.2 AnOverview of Functional Groups
3.2.1 Hydrocarbons
3.2.2 Compounds Containing C-Z ¢ Bonds
3.2.3 Compounds Containing C=0 Group
3.2.4 Alcohols
3.25 Amines
3.2.6 Thiol
3.3  Functiona Groups and Reactivity
4.0 Conclusion
50 Summary
6.0 Tutor Mark Assignment
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7.0 References/Further Readings
1.0 NTRODUCTION

Chemists have learned through years of experience that organic
compounds can be classified into families according to their structural
features and that the members of a given family often have similar
chemical behaviour. Instead of 40 million compounds with random
reactivity, there are a few dozen families of organic compounds whose
chemistry is reasonably predictable. We’ll study the chemistry of the
specific families throughout much of this unit, beginning in this module
with alook at the simplest family, the hydrocarbons.

The structural features that make it possible to classify compounds into
families are called functional groups. A functional group is a group of
atoms within a molecule that has a characteristic chemical behaviour.
Chemically, a given functional group behaves in nearly the same way in
every molecule it is a part of. For example, compare ethylene, a plant
hormone that causes fruit to ripen, with menthene, a much more
complicated molecule found in peppermint oil. Both substances contain a
carbon—carbon double-bond functional group, and both therefore react
with Br2 in the same way to give a product in which a Br atom has added
to each of the double-bond carbons. Thisexampleistypical: the chemistry
of every organic molecule, regardless of size and complexity, is
determined by the functional groupsit contains.

2.0 OBJECTIVES
When you have studied this unit, you should be able to:

know the major classes of organic compounds and identify
important functional groups.

understand the factors that determine the properties of organic
compounds.

have a better understanding of functional groups and reactivity of
organic compounds.

describe the importance and purpose of functional groups in
organic reactions.

3.0 MAINCONTENT
3.1 Functional Groupsin Organic Chemistry

What are the characteristic features of an organic compound? Most
organic molecules have C-C and C-H ¢ bonds. These bonds are strong,
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nonpolar, and are not readily broken. Organic molecules may have the
following structural features aswell:

. Heter oatoms - atoms other than carbon or hydrogen. Common
heteroatoms are nitrogen, oxygen, sulfur, phosphorus, and the
hal ogens.

. 1 Bonds. The most common 1 bonds occur in C-C and C-O double
bonds.

These structural features distinguish one organic molecule from another.
They determine a molecule’s geometry, physical properties, and
reactivity, and comprise what is called afunctional group.

. A functional group is an atom or a group of atoms with
characteristic chemical and physical properties. It is the
reactive part of the molecule.

Why do heteroatoms and m bonds confer reactivity on a particular
molecule?

. Heteroatoms have lone pairs and create electron-deficient sites on
carbon.
. T Bonds are easily broken in chemical reactions. A 1 bond makes

amolecule a base and a nucleophile.

The lone pairs make O The m bond makes a compound a base
a base and a nucleophile and a nucleophile
\’<|: éa— \‘c—c/
| / ‘|‘ \
electron-deficient C The 7 bond is easily broken

Don’t think, though, that the C-C and C-H ¢ bonds are unimportant. They
form the carbon backbone or skeleton to which the functional groups
are bonded. A functional group usually behaves the same whether it is
bonded to a carbon skeleton having as few as two or as many as 20
carbons. For this reason, we often abbreviate the carbon and hydrogen
portion of the molecule by a capital letter R, and draw the R bonded to a
particular functional group.

Ethane, for example, has only C-C and C-H ¢ bonds, so it has no
functional group. Ethane has no polar bonds, no lone pairs, and no 1
bonds, so it has no reactive sites. Because of this, ethane and molecules
like it are very unreactive.
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Ethanol, on the other hand, has two carbons and five hydrogens in its
carbon backbone, as well as an OH group, a functional group called a
hydroxyl group. Ethanol has lone pairs and polar bonds that makes it
reactive with avariety of reagents, including the acids and bases.

The hydroxyl group makes the properties of ethanol very different from
the properties of ethane. Moreover, any organic molecule containing a
hydroxyl group has properties similar to ethanol.

carbon backbone

N
'l" ']' H—C—C—0—H
H—t?—CI:—H b FI|
H H hydroxy group
Ethane
All C-C and C-H o bonds Polar C-O and O-H bonds
No functional group Two lone pairs

Most organic compounds can be grouped into a relatively small number
of categories, based on the structure of their functional group. Ethane, for
example, is an alkane, whereas ethanol isa simple alcohaol.

3.2 An Overview of Functional Groups

We can subdivide the most common functional groupsinto several types.

. Hydrocarbons

. Compounds containing a C-Z o bond where Z = an electronegative
element

. Compounds containing a C=0 group

. Others.

In-Text Question 1

What is a functional group? Give at least two examples of functional
groups.

3.2.1 Hydrocarbons

Hydr ocar bons are compounds made up of only the elements carbon and
hydrogen. They may be aliphatic or aromatic.

1. Aliphatic hydrocarbons can be divided into three subgroups.
. Alkanes have only C-C ¢ bonds and no functional group. Ethane,

CH3sCHgs, isasimple alkane.
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N ~
R NG

alkane
. Alkenes are hydrocarbons that contain one or more double bonds

between neighboring carbon atoms. They have a C-C double bond as a
functiona group. Ethylene, CH>=CH>, isa simple alkene.

5 /
C=C
/ N
alkene
. Alkynes contain one or more triple bonds between neighboring

carbon atoms. They have a C-C triple bond as a functional group.
Acetylene, HC=CH, isasimple akyne.

—C=C—

alkync
2. Aromatic hydrocarbons. The additional functional group that
contains only carbon and hydrogen is an aromatic ring which is a six-
carbon ring with alternating double bonds. The aromatic ring can also be
shown asaring with acircle in the middle representing the double bonds.
Aromatic rings are found in many compounds including steroids and
medications. This class of hydrocarbons was so named because many of
the earliest known aromatic compounds had strong, characteristic odours.

The simplest aromatic hydrocarbon is benzene. The six-membered ring

and three 1 bonds of benzene comprise a single functional group.
-

4’1\‘\_\\ ‘J. . J /J'—\\ /—‘\\
\ = & < \
LQQ;,J o9 N 7 )/
- . &
&
benzene phenyl group
molecular formula CgHg CeHs—

phenylcyclohexane
When a benzene ring is bonded to another group, it is called a phenyl
group. In phenylcyclohexane, for example, a phenyl group is bonded to
the six-membered cyclohexane ring.

Alkanes, which have no functional groups, are notoriously unreactive
except under very drastic conditions. For example, polyethylene is a
synthetic plastic and high molecular weight alkane, consisting of chains
of —CH2>- groups bonded together, hundreds or even thousands of atoms
long. Because it is an alkane with no reactive sites, it is a very stable
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compound that does not readily degrade and thus persists for years in
landfills.

L polyethylene j

The chain continues in both directions.

In-Text Question 2
a |dentify the type of hydrocarbon in each structure.

I CH, CH, o H CH - CH,
Falle T s ¥ F N a N s 7 il ¥
CH, CH, CH, CH. CH CH. CH=C(C—CH, CH,

b. Give the systematic name of the following compound:
CH; CH,CH,CH,

CH,C— CHCH,CH,
CH,CH,CH;

3.2.2 Compounds Containing C-Z g Bonds

The electronegative heteroatom Z creates a polar bond, making carbon
electron deficient. The lone pairs on Z are available for reaction with
protons and other electrophiles, especially whenZ =N or O.

_8"('3_2?-— lone pair

/|

electron-deficient C

Several simple compounds in this category are widely used.

1. Alkyl halides: The haloalkanes, also known as akyl halides, area
group of chemical compounds that comprised of an alkane with one or
more hydrogens replaced by a halogen atom (Group 17 atom). Thereisa
fairly large distinction between the structural and physical properties of
hal oalkanes and the structural and physical properties of alkanes.

T
—C—X
/S
alkyl halide (1°, 2¢, 3°)

As an example, chloroethane (CHsCH2Cl, commonly called ethyl
chloride) is an akyl halide used as a local anesthetic. Chloroethane
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quickly evaporates when sprayed on awound, causing a cooling sensation
that numbs the site of an injury.

Haloalkanes are found in fire extinguishers, refrigerants, propellants,
solvents, and medications. They are also a significant source of pollution
and their use has been reduced or eliminated in some products.
Chlorofluorocarbons (CFCs) were used as refrigerantsin air-conditioners
but were found to be a major cause of the depletion of the ozone layer.
Research and development of alternatives began in the 1970s.
Hydrochlorofluorocarbons (HCFCs) have been used for many years since
they cause less damage to the ozone layer, but many countries agreed to
eliminate HCFCs by the year 2020.

2. Ethers: Theether functional group consists of an oxygen atom that
forms single bonds with two carbon atoms. Molecules containing these
functional groups may be simple or very complex.

Diethyl ether, the first common general anesthetic, is a ssimple ether
because it contains a single O atom, depicted in red, bonded to two C
atoms. Hemibrevetoxin B, on the other hand, contains four ether groups,
in addition to other functional groups.

O
CH3CH;~  ~CH,CHs

Diethyl ether

O L N LOH

/

AT
2000 s

b T \O/ L

o e

L (

hemibrevetoxin B

Although ethers themselves are relatively unreactive, they can be
converted to peroxides after prolonged exposure to oxygen. Peroxides are
very reactive and are often explosive at elevated temperatures. Many
commercially available ethers come with a small amount of a peroxide
scavenger dissolved in them to help prevent this type of safety hazard.

In-Text Question 3

Determine the molecular formula of a 5-carbon hydrocarbon with one
bond and onering

91



CHM 203 ORGANIC CHEMISTRY II

3.2.3 Compounds Containing C=0 Group

Many different types of functional groups possess a C-O double bond (a
carbonyl group). The polar C-O bond makes the carbonyl carbon an
electrophile, while the lone pairs on O allow it to react as a nucleophile
and base. The carbonyl group also contains a m bond that is more easily
broken than a C-O ¢ bond.

5 - lone pairs
fﬁ’:;feas ly broken = bond
cd

T

electron-deficient C

Reactive features of a carbonyl group

4
SE NG

1. Aldehyde: A very common structural component of organic
structures is the car bonyl, which is simply a carbon atom and an oxygen
atom connected by adouble bond. Thereactivity of carbonylsis primarily
dictated by the polarization of the C=0 bond, but the surrounding atoms
also play arolein its specific reaction pathways.

™
=10
H

aldehyde

The other group attached to the carbonyl may be an R-group or a
hydrogen atom. Because the hydrogen atom is so small, the partial
positive charge on the carbonyl carbon isvery easy for other moleculesto
approach, making aldehydes a particularly reactive type of carbonyl.

Aldehydes are versatile reactants for awide variety of organic syntheses.
Many aldehydes also have distinctive flavours and aromas. For example,
the flavour of cinnamon is primarily due to the molecule cinnamal dehyde,
and vanillin is the Aldehyde most responsible for the smell and taste of
vanilla extract.

A special aldehydeisthe moleculeinwhich the carbonyl isbonded to two
hydrogen atoms. This molecule, called formaldehyde, has a wide variety
of uses. By itsdlf, it can be used as atissue preservative or asavery harsh
disinfectant. It is also used as a precursor to various materials, including
plastics, resins, and other polymers.

2. Ketone: A ketone involves a carbonyl in which the carbon atom

makes single bonds with two R-groups. Ketones undergo most of the
same reactions as al dehydes, but they tend to be dlightly lessreactive. The
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simplest ketone is acetone, in which the carbonyl carbon is bonded to two
CH> groups. This ketone is commonly used to remove fingernail polish
and serves as an industrial solvent. Methyl ethyl ketone is used as a paint
stripper and a solvent. Ketones are also used in the production of various
polymers, either as a building block or as a solvent. The R-group in a
ketone can be the same or different as seen in the example.

Y
C=0
4
ketone
3. Carboxylic acids. are another carbonyl-containing functional

group, in which the carbon atom is bonded to a hydroxyl group on one
side and either a carbon or hydrogen atom on the other.

O
I

~C<0u

carboxylic acid

Asthe name implies, carboxylic acids are weak acids. An OH group that
Is directly connected to a carbonyl will ionize to a small extent when
dissolved in water. The reason for this is the relative stability of the
resulting anion. A carboxylate ion, in which the negative chargeis spread
over two different oxygen atoms through resonance structures, is more
stable than an isolated oxygen-centered anion. The carboxylic acid and
carboxylate ion are interchangeable. Carboxylate ions are often present in
amino acids.

Il
R=C—0"
Carboxylate ion

4, Ester: An ester issimilar to a carboxylic acid, in that it contains a
carbonyl where the carbon is bonded to one additional oxygen atom and
one carbon or hydrogen atom. However, the second oxygen atom is
bonded to another carbon instead of to an acidic hydrogen atom.
Structurally, carboxylic acids and esters are related to one another in the
same way as alcohols and ethers.
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Esters can be formed by heating carboxylic acids and alcohols in the
presence of an acid catalyst. This process is reversible, and the starting
materials can be regenerated by reacting an ester with water in the
presence of aweak base.

Some esters have very pleasant odours, so they are used in the
manufacture of many perfumes. Propyl acetate contributes to the odour of
pears, while isoamyl acetate gives bananas their smell. This ester aso
serves as an alarm signa for honeybees. Esters are employed in the
manufacture of fabrics (polyesters) and Plexiglass. Anesthetics such as
procai ne and benzocaine also contain esters.

5. Amides. An amideisa carbonyl in which the carbon is attached to
one nitrogen atom and one carbon or hydrogen atom. Alternatively, we
could define an amide as an amine in which one of the carbon atoms
attached to the nitrogen is part of a carbonyl.

O
I

.

y
amide (1°, 3° 39)

An amide can be formed by combining a carboxylic acid and an amine.
Only primary and secondary amines can be sued to form amides, since
they have a hydrogen that can be replaced with the carbonyl carbon;
tertiary amines will not form amides.

Amides are used as colouring agents in crayons, pencils, and ink. They
are employed in the paper, plastic, and rubber industries. Polyacrylamide
is avery widely used amide; it is involved in the treatment of drinking
water and sewage, and in plastics manufacture. The amide Kevlar is
widely employed for the production of body armor, and nylon is another
type of amide-based polymer.

Atenolol and donepezil are examples of useful drugsthat contain avariety
of functional groups. Atenolol is a B blocker, a group of drugs used to
treat hypertension. Donepezil, sold under the trade name Aricept, is used
to treat mild to moderate dementia associated with Alzheimer's disease.
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aromatic ring

l’ ether
H2N7 e //?-t\\\
. / O \\\jﬁLO/ _\//A\N/A\\
amide | H x
OH ™ )
1 amine
alcohcl
atenolol
(used to treat high blood pressure)
o 0 /,ketone
aromatic ring W=
e . e
\\ // -"“-_r//‘ S | ///; B
—_J Y
CH30— /) N N R
e \:\ 17
etherZ__ / amine R
~*CH40 aromatic ring
donepezil

(used to treat Alzheimer's disease)

3.2.4 Alcohols

The alcohol functiona group involves an oxygen atom that is bonded to
one hydrogen atom and one carbon atom. The carbon atom will be part of
alarger organic structure. One way to indicate a generic a cohol would be
with the formula R-OH. R represents any organic fragment in which a
carbon atomisdirectly bonded to the explicitly indicated functional group
(inthis case, OH). The R group istypically a chain of carbon atoms.

AN
—C—-0OH
rd

alcohol (17, 2°, 39)

Alcohols can be classified as primary, secondary, or tertiary based on the
characteristics of the carbon to which it is attached. In a primary alcohol,
the carbon bonded directly to the oxygen atom is also bonded to exactly
one carbon atom, with the other bonds generally going to hydrogen atoms.
In asecondary alcohol, the carbon is attached to two other carbon atoms,
and in atertiary alcohol, the carbon is bonded to three other carbon atoms.
The type of acohol being used will determine the product of certain
reactions.

We are already familiar with several common alcohols. For example,
ethanol isthe alcohol present in alcoholic beverages. Itisalso widely used
in the industrial manufacture of other chemicals. Methanol is used as a
gasoline additive or aternative. Additionally, methanol can be used to
manufacture formaldehyde, which is employed in the production of
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plastics, paints, and other useful substances. Isopropanol is commonly
known as rubbing alcohol. In addition to its industrial uses, isopropanol
is used to clean various surfaces, including computer monitors,
whiteboards, and even skin (e.g., before getting blood drawn).

3.25 Amines

An amine consists of a nitrogen atom bonded to some combination of
carbons and hydrogens.

\
—C-N_
/|
amine (1°, 2°, 3%)
Like alcohols, amines can be classified as primary, secondary, or tertiary.
However, the rules for assigning these categories are slightly different. In
an acohol, the oxygen atomis always bonded to exactly one carbon atom,
so we look at the branching on the adjacent carbon, not the oxygen atom
itself. In aneutral amine, the nitrogen can be bonded to one, two, or three
carbon atoms, and this is how we decide whether it is caled a primary,
secondary, or tertiary amine.

Neutral amines are weak bases, because the lone pair on nitrogen can act
asaproton acceptor. Many smaller amines have very strong and offensive
odors. For example, the aptly-named compounds cadaverine and
putrescine are foul-smelling amines, formed as a part of the decay process
after death.

Amines serve awide variety of uses. Diphenylamine acts as a stabilizer
for certain types of explosives. Amines are found as components in some
lubricating materials, in developers, and are a part of waterproofing
textiles. Some amines, such as Novocain, are used as anesthetics. Many
pharmaceutical compounds contain amines, including 8 of the 10 most
prescribed medications in 2012.

In-Text Question 4

1. The general formulafor aminesis .
A.R-CHz B.R:CH C.R-NH2 D.R-COCH

2. Glutamic acid is the parent compound of monosodium glutamate
(known as MSG), which is used as a flavor enhancer. Glutamic
acid has the following structure:
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0O H 0O
O — =L N G =
N
? il
H H
Name the functional groups you recognize in this molecule. Do you think

there are other groups of atoms in this molecule that might qualify as
functional groups?

3.2.6 Thiol

Thethiol functional group contains a sulphur atom bonded to a hydrogen
atom. It is very similar to an alcohol functional group with the sulphur
replacing the O.

N ‘
7C— SH

mercaptarn, thiol

Thiolsare also called mercaptans which are derived from the Latin phrase
for "capturing mercury" because of the strong bonds it forms with
mercury-containing compounds. Some thiol compounds have a
distinctive smell similar to rotten eggs. They are often added to natural
gas, which itself has no odor, as a way to detect leaks since its odor can
be detected by humans in very small amounts. A thiol group is also
present in the amino acid cysteine.

3.3 Functional Groups and Reactivity

A functional group also determines reactivity. What type of reaction does
a particular kind of organic compound undergo? Begin by recalling two
fundamental concepts.

Functional groups create reactive sitesin molecules.
Electron-rich sites react with electron-poor sites.

All functional groups contain a heteroatom, a m bond, or both, and
these features make electron-deficient (or electrophilic) sites and
electron-rich (or nucleophilic) sitesin a molecule. Molecules react at
these sites. To predict reactivity, first locate the functional group and then
determine the resulting electron-rich or electron-deficient sites it creates.
Keep three guidelines in mind.

97



CHM 203 ORGANIC CHEMISTRY II

. An electronegative heteroatom like N, O, or halogens makes a
carbon atom electrophilic.

> SN

=
CH3Cd|:|2—CI /)‘STOH
L electrophilic site J
. A lone pair on a heteroatom makes it basic and nucleophilic.
T
CH;—0—CH,q CH;—N—CH,
basic and nucleophilic site
. 1 Bonds create nucleophilic sites and are more easily broken than
r bonds.
N\ /
C=C —C=C—
/ 4\ ]
n bonds

By identifying the nucleophilic and electrophilic sites in a compound you
can begin to understand how it will react. In general, electron-rich sites
react with electron-deficient sites:

. An electron-deficient carbon atom reacts with a nucleophile,
symbolized as :Nu".

. An electron-rich carbon reacts with an electrophile, symbolized as
E".

At this point we don’t know enough organic chemistry to draw the
products of many reactions with confidence. We do know enough,
however, to begin to predict if two compounds might react together based
solely on electron density arguments, and at what atoms that reaction is
most likely to occur.

For example, alkenes contain an electron-rich C-C double bond and so
they react with electrophiles, E*. On the other hand, alkyl halides possess
an electrophilic carbon atom, so they react with electron-rich
nucleophiles.
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Alkenes react with electrophiles.

—_—

Pl Bes 5
N £ F A
C=C ¥ E
/ \
F 4 \
electron rich electron poor
nucleophile electrophile

Alkyl halides react with nucleophiles.

e o

e \
CH;CH,—CI + *Nu™
electron poor electron rich
electrophile nucleophile

In-Text Question 5
1. Why are alkanes sometimes called paraffins?

2. What is the principal difference in properties between alkenes and

alkanes? How arethey alike?

40 CONCLUSION

Propose structures for simple molecules that contain the following

functional groups.

(@  Alcohol

(b)  Aromaticring

(c)  Carboxylic acid

(d Amine

(e)  Both ketone and amine
(f)  Two double bonds

SAQ 4.2
|dentify the functional groups in each of the following molecules:
(a) Methianine, an amino acid: (b) Ibuprofen, a pain reliever:
ﬁ CO4gH
CH3SCH,CH,CHCOH . 5
3 2 .il A N \CHS
NH, J H
~ A
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(c) Capsaicin, the pungent substance in chili peppers:
A _-CH3

I
H3C"’O“‘~ c-a N e Vi i
j [ [
Hoo X H CHs

SAQ 4.3
Propose structures for two isomers with the formula CoH7N.

There are two isomeric structures. One has the connection C-C-N,
and the other has the connection C-N-C.

These ‘ |

pieces . . . - _(‘:— 1 =2 I H—
give . ..

M o MRl
these | | || |
structures. H—(|3—l|3—N—H and H—C—N—(ll—H

H H H H
SAQ 4.4

The correct IUPAC name for the following structureis.

CH3CH2|CHCH2CH:CH2

OH

(A) 5-hexen-3-al (B) 1-hexen-4-ol
(C) 3-hydroxy-5-hexene (D) Isohexen-3-ol
(E) 4-hydroxy-1-hexene

SAQ 45

Write a structure for each of the following compounds:

a. isopropyl acohol d. neopentyl chloride

b. isopentyl fluoride e. tert-butylamine

C. sec-butyl iodide f. n-octyl bromide

40 CONCLUSION

In this unit, we have been able to classify the numerous organic
compounds into several major categories based on the functional groups
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they contain. We also explained how functional groups present in organic
molecul es determine the chemical reactivity of those molecules.

5.0 SUMMARY

With over twenty million known organic compounds in existence, it
would be very challenging to memorize chemical reactions for each one.
Fortunately, molecules with similar functional groups tend to undergo
similar reactions. A functional group is defined as an atom or group of
atoms within a molecul e that has similar chemical properties whenever it
appears in various compounds. Even if other parts of the molecule are
quite different, certain functional groups tend to react in certain ways.

Organic molecules vary greatly in size and when focusing on functional
groups, we direct our attention to the atoms involved in the functional
group. Asaresult, the abbreviation R is used in some examples. The letter
R isused in molecular structures to represent the “Rest of the molecule”.
It consists of agroup of carbon and hydrogen atoms of any size. It isused
as an abbreviation since a group of carbon and hydrogen atoms does not
affect the functionality of the compound. In some molecules, you will see
R, R’, or R*” which indicates that the R groups in the molecule can be
different from one another. For example, R might be -CH>CH3 while R’
IS—CH2CH2>CH2CHs.

6.0 TUTOR MARK ASSIGMENT
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1.0 INTRODUCTION

It will be well to reiterate what an alkaneis, lest you be confused asto the
difference between akanes and alkenes. Alkanes are compounds of
carbon and hydrogen only, without double bonds, triple bonds, or rings.
They all conform to the general formula CyHzn+2 and sometimes are called
paraffin hydrocarbons, open-chain saturated hydrocarbons, or acyclic
hydrocarbons. The nomenclature of alkanes has been discussed in the
previous units, and you may find it well to review Module 1-unit 1 and
Module 2-unit 1 before proceeding.

Thisunit isconcerned with the chemistry of only one class of compounds,
saturated hydrocarbons or akanes, severa fundamental reaction
principles are developed that we shall discussed extensively in later units.
The study of some of these principles such as activation energy of a
reaction has been associated traditionally more with physical chemistry
than with organic chemistry. We include them here because they provide
asound basis for understanding the key questions concerning the practical
use of organic reactions. Is the equilibrium point of a given reaction far
enough toward the desired productsto be useful ? Can conditions be found
in which the reaction will take place at a practica rate? How can
unwanted side reactions be suppressed?

Initially, we will be concerned with the physical properties of alkanes and
how these properties can be correlated by the important concept of
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homology. Thiswill be followed by a brief survey of the occurrence and
uses of hydrocarbons, with special reference to the petroleum industry.
Chemical reactions of alkanes then will be discussed, with special
emphasis on free radical substitution reaction. These reactions are
employed to illustrate how we can predict and use energy changes-
particularly AH, the heat evolved or absorbed by a reacting system, which
often can be estimated from bond energies. Then we consider some of the
problems involved in predicting reaction rates in the context of a specific
reaction, the chlorination of methane. The example is complex, but it has
the virtue that we are able to break the overall reaction into quite simple

steps.
2.0 LEARNING OBJECTIVES
By the end of this unit, you should be able to:

understand the chemistry of alkanes.

know the characteristic physical properties of alkanes.

describe the chemical reactions alkanes undergo.

understand the concept of free radical substitution reactions in
alkanes.

use the reactivity-selectivity principle and activation energy to
predict expected products yield in aradical substitution reaction.

3.0 MAINCONTENT
3.1 Physical Propertiesof Alkanes

The series of straight-chain alkanes, in which n is the number of carbons
in the chain, shows aremarkably smooth gradation of physical properties
(see Table 2.1). As n increases, each additional CH> group contributes a
fairly constant increment to the boiling point and density, and to a lesser
extent to the melting point. This makes it possible to estimate the
properties of an unknown member of the series from those of its
neighbors. For example, the boiling points of hexane and heptane are 69°
and 98°, respectively. Thus adifference in structure of one CH> group for
these compounds makes a difference in boiling point of 29° we would
predict the boiling point of the next higher member, octane, to be 98° +
29° = 127°, which is close to the actual boiling point of 126°.
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Table 2.1: Physical Properties of Alkanes, CH3(CH2)n-1H

Bp, °C Mp, Density at 20°,
n Name (760 mm) °C d3® g mi—?
1 methane —=1615 —183 0.4242
2 ethane —88.6 —172 0.54e2
3 propane —42.1 —188 0.501*
£ butlane —0.5 — 135 0.579°
5] pentane 36.1 =4 30 0.626
] hexane 68.7 —85 0.65¢
7 heptane Q8.4 —91 0.684
8 octane 1257 EEENT 0.703
9 norane 1508 —54 0718
10 decans 1741 —30 0.730
11 undecane 1959 —26 0.740
12 dodecane 216.3 —10 0.749
T5 oentadecans 2706 10 0.769
20 sicosane 342.7 37 Q.736*°
30 triacontane 446.4 66 0.810¢

2At the boili ng point. PUnder pressure. °For the supercooled liquid.

Members of agroup of compounds, such as the alkanes, that have similar
chemical structures and graded physical properties, and which differ from
one another by the number of atoms in the structural backbone, are said
to constitute a homologous series. When used to forecast the properties
of unknown members of the series, the concept of homology works most
satisfactorily for the higher-molecular-weight members because the
introduction of additional CH> groups makes a smaller relative change in
the overall composition of such molecules.

Branched-chain alkanes do not exhibit the same smooth gradation of
physical properties as do the continuous-chain alkanes. Usually there is
too great avariation in molecular structure for regularities to be apparent.
Nevertheless, in any one set of isomeric hydrocarbons, volatility increases
with increased branching. This can be seen from the datain Table 2.2 and
Figure 2.1, which lists the physical properties of the five hexane isomers.
The most striking feature of the data is the 19° difference between the
boiling points of hexane and 2,2-dimethylbutane.
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Table 2.2: Physical Properties of Hexane | somers

ORGANIC CHEMISTRY II

Density
Bp, Mp, at 20°, di®
Isomer Structure °C °C g mi~
hexane CH,(CH,),CH, 68.7 —94 0.659
I
3-methylpentane CH,CH,CHCH,CH, 63.3 —-118 0.664
"
2-methylpentane CH,CHCH,CH,CH, 60.3 —154 0.653
CH, CH,
i
2,3-dimethylbutane CH,CH—CHCH, 58.0 —129 0.661
ik
2 2-dimethylbutane CH,,IﬁSCHgCI—i3 49.7 —98 0.649
CH,

Activity 3.1

Use the data of Tables 2.1 and 2.2 to estimate the boiling points of
tetradecane, heptadecane, 2-methylhexane, and 2,2-dimethyl pentane.
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Fig 2.1: Graph of Bailing Points of Alkanes

Straight chain alkanes have a higher boiling point than branched alkanes
due to the greater surface area in contact and therefore greater van der
Waals interactions.

Since akanes are hydrocarbons and there is no significant difference in
electronegativity between carbon and hydrogen, they are nonpolar. In
being nonpolar, alkanes dissolve in nonpolar solvents because the van der
Waals interactions between nonpolar alkane molecules and nonpolar
solvent molecules are similar to the alkane-alkane and nonpolar solvent-
nonpolar solvent molecule interactions.

Alkanes are thus soluble in nonpolar solvents (i.e. other alkanes) and
insoluble in polar solvents (such as water). The liquid akanes are
therefore good solvents for

nonpolar covalent compounds.

In-Text Question 1

For each of the following pairs of compounds, select the substance you
expect to have the higher boiling point.

1. octane and nonane.

2. octane and 2,2,3,3-tetramethylbutane.

Note: The actual boiling points are nonane = 150.8°C, octane = 125.7°C,
2,2,3,3-tetramethylbutane = 106.5°C
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3.3 Chemical Reactions of Alkanes

Alkanes have only strong o bonds. Because the carbon and hydrogen
atoms of an alkane have approximately the same electronegativity, the
electrons in the C-H and C-C ¢ bonds are shared equally by the bonding
atoms. Consequently, none of the atoms in an alkane have any significant
charge. This means that neither nucleophiles (electron pair donors) nor
electrophiles (electron pair acceptors) are attracted to them. Alkanes,
therefore, are relatively unreactive compounds. Their failure to undergo
reactions prompted early organic chemiststo call them paraffins, from the
Latin parum affinis, which means “little affinity” (for other compounds).
Thus none of the C-H or C-C bonds in atypical saturated hydrocarbon,
for example ethane, are attacked at ordinary temperatures by astrong acid,
such as sulfuric acid (H2S0s4), or by an oxidizing agent, such as bromine
(in the dark), oxygen, or potassum permanganate (KMnQOs). Under
ordinary conditions, ethane is similarly stable to reducing agents such as
hydrogen, even in the presence of catalysts such as platinum, palladium,
or nickel.

However, all saturated hydrocarbons are attacked by oxygen at elevated
temperatures and, if oxygen isin excess, complete combustion to carbon
dioxide and water occurs.

CH, + 20, —> CO, + 2H,0

Vast quantities of hydrocarbons from petroleum are utilized as fuels for
the production of heat and power by combustion. Natural gas consists of
about 75% methane. The remaining 25% is composed of small alkanes
such as ethane, propane, and butane.

Petroleum is a complex mixture of alkanes and cycloalkanes that can be
separated into fractions by distillation. Thefraction that boils at the lowest
temperature (hydrocarbons containing three and four carbons) is natural
gas that can be liquefied under pressure. This gas is used as a fuel for
cigarette lighters, camp stoves, and barbecues. The fraction that boils at
somewhat higher temperatures (hydrocarbons containing 5 to 11 carbons)
is gasoline; the next fraction (9 to 16 carbons) includes kerosene and jet
fuel. The fraction with 15 to 25 carbonsis used for heating oil and diesel
oil, and the highest-boiling fraction isused for lubricants and greases. The
nonpolar nature of these compounds is what gives them their oily feel.
After distillation, anonvolatile residue called asphalt or tar isleft behind.
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Fig 2.2: Different fractions of petroleum

Alkanes (the most basic of all organic compounds) undergo very few
reactions. The two reactions of more importance are combustion and
halogenation (i.e., substitution of a single hydrogen on the alkane for a
single halogen to form a haloalkane). The halogen reaction is very
important in organic chemistry because it opens a gateway to further
chemical reactions.

In-Text Question 2

1 Liquefied petroleum gasis mainly composed of
a) Methane and ethane b) Ethane and propane c) Propane
and butane
d) Butane and hexane

2. If you drop alighted match onto some petrol (gasoline), it ignites
amost explosively. If you drop alighted match onto some tar on
the road, almost certainly nothing will happen. Both contain
alkanes, Explain the difference.

3.3.6 Combustion of Alkanes

In general, the formulafor complete combustion of alkanesis:
CXH}“(g] 4 (X 4 y/4] OZ(g] _— XCOZ(g) = )//2 HEO(g]
When there is sufficient oxygen, alkanes will burn and form water and

carbon dioxide as products:
CHyg) T20yg ————>  COyy+2H,0
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It is quite important that you can write properly balanced equations for
these reactions, because they often come up as a part of thermochemistry
calculations. Some are easier than others. For example, with alkanes, the
ones with an even number of carbon atoms are marginally harder than
those with an odd number.

For example, with propane (CsHs), you can balance the carbons and
hydrogens as you write the equation down. Y our first draft would be:

CsHg + O2 — 3CO2 + 4H20

Counting the oxygens leads directly to the final version:
CiHgg) + 30y —— 3COyq +4H,0(

With butane (C4H10), you can again balance the carbons and hydrogens
as you write the equation down.
CsH1o + O2 - 4C0O2 + 5H0

Counting the oxygens leads to a slight problem - with 13 on the right-
hand side. The ssmple trick is to allow yourself to have "six-and-a-half"
O molecules on the | eft.

CyHig) + 6 L0y =2 4C0y, + 5H,0(y,

If you are not comfortable with that, double everything:
2CH )+ 130y ———> 8COy + 10H,0)

The hydrocarbons become harder to ignite as the molecules get bigger.
This is because the bigger molecules do not vaporize so easily - the
reaction is much better if the oxygen and the hydrocarbon are well mixed
as gases. If the liquid is not very volatile, only those molecules on the
surface can react with the oxygen. Bigger molecules have greater Van der
Waals attractions which makes it more difficult for them to break away
from their neighbors and turn to agas.

Provided the combustion is complete, all the hydrocarbons will burn with
a blue flame. However, combustion tends to be less complete as the
number of carbon atomsin the moleculesrises. That meansthat the bigger
the hydrocarbon, the more likely you are to get a yellow, smoky flame.
Incomplete combustion (where there is not enough oxygen present) can
lead to the formation of carbon or carbon monoxide. As a simple way of
thinking about it, the hydrogen in the hydrocarbon gets the first chance at
the oxygen, and the carbon gets whatever is left over. The presence of
glowing carbon particles in a flame turns it yellow, and black carbon is
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often visible in the smoke. Carbon monoxide is produced as a colourless
[p0i SONOUS gas.

For example, incomplete combustion of octane can be represented as:

2CgHigg) 1705 —— 16CO(, + 18H,0

Note: Why is carbon monoxide said to be poi sonous?

Oxygen is carried around the blood by haemoglobin. Carbon monoxide unfortunately binds to
exactly the same site on the haemoglobin that oxygen does. The difference is that carbon
monoxide bindsirreversibly (or very strongly) - making that particular molecule of haemoglobin
useless for carrying oxygen. Hence, if you breath in enough carbon monoxide you will die from

asort of internal suffocation.

In-Text Question 3

Write equations for the complete combustion of

a) pentane, CsHi2  b) ethane, Cz2He c) decane, CioH22  d)
cyclohexane, CeH12

3.2.2 Halogenation of Alkanes (Free Radical Substitution Reaction)

Alkanes do react with chlorine (Cl2) or bromine (Brz) to form alkyl
chlorides or alkyl bromides. These hal ogenation reactions take place only
at high temperatures or in the presence of light (symbolized by hv). They
are the only reactions that alkanes undergo—with the exception of
combustion (burning), a reaction with oxygen. Unlike the complex
transformations of combustion, the halogenation of an alkane appears to
be a simple substitution reaction in which a C-H bond is broken and a
new C-X bond isformed.

A
o CH;CI + HCI

hv methyl chloride

CH, + (],

CH_’;CH_} + BI'*Z or CH}CHEBT + HBr

hv ethyl bromide

When a bond breaks so that both of its electrons stay with one of the
atoms, the process is called heterolytic bond cleavage or heterolysis.
When a bond breaks so that each of the atoms retains one of the bonding
electrons, the processis called homolytic bond cleavage or homolysis.

The mechanism for the halogenation of an alkane iswell understood. The

high temperature (or light) supplies the energy required to break the or
bond homolytically. Homolytic bond cleavageistheinitiation step of the
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reaction because it creates the radical that is used in the first propagation
step.

Rl | s A
:Q_I -—(_’j_l:

= 2 :Cl-
homu!ﬁic% hv  chlorine radical
cleavage Rl | A 3
' A\ ¢ :Br—Br: ——— 2 Br-
1\\“\_“_-_-/_/ o or _
e hv bromine radical

A radical (often called afreeradical) is a species containing an atom with
an unpaired electron. A radical is highly reactive because it wants to
acquire an electron to completeitsoctet. Asan example, in the mechanism
for the monochlorination of methane, the chlorine radical formed in the
Initiation step abstracts a hydrogen atom from methane, forming HCl and
a methyl radical. The methyl radical abstracts a chlorine atom from Cl»,
forming methyl chloride and another chlorine radical, which can abstract
a hydrogen atom from another molecule of methane. These two steps are
called propagation steps because the radical created in the first
propagation step reacts in the second propagation step to produce aradical
that can repeat the first propagation step. Thus, the two propagation steps
are repeated over and over. The first propagation step is the rate-
determining step of the overall reaction. Because the reaction has radical
intermediates and repeating propagation steps, it iscalled aradical chain
reaction.

mechanism for the monochlorination of methane

ales —2 2
he
0 + HYCH, — HCE: +  -CH;

a methyl radical ‘ prapagation steps

. —— ~
W 5o |

CHy + (CClr — cHQl +

M\

G —

-

NN
‘CH; + 'CH; — CH;CH,4 >‘termina‘fion steps

N i
:Cl' + ‘CHy — CHyCl

Any two radicals in the reaction mixture can combine to form a molecule
in which all the electrons are paired. The combination of two radicalsis
called atermination step because it helps bring the reaction to an end by
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decreasing the number of radicalsavailableto propagate the reaction. Any
two radicals present in the reaction mixture can combine in atermination
step, so radical reactions produce a mixture of products.

The radical chlorination of alkanes other than methane follows the same
mechanism. The reaction of an alkane with chlorine or bromine to form
an alkyl halideis called aradical substitution reaction because radicals
are involved as intermediates and the end result is the substitution of a
halogen atom for one of the hydrogen atoms of the alkane.

In order to maximize the amount of monohalogenated product obtained,
a radical substitution reaction should be carried out in the presence of
excess akane. Excess alkane in the reaction mixture increases the
probability that the halogen radical will collide with amolecule of alkane
rather than with a molecule of alkyl halide —even toward the end of the
reaction, by which time a considerable amount of alkyl halide will have
been formed. If the halogen radical abstracts a hydrogen from amolecule
of akyl halide rather than from a molecule of akane, a dihalogenated
product will be obtained.

Cl- + CH;Cl — -CH,Cl + HCI
CHZCI + C]g — CH2C12 + Cl°

a dihalogenated compound

Bromination of alkanes follows the same mechanism as chlorination.

mechanism for the monobromination of ethane

l/\l _/"\l

A
A

hv
T ¥ L
Br + HLCH,CH; — CH,CH, + HBr )
P e | } propagation steps ‘
CH;CH, + Br—Br — CH;CH,Br + Br:

o /’_'“.\
Br- + Br- — Br,

AN T ",

CHiCH, + CH;CH, — CH3;CH,CH,CH;  }|termination steps

-/- =R f---_-\\\
CHsCH, + Br- — CH;CH,Br
3.2.2.1 Factorsthat Deter mine Product Distribution
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The distribution of products depends on probability and reactivity. Two
different alkyl halides are obtained from the monochlorination of butane.
Substitution of a hydrogen bonded to one of the terminal carbons
produces 1-chlorobutane, whereas substitution of a hydrogen bonded to
one of theinternal carbons forms 2-chlorobutane.

Cl
hy I
CH;CH,CH,CH; + (], — CH,CH,CH,CH,Cl + CH;CH,CHCH; + HCI
butane 1-chlorobutane 2-chlorobutane
expected = 60% expected =40%
experimental =29% experimental=71%

The expected (statistical) distribution of products is 60% 1-chlorobutane
and 40% 2-chlorobutane because six of butane’s 10 hydrogens can be
substituted to form 1-chlorobutane, whereas only four can be substituted
to form 2-chlorobutane. This assumes, however, that all of the bonds in
butane are equally easy to break. Then, the relative amounts of the two
products would depend only on the probability of a chlorine radical
colliding with a primary hydrogen, compared with its colliding with a
secondary hydrogen. When we carry out the reaction in the laboratory and
analyze the product, however, we find that it is 29% 1-chlorobutane and
71% 2-chlorobutane.

Therefore, probability alone does not explain the regioselectivity of the
reaction. Because more 2-chlorobutane is obtained than expected and the
rate-determining step of the overall reaction is hydrogen atom abstraction,
we conclude that it must be easier to abstract a hydrogen atom from a
secondary carbon than from a primary carbon.

Alkyl radicals have different stabilities, and the more stable the radical,
the more easily it isformed because the stability of the radical is reflected
in the stability of the transition state leading to its formation.
Consequently, it is easier to remove a hydrogen atom from a secondary
carbon to form a secondary radical than it is to remove a hydrogen atom
from a primary carbon to form a primary radical.

relative stabilities of alkyl radicals

R R H H
most | | | | least
stable rL’ R_(|:' > R_(I:' # R_(f' » H_CT' stable
R H H H
tertiary radical secondary radical primary radical methyl radical

When a chlorine radical reacts with butane, it can abstract a hydrogen
atom from an internal carbon, thereby forming a secondary akyl radical,
or it can abstract a hydrogen atom from a terminal carbon, thereby
forming a primary alkyl radical. Because it is easier to form the more
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stable secondary akyl radical, 2-chlorobutane is formed faster than 1-
chlorobutane.

Cl
cl- g c, |
' CH;CHQCHCH; _— CH;CHECHCHq + Cl-
/—)
a secondary + HCI 2-chlorobutane
CH;CH,CH,CH; alkyl radical
. cHcH,CHCH, 2% CHiCH,CH,CHCl + CI-
: 1-chlorobutane
a primary
alkyl radical + HCl

After experimentally determining the amount of each chlorination
product obtained from various hydrocarbons, chemists were able to
conclude that at room temperature it is 5.0 times easier for a chlorine
radical to abstract a hydrogen atom from a tertiary carbon than from a
primary carbon, and it is 3.8 times easier to abstract ahydrogen atom from

a secondary carbon than from a primary carbon. The precise ratios differ
at different temperatures.

relative rates of alkyl radical formation by a chlorine radical at room temperature

tertiary > secondary > primary
5.0 3.8 1.0

Wﬁﬂng rate of formation |

To determine the relative amounts of products obtained from radical
chlorination of an alkane, both probability (the number of hydrogens that
can be abstracted that will lead to the formation of the particular product)
and reactivity (the relative rate at which a particular hydrogen is
abstracted) must be taken into account. When both factors are considered,
the calculated amounts of 1-chlorobutane and 2-chlorobutane agree with
the amounts obtained experimentally.

relative amount of 1-chlorobutane relative amount of 2-chlorobutane
number of hydrogens X reactivity number of hydrogens X reactivity
6x1.0=6.0 4x38=15
antiald — 0.0 _ hao 1315 10
percent yield = T 29% percent yield = 5T 1%

The percent yield of each alkyl halideis calculated by dividing therelative
amount of the particular product by the sum of the relative amounts of al
the alkyl halide products (16 + 15 = 21).
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Radical monochlorination of 2,2,5-trimethylhexane results in the
formation of five monochlorination products. Because the relative
amounts of the five alkyl halidestotal 35 (19.0+ 7.6 + 7.6 + 5.0+ 6.0 =
35), the percent yield of each product can be

calculated as follows:

CH, CH, CHCl CH, CH,  CH,
CH3(|3CH2CH3(|JHCH3 + Cl, 2 CH3(|JCH2CH2C|THCH3 " CH3(IZ—CHCH2(|ZHCH3 ”
C|H3 c|:H3 (|ZH3|CI
2,2,5-trimethylhexane 9x1.0=9.0 2%x38=176
-9%—2 = 26% 7—% =22%
CH; CH, CH; CH, CH, CH,
CH3(|2CH2CHC|‘,HCH3 + CH;,(|3CH2CH2(|3CH3 ) CH3C|CHQCH2(|ZHCH2CI + HCl
c|H3 4 (|:H3 & c|H3
2x38=176 1x50=50 6x1.0=6.0
18 - 20 =1

Because radical chlorination of an alkane can yield several different
monosubstitution products as well as products that contain more than one
chlorine atom, it is not the best method for synthesizing an alkyl halide.
Addition of a hydrogen halide to an alkene or conversion of an alcohol to
an akyl halide is a much better way to make an akyl halide. Radical
halogenation of an alkaneis nevertheless still a useful reaction because it
Isthe only way to convert an unreactive alkane into areactive compound.
Once the halogen is introduced into the alkane, it can be replaced by a
variety of other substituents.

In-Text Question 4

How many akyl halides can be obtained from monochlorination of the
following alkanes? Neglect stereoisomers.
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CH, CH,
a. CH3CH,CH,CH,CHj, d O g CH3(|3CH2(|ZCH3
&y G,
CH; CH; THs CH; CH;
b. CH3(|.‘HCH2CH2(|JHCH3 e. h. CH3(|Z—(|3CH3
CH, CH,
CH;
CH, CH; CH;
¢. CH,CHCH,CH,CH, f . CH3(|3CH2(|3HCH3
CH; (|:H3

Therelative rates of radical formation when a bromine radical abstracts a
hydrogen atom are different from the relative rates of radical formation
when a chlorine radical abstracts a hydrogen atom. At 125 °C, abromine
radical abstracts ahydrogen atom from atertiary carbon 1600 times faster
than from a primary carbon and abstracts a hydrogen atom from a
secondary carbon 82 times faster than from a primary carbon.

relative rates of radical formation by a bromine radical at 125°C

tertiary > secondary > primary
1600 82 1

@Eba"sing rate of formation |

When abromine radical isthe hydrogen-abstracting agent, the differences
in reactivity are so great that the reactivity factor is vastly more important
than the probability factor. For example, radical bromination of butane
gives a 98% yield of 2-bromobutane, compared with the 71% yield of 2-
chlorobutane obtained when butane is chlorinated. A bromine radical is
less reactive and more selective than a chlorine radical. In other words,
bromination is more highly regiosel ective than chlorination.

Br
hy I
CHgCHgCHQCH:‘; + BI2 — CHgCHzCHgCHgBI’ + CH;CHZCHCH3 + HBr
1-bromobutane 2-bromobutane
2% 98%

Similarly, bromination of 2,2,5-trimethylhexane givesan 82% yield of the
product in which bromine replaces the tertiary hydrogen. Chlorination of
the same alkane results in a 14% yield of the tertiary alkyl chloride.
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(|3H3 (|3H3 (|3H3 (|3H3
hy
CH3(|3CH2CH2CHCH3 + Bn, — CH;?CHZCH;;(ECFB + HBr
CH] CH3 Br
2,2,5-trimethylhexane 2-bromo-2,5,5-trimethylhexane

82%

In-Text Question 5

Calculate the percent yield of each product obtained in Problems 1a and
b above if chlorination is carried out in the presence of light at room
temperature.

3.2.2.2 The Reactivity—Selectivity Principle

Why are the relative rates of radical formation so different when a
bromine radical rather than a chlorine radical is used as the hydrogen-
abstracting reagent? To answer this question, we must compare the AH°
valuesfor the formation of primary, secondary, and tertiary radicalswhen
achlorine radical is used, as opposed to when a bromine radical is used.
These AH° values can be calculated using the bond dissociation energies
in Table 2.3 below. Remember that AH® is equal to the energy of the bond
being broken minus the energy of the bond being formed.
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Table 2.3: Homolytic Bond Dissociation EnergiesY-Z - Y + Z

DH*® DH*
Bond keal/mol  kJ/mol Bond  kcal/mol kJ/mol
CH;—H 105 439 H—H 104 435
CH;CH,—H 101 423 E—F 38 159
CH,CH,CH,—H 101 423 Cl—Cl 58 242
(CH;),CH—H 99 414 Br—Br 46 192
(CH;):C—H 97 406 =1 36 150
H—F 136 571
CH;—CHj;4 B8 368 H—l 103 432
CHyCH,— CH;4 B3 355 H—Br B7 366
{(CH:),CH—CH;4 B4 351 H—I 71 298
(CH3);C—CH;4 BO 334
CH;—F 108 451
H,C=CH, 174 728 CH,—Cl B4 350
HC=CH 231 966 CH4CH,—Cl 82 343
(CH;);CH—Cl 81 338
HO—H 119 497 (CH,);C—Cl 79 330
CH;0—H 104 435 CH;—Br 70 294
CH;—OH 92 387 CH;CH,—Br 69 289
(CH:),CH—Br 68 285
{CH;);C—Br 63 264
CH;—1 57 239
CH,CH,—1 55 230
I. Berkowitz, G.B. Ellison, D. Guiman, J. Phys. Chem., 1994, 58, 2744,
AH (keal/mal) AH? (k)/mol)
Cl* + CHyCH,CH; — CH,CH,CH, + HCI 101 -103= -2 -8
Cl- + CHyCH,CH; — CH,CHCH; + HCI 99 — 103 = -4 -17
Cl- + CHCHCH; — CH;CCH; + HCI 97 —103= -6 25
(|3H3 CH,
AH" (keal/mol) AH" (kJ/mal)
Br- + CHiCH,CH; — CH;CH,CH, + HBr 101 -87=14 59
Bre + CHy,CH,CH; — CH;CHCH; + HBr 99 —87=12 50
Br- + CH,CHCH; — CHy,CCH; + HBr 97 -87=10 42
H, H,

We must also be aware that bromination is a much slower reaction than
chlorination. The activation energy for abstraction of a hydrogen atom by
a bromine radical has been found experimentally to be about 4.5 times
greater than that for abstraction of a hydrogen atom by a chlorine radical.
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Using the calculated values and the experimental activation energies, we
can draw reaction coordinate diagrams for the formation of primary,
secondary, and tertiary radicals by chlorine radical abstraction
(Figure 2.3a) and by bromine radical abstraction (Figure 2.3b).

a. b.

less than 1-kcal

- difference
== about 1.5-kcal
X 2 difference

ing,

Potential energy
Potential energy

el \ 70
chlorination is \ 1° J
exothermic; X ‘“k
transition states « KFR {1
3 Ikar v oy .
resemble reactants N2 . E]e ibmm!natlon is endethermic
2 kea 3 +Br transition states resemble products
_— —_—
Progress of the reaction Progress of the reaction

Figure 2.3. (a) Reaction coordinate diagrams for the formation of
primary, secondary, and tertiary alkyl radicals as a result of
abstraction of a hydrogen atom by a chlorineradical. Thetransition
states have relatively little radical character because they resemble
the reactants. (b) Reaction coordinate diagrams for the for mation of
primary, secondary, and tertiary alkyl radicals as a result of
abstraction of a hydrogen atom by a bromineradical. The transition
states have arelatively high degree of radical character because they
resemble the products.

Because the reaction of a chlorine radical with an alkane to form a
primary, secondary, or tertiary radical is exothermic, the transition states
resemble the reactants more than they resemble the products. The
reactants all have approximately the same energy, so there will be only a
small differencein the activation energiesfor removal of ahydrogen atom
from a primary, secondary, or tertiary carbon. In contrast, the reaction of
a bromine radical with an alkane is endothermic, so the transition states
resemble the products more than they resemble the reactants. Because
there is a significant difference in the energies of the product radicals—
depending on whether they are primary, secondary, or tertiary—thereisa
significant difference in the activation energies. Therefore, a chlorine
radical makes primary, secondary, and tertiary radicals with almost equal
ease, whereas a bromine radical has a clear preference for formation of
the easiest-to-form tertiary radical (Figure 2.3). In other words, because a
bromineradical isrelatively unreactive, it is highly selective about which
hydrogen atom it abstracts. In contrast, the much more reactive chlorine
radical is considerably less selective. These observations illustrate the
reactivity—selectivity principle, which states that the greater the
reactivity of a species, the less selective it will be.
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Because chlorination is relatively nonselective, it isauseful reaction only
when thereis just one kind of hydrogen in the molecule.

Cl1
ST by /\a
| + Cly — = | + HCI
R S R

By comparing the values for the sum of the two propagating steps for the
monohal ogenation of methane, we can understand why akanes undergo
chlorination

and bromination but not iodination and why fluorination is too violent a
reaction to be useful. The fluorine radical is the most reactive of the
halogen radicals, and it reacts violently with alkanes (AH° = -31
kcal/mol). In contrast, theiodine radical istheleast reactive of the halogen
radicals. Infact, it is so unreactive (AH®° = 34 kcal/mol) that it isunable to
abstract a hydrogen atom from an alkane. Consequently, it reacts with
another iodine radical and reforms I2.

F+ + CHy — -CH; + HF 105 = 136= =31

‘CH; + F, — CHy¥f + F 38 -108=-70
ﬁ kcal/mol  (or —423 kJ/mol)

Cl- + CHy — -CH; + HCI 105 -103= 2

‘CH; + Cl, — CHyCl + CI 58 - B4=-126
m;:;,lmm (or =100 kJ/mol)

Br- + CH, — CH; + HBr 105 - 87= 138

‘CH; + Br; — CH;Br + Br 46 — 70=-24
AH" = =6kecal/mol  (or =25 kl/mol)

I- + CHy — -CH; + HI 105~ 7= 34

CH; + I, — CHyl + [ 36 - 57=-21

AH° 13 kealfmol  (or 54 kl/mol)

In-Text Question 6

Carry out the calculations that predict that

a. 2-bromobutane will be obtained in 98% yield.

b. 2-bromo-2,5,5,-trimethylhexane will be obtained in 82% yield.

SELF-ASSESSMENT EXERCISE

I Explain why chlorination or bromination of methylcyclohexane
will produce a greater yield of 1-halo-1-methylcyclohexane.

a Would chlorination or bromination produce a greater yield of 1-
hal o-2,3 dimethylbutane?

b. Would chlorination or bromination produce a greater yield of 2-
hal 0-2,3-dimethylbutane?
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C. Would chlorination or bromination be a better way to make 1-hal o-
2,2-dimethylpropane?

I lodine does not react with ethane even though |2 is more easily
cleaved homolytically than the other halogens. Explain.

I When 2-methyl propane is monochlorinated in the presence of light
at room temperature, 36% of the product is 2-chloro-2-methyl propane and
64% is 1-chloro-2-methylpropane. From these data, calculate how much
easier it isto abstract a hydrogen atom from atertiary carbon than from a
primary carbon under these conditions.

Let total amount of product = 100
The relative amount of 1-chloro-2-methylpropane = number of primary
hydrogen x ease of the primary hydrogen removal (X)
.e.64=9x X
X=711
Similarly,
The relative amount of 2-chloro-2-methylpropane = number of tertiary
hydrogen x ease of the tertiary hydrogen removal (YY)
1.e.36=1xY
Y =36
Relative ease of removal of hydrogen atom from a tertiary carbon than
fromaprimary carbonareY : X i.e. 36:7.11
=5:1
Hence, it isfive times easier to abstract a hydrogen atom from a tertiary
carbon than from a primary carbon under the given conditions.
WY If 2-methylpropane is brominated at 125 °C in the presence of
light, what percent of the product will be 2-bromo-2-methylpropane?
Compare your answer with the percent given in Problem 2 above for
chlorination.
V. a) Why does a bunsen burner with the air-hole closed produce
ayellow flame?
b) Explain why carbon monoxide, formed by incomplete
combustion of hydrocarbons, is poisonous.

40 CONCLUSION

Alkanes (the most basic of al organic compounds) undergo very few
reactions. The two reactions of more importance are combustion and
hal ogenation. Halogenation is the replacement of one or more hydrogen
atoms in an organic compound by a halogen (fluorine, chlorine, bromine
or iodine). Unlike the complex transformations of combustion, the
hal ogenation of an alkane appears to be a simple substitution reaction in
which a C-H bond is broken and anew C-X bond is formed.
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5.0

6.0

7.0

SUMMARY

Alkanes are called saturated hydrocarbons because they do not
contain any double or triple bonds. Since they also have only
strong o bonds and atoms with no partial charges, alkanes are very
unreactive.

Alkanes do undergo radical substitution reactions with chlorine
(Cl2) or bromine (Br.) at high temperatures or in the presence of
light, to form alkyl chlorides or alkyl bromides. The substitution
reaction isaradical chain reaction with initiation, propagation, and
termination steps.

Unwanted radical reactions are prevented by radical inhibitors—
compounds that destroy reactive radicals by creating unreactive
radicals or compounds with only paired electrons.

The rate-determining step of the radical substitution reaction is
hydrogen atom abstraction to form aradical .

Therelative rates of radical formation are 3° > 2° > 1° > methyl.
To determine the relative amounts of products obtained from the
radical halogenation of an alkane, both probability and the relative
rate at which a particular hydrogen is abstracted must be taken into
account.

The reactivity—selectivity principle states that the more reactive a
speciesis, the less selective it will be.

A bromine radical is less reactive than a chlorine radical, so a
bromine radical is more selective about which hydrogen atom it
abstracts.

Fluorine radicals (F) are the most reactive of al of the halogen
atoms and iodine radicals (I) are the least reactive. | is so
unreactive that it does not abstract H from most akanes. The
overall reactivity trend for halogen atomsis F > Cl > Br > | and
thisis the same order as they appear in the next to the last column
of aperiodic table.
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1.0 INTRODUCTION

An understanding of chemical processes has made possible the
conversion of natural substances into new compounds with different, and
sometimes superior, properties. Aspirin, ibuprofen, nylon, and
polyethylene are al products of chemical reactions between substances
derived from petroleum.

Reactions are difficult to learn when each reaction is considered a unique
and isolated event.

Virtually all chemical reactions are woven together by afew basic themes.
In this unit, we shall be looking at the equations for organic reactions,
reaction mechanisms, various organic reactions, how a reaction occurs,
and types of reagents. Understanding the details of an organic reaction
allows usto determine when it might be used in preparing interesting and
useful organic compounds.

A chemical reaction isthe transformation of one chemical or collection of
chemicalsinto another chemical or collection of chemicals. Thisinvolves
the making of new chemical bonds and the breaking of old chemical
bonds. Organic reactions are the chemical reactionsthat are undergone by
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organic compounds. Reactions of organic compounds can be organized
broadly by the types of reactions and how these reactions occur. Thetypes
of reactions organic compounds undergo are divided into substitution
reactions, elimination reactions, addition reactions, redox reactions,
rearrangement reactions, pericyclic reactions and free radical reactions.

2.0 OBJECTIVES
When you have studied this unit, you should be able to:

understand how equations for organic reactions are written.
have a better understanding of reaction mechanisms.
become familiar with the various classes of organic reactions.

3.0 MAIN CONTENT
3.1 Writing Equationsfor Organic Reactions

Like other reactions, equations for organic reactions are usually drawn
with a single reaction arrow (—) between the starting material and
product, but other conventions make these equations look different from
those encountered in genera chemistry.

The reagent, the chemical substance with which an organic compound
reacts, is sometimes drawn on the left side of the equation with the other
reactants. At other times, the reagent is drawn above the reaction arrow
itself, to focus attention on the organic starting material by itself on the
left side. The solvent and temperature of a reaction may be added above
or below the arrow. The symbols “hv” and “A” are used for reactions
that require light or heat, respectively. Figure 3.1 presents an organic
reaction in different ways.

When two sequential reactions are carried out without drawing any
intermediate compound, the steps are usually numbered above or below
the reaction arrow. This convention signifies that the first step occurs
before the second, and the reagents are added in sequence, not at the same
time.

Two sequential reactions The first reaction...
9 [1] CH:MgBr - éOHCH
S [é]_ﬁ_o_“ — T | i A

CH; = "CHy 2 1oy

...then the second
HOMgBr — inorganic by-product (often omitted)
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In this equation only the organic product is drawn on the right side of the
arrow. Although the reagent CHsMgBr contains both Mg and Br, these
elements do not appear in the organic product, and they are often omitted
on the product side of the equation. These elements have not disappeared.
They are part of an inorganic by-product (HOMgBr in this case), and are
often of little interest to an organic chemist.

Br is the reagent

,f"h‘aw l _i,#"hh‘x_vf’ Br
( | + Bre | 1
" t ~ “Br

The reagent can be on the left side or above the arrow.

|
) =

e g

Other reaction parameters can be indicated

. Br
B hv or A i
o~ cel,

CCls 1s the solvent.

hv — indicates light i1s needed.
A — indicates heat 1s needed.

Figure 2.4: Different ways of writing organic reactions
3.2 Reaction Mechanisms

Having now learned how to write and identify some common kinds of
organic reactions, we can turn to a discussion of reaction mechanism.

Due to the unique properties of carbon, namely, its ability to catenate,
form chains and rings, and form multiple bondswith itself or other atoms,
an enormous number of organic compounds are possible. Moreover, an
organic compound can undergo many different reactions. For example,
ethanol may react to form acetaldehyde, acetic acid, ethylene, formic acid,
carbon dioxide, and so on. So, it may appear that studying organic
reactions should be a very difficult and almost futile exercise. But,
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fortunately, closer studies have revealed that the reactions of enormously
large number of organic compounds actually take place in such ways that
these may be classified into afew groups of reactions. In most cases, the
organic reactions are brought about with inorganic compounds like acids,
bases, oxidizing agents, reducing agents and so on. The inorganic
compounds that bring about the organic reactions are termed as reagents,
and the organic compounds undergoing the chemical transformations are
termed as substrates.

A reaction mechanism is a detailed description of how bonds are
broken and formed as a starting material is converted to a product.
A reaction mechanism describes the relative order and rate of bond
cleavage and formation. It explains all the known facts about a reaction
and accounts for all products formed, and it is subject to modification or
refinement as new details are discovered.

A reaction can occur either in one step or in a series of steps.

A one-step reaction is called a concerted reaction. No matter how many
bonds are broken or formed, a starting material is converted directly to a
product.

A - B

A stepwise reaction involves more than one step. A starting materia is
first converted to an unstable intermediate, called areactive intermediate,
which then goes on to form the product.

A - reactive intermediate — B
3.2.1 Bond Cleavage

Bonds are broken and formed in all chemical reactions. No matter how
many steps there are in the reaction, however, there are only two ways to
break (cleave) abond: the electronsin the bond can be divided equally or
unegually between the two atoms of the bond.

. Breaking abond by equally dividing the electrons between the two
atomsin the bond is called homolysis or homolytic cleavage.
Equally divide these electrons.

ATB — A: + B

I

Each atom gets one electron.

Homolysis or homolytic cleavage

. Breaking a bond by unequally dividing the electrons between the
two atoms in the bond is called heterolysis or heterolytic cleavage.
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Heterolysis of a bond between A and B can give either A or B the two
electrons in the bond. When A and B have different electronegativities,
the electrons normally end up on the more electronegative atom.

Unequally divide these electrons.

l — AT 4+ B~
ATB —or
— A+ Bt

A gets two electrons or B gets two electrons.
Heterolysis or heterolytic cleavage

Homolysis and heterolysis require energy. Both processes generate
reactive intermediates, but the products are different in each case.

Homolysis generates uncharged reactive intermediates with
unpaired electrons.
Heterolysis generates charged intermediates.

Each of these reactive intermediates has a very short lifetime, and each
reacts quickly to form a stable organic product.

3.2.2 Radicals, Carbocations, and Carbanions

The curved arrow notation works fine for heterolytic bond cleavage

because it illustrates the movement of an electron pair. For homolytic

cleavage, however, one electron moves to one atom in the bond and one

electron movesto the other, so adifferent kind of curved arrow is needed.

. To illustrate the movement of a single electron, use a half-headed
curved arrow, sometimes called a fishhook.

Homolysis
N
I?U_B A- + B
Two half-headed curved arrows are needed for two single electrons.
Heterolysis
(’\

AB— At + Bi-
One full-headed curved arrow is needed for one electron pair.

A full-headed curved arrow shows the movement of an electron pair. A
half headed curved arrow shows the movement of asingle electron.

Homolysis of the C-Z bond generates two uncharged products with
unpaired electrons.
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. A reactive intermediate with a single unpaired electroniscalled a
radical.

Most radicals are highly unstable because they contain an atom that does
not have an octet of electrons. Radicals typically have no charge. They
are intermediates in a group of reactions called radical reactions.

Heterolysis of the C-Z bond can generate a carbocation or a carbanion.

Giving two electrons to Z and none to carbon generates a
positively charged carbon intermediate called a carbocation.

Giving two electrons to C and none to Z generates a negatively
charged carbon species called a carbanion.

Both carbocations and carbanions are unstabl e reactive intermediates: A
carbocation contains a carbon atom surrounded by only six electrons. A
carbanion has a negative charge on carbon, which is not a very
electronegative atom. Carbocations (electrophiles) and carbanions
(nucleophiles) can be intermediates in polar reactions - reactions in
which a nucleophile reacts with an electrophile.

Homolysis
| |
—C+Z2 —> —C- + Z

N |

Half-headed arrows  radical (radicals are intermediates in radical reactions).

Heterolysis

| | "
—C-2 —— —C+ ¥+ iZ

[y |
Full-headed arrow carbocation

b |

c-zZ —— oI I 4

| h\jl

Full-headed arrow  carbanion

Figure 2.5. Three reactive intermediates resulting from homolysis
and heterolysis of a C-Z bond

Thus, homolysis and heterolysis generate radicals, carbocations, and

carbanions, the three most common reactive intermediates in organic
chemistry.
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B T T
radical carbocation carbanion
. Radicals and carbocations are el ectrophiles because they contain

an el ectron-deficient carbon.

. Carbanions are nucleophiles because they contain a carbon with
alone pair.

In-Text Question 1

1. Select the correct statement on carbanion from the following
option.

a) Carbanion IS an intermediate compound

b) In carbanion, central carbon atom carries negative charge

C) It POSSess an unshared pair of electron

d) All of the mentioned

2. Carbonium ions are the intermediates in which the positive charge
is carried by the carbon atom with electrons in the
valence shell.

a6 b5 c4 d 3

3.2.3 Bond Formation

Like bond cleavage, bond formation occurs in two different ways. Two
radicals can each donate one electron to form a two-electron bond.
Alternatively, two ions with unlike charges can come together, with the
negatively charged ion donating both electrons to form the resulting two
electron bond. Bond formation always releases energy.
IR

A+ B i A-r B

One electron comes from each atom.

Forming a bond from two radicals.

A
AN = BT —— A?B

Both electrons come from one atom
Forming a bond from two 1ons.
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3.24 Kindsof Arrows

Table 3.1 below summarizes the many kinds of arrows used in describing
organic reactions. Curved arrows are especially important because they
explicitly show what electrons are involved in a reaction, how these
electrons move in forming and breaking bonds, and if areaction proceeds
viaaradical or polar pathway.

Table2.4: A Summary of Arrow Typesin Chemical Reactions

Arrow Name Use
Reactive arrow | Drawn between the
C— starting materials
and products in an
eguation
Double reaction | Drawn between the
_ arrows starting materias
(equilibrium and products in an
arrows) equilibrium
equation
— Double-headed | Drawn  between
arrow resonance
structures
P gl Full-headed Shows movement
curved arrow of an electron pair
oy Half-headed Shows movement
curved  arrow | of asingle electron
(fishhook)

In-Text Question 2

Use full-headed or half-headed curved arrows to show the movement of
electrons in the following equations.

e 'f--éHg T ;—”'
a. — \\‘j 4 Hzﬂlji
e

i i
b. H-G—H + Bl — H-G- + H—Cl:
H H

In-Text Answer 2

a In this reaction, the C-O bond is broken heterolytically. Because
only one electron pair is involved, one full-headed curved arrow is
needed.
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OH-
'v — [ + Hy0: «—— The electron pair in the C—0 bond ends up on ©.

b. This reaction involves radicals, so half-headed curved arrows are
needed to show the movement of single electrons. One new two-electron
bond is formed between H and Cl, and an unpaired electron is left on C.
Because a total of three electrons are involved, three half headed curved
arrows are needed.

Two electrons form a bond.
| - i
, c HeC: + HEC
H HI
An electron remains on C.

3.3 VariousOrganic Reactions

Like other compounds, organic molecules undergo the following
reactions:

3.3.1 Substitution Reactions

A substitution reaction is that in which an atom or a group of atoms is
replaced by another atom or group of atoms.
A general substitution reaction:

—(::—2 +Y — —(|:—Y +2Z
| !
Y replaces Z (Z = H or heteroatom).

In a general substitution reaction, Y replaces Z on a carbon atom.
Substitution reactions involve ¢ bonds: one ¢ bond breaks and
another form at the same carbon atom. The most common examples of
substitution occur when Z is hydrogen or a heteroatom that is more
el ectronegative than carbon.

Examples:

CHzt1  +CIF —— GH,~Cl +1°
I i

Cl replaces I
(|:|) o]
Cmmem+ 0OH — L@ sl iy
CH; [Cl CH; ["OH
| 1
OH replaces ClI
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3.3.2 Elimination Reactions

An elimination reaction is one in which elements of the starting material
are “lost” and a m bond is formed.

A general elimination reaction can be represented as below:

| \_ /
—C—C— + reagent — C=C + X-Y

i 0

Two ¢ bonds are broken. 1 bond

In an elimination reaction, two groups X and Y are removed from a
starting material. Two ¢ bonds are broken, and a m bond is formed
between adjacent atoms. The most common examples of elimination
occur when X=H and Y isaheteroatom more el ectronegative than carbon.

Examples:
"l' ||4 H H
N
H-C—C—H + ~OH C=C  + HO + Br
H Br H { -
loss of HBr n bond
P H,S0, \\
¢ ) < + H,0
\ / W
7 X
HO  H |
loss of H,O m bond

3.3.3 Addition Reactions

Addition reactions occur when one or two molecules of the reagent are
added to a multiple bond or asmall ring of the substrate. The two starting
materials add together to form only one product with no atoms | eft over.
A+B - A-B

In an addition all parts of the adding reagent appear in the product; two
molecules become one.

When you take an glkene (or alkyne) and add certain types of reagents to
them, you cet results like this. In this reaction, C; — C, and H — Cl are
broken and C; — H and C, — Cl bonds are formed.
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A typical addition reaction:
Bonds broken Bonds formed

H e :E:.I H
H , /{-H —_— :%H C-|—CE C.,-H
H H H-CI C,—ClI

All addition reactions follow the same pattern (break a m bond, form two
single bonds). However, these do not always proceed through the same
mechanism. One of the challenges with learning addition reactionsisin
keeping track of which kinds of reagents lead to “regioisomers” (i.e.
constitutional isomers) and which lead to “stereoisomers” as some even
lead to both!

3.3.4 Redox Reactions

In these reactions, the reagents bring about a change in the oxidation
number of the C-atom of the substrate molecule. A reduction reaction is
that in which the oxidation number of the C-atom in the molecule
decreases to form the product, while in an oxidation reaction, oxidation
number increases. For example,

LiAlH,
CH,CHO — o C2|13C1|1201|
27

It is a reduction reaction as the oxidation number of the Ci-atom of the
substrate decreases from 0 to -2.

CrO5, 1,80,

CH;CH,OH CH;COOH
2 2 1

It Is an oxidation reaction as the oxidation number of the Ci-atom of the
substrate increases from -2 to +2.

3.3.5 Rearrangement Reactions

In these reactions, the bond connectivity within the molecule changes to
giveadifferent compound having same molecular formula. Such achange
in the bond connectivity takes place due to the migration of an atom or a
group from one location to a new location within the molecule. Such a
migration of an atom or agroup may take place within the same molecule
in Intramolecular processes or may involve two different molecules of the

same species in intermolecular processes. For example,
OH

/\/\ >
R OH R)\/
Allylic rearrangement
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\ o ®

Wagner-Meerwein rearrangement

In-Text Question 3

Classify each reaction as addition, elimination, substitution, or
rearrangement.

(8@ CHsCH2Br + LiOH - CH3CHOH + LiBr

(b)  CH3CH2CH:CI - CH3CH=CH. + HCI

(c) CH3CH=CH. + H - CH3CH2CH3

3.3.6 Pericyclic Reactions

In these reactions, the electron reorganization of the substrate molecule
takes place through a cyclic transition state in a single-step reaction,
giving stereo specific products under the influence of either heat or light.
For example,

/. 7.

Heat . .
— —_— Electrocyclic reaction

4 %

# WZ Heat . R

+

N2

\\\\

Cycloaddition reaction X

Sigmatropic reaction

F X

H i+ H _m o Cycloaddition reaction
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In these reactions, the products that are obtained by heating the substrate
cannot be formed by irradiation with light and vice versa. The mechanism
of a reaction of any one of the above types consists of everything that
happens as the starting materials are converted to the products.

The reactions may take place in a single step or in a multiple step. In a
multiple-step reaction, the product of a step that takes part in the
successive step is considered as an intermediate in the overall reaction.

For example,
Reactant Product

B and C are intermediates for the overall reaction:
A — D

The reactions take place due to electron reorganization in the reactant
molecule.

3.3.7 Free Radical Reactions

As discussed earlier in unit 2 of this module, free radicals are chemical
species having one or more unpaired electrons in their valence shells.
Homolytic bond fission leads to the formation of free radicals. Thus, free
radicals are odd electron molecules, e.g. *CHs, *C2Hs, *CgHs, (CeHs)3eC,
etc., and are highly reactive. Free radicals are paramagnetic, that is, they
possess a small permanent magnetic moment, due to the presence of
unpaired electron(s). This property is used for the detection of the
presence of free radicals.

Formation of Free Radicals
Free radicals are formed by homolytic fission of a covalent bond, when a
molecule is supplied with sufficient energy — thermal or photochemical.

(1) Thermal Cleavage — Most of the covalent bonds are thermally
stable up to a temperature of 200°C . However, there are a few
group of compounds (peroxy and azo) which undergo homolytic
cleavage at temperatures below 200°C. These are designated as
initiators.

0
/\/7/%%_0 h—

+ 0]
Aryl alkyl peroxide Light Phenoxy Alkoxy radical
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HiC——N==N—"CH; —8 . >0y, ; N,

Light
(i) Photochemical Cleavage — A second general method of obtaining
radicalsis through irradiation with either UV or visiblelight. The
energy transferred to the molecule by the interaction must be of
the order of bond dissociation energy or grater to produce
homolysis.

Alkanes undergo substitution reaction with halogens. The hydrogen atom
of the alkane is substituted with a halogen atom to give an akyl halidein
the presence of light or heating at 250°C - 400°C.

. hv
CHy+Cl, — = CH;Cl+HCI

CHACl+ Cly — Y CH,Cl, + HCI

CH,Cly + Cly — > cpet + HO

CHCL+Cl, —™ > CCl,+ HCI

This free radical reaction is less vigorous in bromine and more
discriminatory. Bromine radical will prefer secondary carbon to the
primary.

Br
CH3CH,CH; ;S—> CH;CHCH; + HBr

Br

This reaction proceeds via afree radical mechanism.
M echanism of Free Radical Reaction

(1) Chain I nitiation Step: Thisisthe step in which energy is absorbed
and reactive particles are generated. Here the chlorine molecule is broken
into chlorine radicals. This cleavage is homolytic.

Cl, + Cl* + CI* (chain initiation step)

(i) Chain Propagation Step: Here, a reactive particle (free radical)
is consumed and another reactive particle is generated.
CH,+Cl* — CHj3+HCl

CH;+Cl, —> CH;Cl+CI°

(chain propagation steps)

138



CHM 203 MODULE 2

(iif)  Chain Termination Step: Here, the reactive particles are consumed
but no new particles are generated.

CI'+Cl®* — > (I,
CH: + CH: ——>  (CH;3CH,4 (chain termination step)

CH}+Cl* ———  CH;Cl

In-Text Question 4

Radical chlorination of alkanes is not generally useful because mixtures
of products often result when more than one kind of C-H bond is present
in the substrate. Draw and name all mono-chloro substitution products
CsH13Cl you might obtain by reaction of 2-methylpentane with Cl..

3.4 Typesof Reagents

Many reagents that bring about numerous organic reactions can be
classified into two main groups. This classification is done on the basis of
the ability of the reagents to accept or donate electrons to the substrate
molecule.

The reagent that accept electrons are termed as Electrophiles (philic
meaning loving, that is, electron loving) and often abbreviated by the
symbol E®. The reagents that donate electrons to the electron-deficient
species are called Nucleophiles (nucleus or positive centre loving) and
often abbreviated by the symbolNu®.

Electrophiles are electron-deficient species. All positively charged
species are electrophilic in nature, for example, H@,CH?, .

C1%,N0®, and so on.

Neutral molecules or species where the central atom is unsaturated with
respect to electrons also behave as electrophiles. For example, AlCl;,
BF,, and CH,, where the central atom contains the sextet of electrons.
Other neutre] molecules where the central atom canr expand its octet to
decet or dodecet also behave as electrophiles. For instance, SF, can form
species like SF2~, and SiCl,and form SiClée,so, SF, and SiCl, behave as
electrophiles. Transition metal compounds that act as Lewis acids dueto
the ability of the metal ions to accommodate electronsin the d-AOs also
behave as electrophile, for example, ZnCl,, SnCl,, FeCl;, and so on. Odd
electron species like free radicals where the unpaired electron is
accommodated in a low energy. Singly Occupied Molecular Orbital
(SOMO) also act as electrophiles, for example, CH;0.

Nucleophiles, on the other hand, are electron-rich species.
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All negatively charged species by nature are Nucleophilic, for example,
HO,CcHY, 1S, HO®, HS®, and so on. Neutral species that have loosely
held electrons as in m-bonds, act as nucleophiles. For example, alkenes,
alkynes, and so on, are Nucleophilic in nature. Neutral molecules that
have one or more lone pairs on an atom, usually a heteroatom, behave as
the nucleophiles. For example, H,0:, NH;, and so on.

Odd electron species where the unpaired electron is accommodated in a
high-energy SOMO also behave as nucleophiles, for example, CHs.

In-Text Question 5
1. Which of the following is not an eectrophile?

a) (CHz)aN* b) Cl2 c) HBr d) Br
2. Which reagent IS a good nucleophile?
a) NH3 b) BH3 c) Br2 d) HBr

SELF-ASSESSMENT EXERCISE

I Classify each of the following reactions as an addition,
elimination, substitution, or rearrangement:

(@) CHsBr + KOH - CH3OH + KBr
(b) CH3CH2Br - HC=CH>+ HBr
(c) Ho.C=CH2 + H2> —» CH3CHzs

i Which of the following species are likely to be nucleophiles and
which electrophiles? Which might be both?

(a) CH3CI (b) CH3S™ (€)

i N CHz  (d) |c|)
\—/ CH3CH
I What product would you expect from reaction of cyclohexenewith
HBr? With HCI?

WY Add curved arrowsto the following polar reaction to show the flow

of electrons:
o} 0
| H _Br |
JC M L 5l S C. _CHs + Br
HaC c HsC s
| H H /
H H H
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V. Add curved arrows to the following polar reactionsto indicate the
flow of electronsin each:

(a) Tk
s 5 |+ =
sCl=Cly “F H—rTl—H — H—\Id—H + :«Cl:
H H

cha’ “OCH; HaC”~  “OCHs;

40 CONCLUSION

We have been able to explain how equations for organic reaction are
written; the reaction mechanism involving bond cleavage, radicals,
carbocation and carbonions, bond formation and kind of arrows. Also the
various types of organic reactions with examples and lastly the types of
reagents used in organic reactions,

5.0 SUMMARY

There are common patterns to how organic reactions occur. In a
substitution reaction, one atom or a group of atoms in a substance is
replaced by another atom or group of atoms from another substance.
Bulky groups that prevent attack cause the reaction to be sterically
hindered. In an elimination reaction, adjacent atoms are removed with
subsequent formation of a multiple bond and a small molecule. An
addition reaction is the reverse of an elimination reaction. Radical
reactions are not very selective and occur in three stages: initiation,
propagation, and termination. Oxidation-reduction reactions in organic
chemistry are identified by the change in the number of oxygen in the
hydrocarbon skeleton or the number of bonds between carbon and oxygen
or carbon and nitrogen.
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1.0 INTRODUCTION

The carbon-halogen bond in an alkyl halide is polar and the carbon atom
is electron-poor. Thus, alkyl halides are electrophiles, and much of their
chemistry involves polar reactions with nucleophiles and bases. Alkyl
halides do one of two things when they react with anucleophile/base, such
as hydroxide ion: either they undergo substitution of the X group by the
nucleophile, or they undergo elimination of HX to yield an alkene.

SE—ET & on s &—C. + BF
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Substitution

H 5

S §° \  /

—E + OH > C=C H0 + Br
/ \Br /
Elimination

Nucleophilic substitution and base-induced elimination are two of the
most widely occurring and versatile reaction types in organic chemistry,
both in the laboratory and in biological pathways. We’ll look at them
closely in this unit to see how they occur, what their characteristics are,
and how they can be used. We’ll begin with nucleophilic substitution
reactions.

2.0 OBJECTIVES
By theend of this session, you should be able to:

have a better understanding of nucleophilic substitution and
elimination reactions.

have a better understanding of the types of nucleophilic
substitution and elimination reactions.

understand the characteristics of nucleophilic substitution and
elimination reactions.

become familiar with biological nucleophilic substitution and
elimination reactions

3.0 MAIN CONTENT
3.1 TheDiscovery of Nucleophilic Substitution Reactions

The discovery of the nucleophilic substitution reaction of alkyl halides
dates back to work carried out in 1896 by the German chemist Paul
Walden. Walden found that the pure enantiomeric (+)- and (-)-malic acids
could be interconverted through a series of simple substitution reactions.
When Walden treated (-)-malic acid with PCls, he isolated (+)-
chlorosuccinic acid. This, on treatment with wet Ag20, gave (+)-malic
acid. Similarly, reaction of (+)-malic acid with PCls gave (-)-
chlorosuccinic acid, which was converted into (-)-malic acid when treated
with wet Ag20. Thefull cycle of reactionsis shown in Figure 2.6 below.
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PCls |

HOCCH»CHCOH S HDCCHQ(IjHCOH
OH C
(~}-Malic acid (+)-Chlorosuccinic acid
[alp =-2.3
]f\qz:), Ho0 l»’%cufl Hz0
I I PClg Il I
HOCCHE?HCDH m HDCCHE('IJHCOH
C OH
{=)-Chlorosuccinic acid (+)-Malic acid
[elp = +2.3

Figure 2.6: Walden’s cycle of reactions interconverting (+)- and (-)-
malic acids.

At the time, the results were astonishing. The eminent chemist Emil
Fischer called Walden’s discovery “the most remarkable observation
made in the field of optical activity since the fundamental observations of
Pasteur.” Because (-)-malic acid was converted into (+)-malic acid, some
reactions in the cycle must have occurred with a change, or inversion, in
configuration at the chirality center.

Today, we refer to the transformations taking place in Walden’s cycle as
nucleophilic substitution reactions because each step involves the
substitution of one nucleophile (chlorideion, Cl-, or hydroxide ion, HO)
by another. Nucleophilic substitution reactions are one of the most
common and versatile reaction types in organic chemistry.

R—X 4+ Nu:®™ —— BR—Nu + X:7

Following the work of Walden, further investigations were undertaken
during the 1920s and 1930s to clarify the mechanism of nucleophilic
substitution reactions and to find out how inversions of configuration
occur. Among the first series studied was one that interconverted the two
enantiomers of 1-phenyl-2-propanol (Figure 2.7). Although this
particular series of reactionsinvolves nucleophilic substitution of an alkyl
p-toluenesulfonate (called a tosylate) rather than an alkyl halide, exactly
the same type of reaction isinvolved as that studied by Walden. For all
practical purposes, the entire tosylate group acts as if it were simply a
halogen substituent. (In fact, when you see a tosylate substituent in a
molecule, do a mental substitution and tell yourself that you’re dealing
with an alkyl halide.)
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~" " 0T = TosO%

p-Toluenesulfonate (Tosylate)

= ;}: TosCl ,i- |
‘ i " _—)‘ AT ; + HC|
s~ ~ H 0%H Pyridine H 0—Tos
(1)

(+]-1-Phenyl-2-propanol [alp = +31.1
[alp =+33.0
2 .
H,0, “OH CH3CO
,\‘( }O .
~0Tos + H 0%C e
CH3
Ha (
lalp = +7.0 "
lalp = -7.06
0
CH;-;lr:o- © | H.0, 0H
3 TosCl
HCl + g — + CHaCO™
O H Pyridine -H3to
I
Tos
[alp =-31.0 {(=)-1-Phenyl-2-propanol

la]lp =-33.2

Figure 2.7: A Walden cycle interconverting (+) and (-) enantiomers
of 1-phenyl-2-propanal.

In the three-step reaction sequence shown in Figure 2.7, (+)-1-phenyl-2-
propanol is interconverted with its (-) enantiomer, so at least one of the
three steps must involve an inversion of configuration at the chirality
center. Step 1, formation of atosylate, occurs by breaking the O-H bond
of the acohol rather than the C-O bond to the chiral carbon, so the
configuration around carbon is unchanged. Similarly, step 3, hydroxide-
ion cleavage of the acetate, takes place without breaking the C-O bond at
the chirality center. The inversion of stereo chemical configuration must
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therefore take place in step 2, the nucleophilic substitution of tosylateion
by acetate ion.

,jj-\ AT ,// i ” g

[‘;\ ]/ H O—Tos Inversion of [‘:_\ H O H + OTo
T configuration g l

From this and nearly a dozen other series of similar reactions, workers
concluded that the nucleophilic substitution reaction of a primary or
secondary alkyl halide or tosylate always proceeds with inversion of
configuration.

In-Text Question 1

What product would you expect from a nucleophilic substitution reaction
of (R)-1-bromo-1-phenylethane with cyanide ion, —C =N, as
nucleophile? Show the stereochemistry of both reactant and product,
assuming that inversion of configuration occurs.

3.2 TheSy2Reaction

In every chemical reaction, there is a direct relationship between the rate
at which the reaction occurs and the concentrations of the reactants. When
we measure this relationship, we measure the kinetics of the reaction. For
example, let’s look at the kinetics of a simple nucleophilic substitution—
the reaction of CH3Br with OH" to yield CH3OH plus Br-.

e -

- A.
. I." "

e L) ] . e
HO:~ + CH3—Br: — HO—CH3 + :Bri~

At a given temperature, solvent, and concentration of reactants, the
substitution occurs at a certain rate. If we double the concentration of OH"
, the frequency of encounter between the reaction partners doubles and
we find that the reaction rate also doubles. Similarly, if we double the
concentration of CH3Br, the reaction rate again doubles. We call such a
reaction, in which the rate is linearly dependent on the concentrations of
two species, asecond-order reaction. Mathematically, we can expressthis
second-order dependence of the nucleophilic substitution reaction by
setting up a rate equation. As either [RX] or [[OH] changes, the rate of
the reaction changes proportionately.

Reaction rate = Rate of disappearance of reactant
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=k x [RX] x [TOH]

Where [RX] = CH3Br concentration in molarity
[[OH] ="OH concentration in molarity

k = A Constant value (the rate constant).

The essential feature of the Sy2 mechanismisthat it takesplacein asingle
step without intermediates when the incoming nucleophile reacts with the
akyl halide or tosylate (the substrate) from a direction opposite the group
that is displaced (the leaving group). As the nucleophile comesin on one
side of the substrate and bonds to the carbon, the halide or tosylate departs
from the other side, thereby inverting the stereo chemical configuration.
The processis shown in Figure 2.8 for the reaction of (S)-2-bromobutane
with HO  to give (R)-2-butanol.

M echanism

The mechanism of the Sy2 reaction takes place in a single step when the
incoming nucleophile approaches from a direction 180° away from the
leaving halide ion, thereby inverting the stereochemistry at carbon.

Sep 1. The nucleophile —OH uses its lone-pair electrons to attack the
alkyl halide carbon 180° away from the departing halogen. This leads to
a transition state with a partially formed C-OH bond and a partially
broken C-Br bond.

Sep 2: The stereochemistry at carbon isinverted asthe C-OH bond forms
fully and the bromide ion departs with the electron pair from the former
C-Br bond.

QHa ol

HO:=  Hal [V HoHe | e
" \"“————"’C Bl‘ |:-— “: ﬂ-.‘:_ -_.:--.l_C‘,H + B —
chacH e | HO--=C----Br \ r
213 1 (|:H o =% CH,CH3
23 -
(S)-2-Bromobutane (R)-2-Butanol

Transiticn state

Figure 2.8: Mechanism of Sy2 reaction

As shown in the mechanism above, the Sy2 reaction occurs when an
electron pair on the nucleophile Nu:” forces out the group X:-, which takes
with it the electron pair from the former C-X bond. This occurs through a
transition state in which the new Nu-C bond is partially forming at the
same time that the old C-X bond is partially breaking and in which the
negative charge is shared by both the incoming nucleophile and the
outgoing halide ion. The transition state for this inversion has the
remaining three bonds to carbon in a planar arrangement (Figure 2.9).
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= \Q‘ & ‘\' [} ."J
Nu: + C=X —* |\ C x] — Nu—C/ + X

/ | \

Figure 2.9: The transition state of an Sy2 reaction has a planar
arrangement of the carbon atom and the remaining three groups.
Electrostatic potential maps show that negative chargeis delocalized
in the transition state.

The mechanism proposed by Hughes and Ingold is fully consistent with
experimental results, explaining both stereo chemical and kinetic data.
Thus, the requirement for backside approach of the entering nucleophile
from a direction 180° away from the departing X group causes the
stereochemistry of the substrate to invert, much like an umbrella turning
inside out in the wind. The Hughes-Ingold mechanism also explains why
second-order kinetics are found: the Sy2 reaction occurs in a single step
that involves both akyl halide and nucleophile. Two molecules are
involved in the step whose rate is measured.

3.3 Characteristics of the Sy2 Reaction

Now that we know how Sn2 reactions occur, we need to see how they can
be used and what variables affect them. Some Sy2 reactions are fast, and
some are slow; some take place in high yield and others in low yield.
Understanding the factors involved can be of tremendous value. Let’s
begin by recalling afew things about reaction rates in general.

The rate of a chemical reaction is determined by the activation energy
AGT, the energy difference between reactant ground state and transition
state. A change in reaction conditions can affect AGt either by changing
the reactant energy level or by changing the transition-state energy level.
Lowering the reactant energy or raising the transition-state energy
increases AGt and decreases the reaction rate; raising the reactant energy
or decreasing the transition-state energy decreases AGt and increases the
reaction rate (Figure 2.10). We’ll see examples of all these effects as we
look at Sy2 reaction variables.

/} (b) A
|

- -
=} o
£ £
Q L1
o o
Lid 51

Reaction progress = Reaction progress =———————
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Figure 2.10: The effects of changes in reactant and transition-state
energy levelson reaction rate. (a) A higher reactant energy level (red
curve) corresponds to a faster reaction (smaller AGT). (b) A higher
transition state energy level (red curve) corresponds to a slower
reaction (larger AGH).

3.3.1 The Substrate: Steric Effectsin the Sy2 Reaction

Thefirst Sn2 reaction variable to look at is the structure of the substrate.
Because the Sy2 transition state involves partial bond formation between
the incoming nucleophile and the alkyl halide carbon atom, it seems
reasonable that a hindered, bulky substrate should prevent easy approach
of the nucleophile, making bond formation difficult. In other words, the
transition state for reaction of a stericaly hindered substrate, whose
carbon atom is “shielded” from approach of the incoming nucleophile, is
higher in energy and forms more slowly than the corresponding transition
state for aless hindered substrate (Figure 2.11).

(c)
CH3

,,\C—Br
HiC¢
H

Figure 2.11: Steric hindrance to the Sy2 reaction. As the models
indicate, the carbon atom in (a) bromomethane isreadily accessible,
resulting in afast Sy2 reaction. The carbon atomsin (b) bromoethane
(primary), (c) 2-bromopropane (secondary), and (d) 2-bromo-2-
methylpropane (tertiary) ar e successively morehindered, resultingin
successively slower Sy2 reactions.

AsFigure2.11 shows, the difficulty of nucleophile approach increases as

the three substituents bonded to the hal o-substituted carbon atom increase
in size. Methyl halides are by far the most reactive substrates in Sy2
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reactions, followed by primary alkyl halides such as ethyl and propyl.
Alkyl branching at the reacting center, asin isopropyl halides (2°), slows
the reaction greatly, and further branching, as in tert-butyl halides (3°),
effectively halts the reaction. Even branching one carbon removed from
the reacting center, asin 2,2-dimethylpropyl (neopentyl) halides, greatly
slows nucleophilic displacement. As aresult, Su2 reactions occur only at
relatively unhindered sites and are normally useful only with methyl
halides, primary halides, and a few simple secondary halides. Relative
reactivities for some different substrates are as follows:

R—Br: & €I — R—C€l + B¥

CHg
7 CHy
H4C HiC €. HsC, HaC H
€ C—Bi C—Br c—B oo

HiC” H77 0 HsC o T ger o

HsC H H H H

Tertiary Neopentyl Secondary Primary Methyl

Relative <1 1 500 40,000 2,000,000
reactlwty

Vinylic halides (R.C=CRX) and aryl halides are not shown on this
reactivity list because they are unreactive toward Sy2 displacement. This
lack of reactivity is due to steric factors: the incoming nucleophile would
have to approach in the plane of the carbon-carbon double bond and
burrow through part of the molecule to carry out a backside displacement.

(¢
R.. . > S
.C=CT 74 No reaction
Nu:

Vinylic halide

~oNu™

F ol

¥
— S

( N/ ;
NE—_ Cl  —< No reaction

Aryl halide
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3.3.2 TheNucleophile

Another variable that has a major effect on the Sy2 reaction is the nature
of the nucleophile. Any species, either neutral or negatively charged, can
act asanucleophileaslong asit has an unshared pair of electrons; that is,
aslong asitisalLewis base. If the nucleophile is negatively charged, the
product is neutral; if the nucleophile is neutral, the product is positively
charged.

Negatively charged Neutral
nucleaphile ¥\ /, product
N i -
N .// \w |';X ¢
Mz 4+ B—=¥ —— R—Nu =+ ¥i

Neutral Positively
nucleophile charged product

A wide array of substances can be prepared using nucleophilic
substitution reactions.

» Sn2 L
R—C=C: + CHgBr ———— R—0C=C—CHy =+ Br

reaction

An acetylide anion

Table 2.5 lists some nucleophiles in the order of their reactivity, shows
the products of their reactions with bromomethane, and givesthe relative
rates of their reactions. Clearly, there are large differences in the rates at
which various nucleophiles react.

What are the reasons for the reactivity differences observed in Table 2.5?
Why do some reactants appear to be much more “nucleophilic” than
others? The answers to these questions aren’t straightforward. Part of the
problem is that the term nucleophilicity is imprecise. The term is usually
taken to be ameasure of the affinity of a nucleophile for acarbon atomin
the S\2 reaction, but the reactivity of agiven nucleophile can changefrom
one reaction to the next. The exact nucleophilicity of a speciesin agiven
reaction depends on the substrate, the solvent, and even the reactant
concentrations. Detailed explanations for the observed nucleophilicities
aren’t always simple, but some trends can be detected in the data of Table
2.5.
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Table 2.5: Some Sy2 Reactions with Bromomethane

Nu:™ 4+ CH3Br —  CH3Nu +Br™

Nucleophile Product Ralative rate

Formula Name Formula Name of reaction
H,0 Water CH30H,™* Methylhydronium ion 1
CH3CO5~ Acetate CH3CO2CH3 Methyl acetate 500
NH3 Ammonia CH3NH3™ Methylammonium ion 700
El= Chloride CH;Cl Chloromethane 1,000
HO— Hydroxide CH30H Methanol 10,000
CH Methoxide CH30CH3 Dimethyl ether 25,000
lodide CHat lodomethane 100,000
—CN Cyanide CH5CN Acetonitrile 125,000

= Hydrosulfide CH3SH Methanethiol 125,000

Nucleophilicity roughly parallels basicity when comparing
nucleophiles that have the same reacting atom. Thus, OH" is both
more basic and more nucleophilic than acetate ion, CH3CO>’,
which in turn is more basic and more nucleophilic than H2O. Since
“nucleophilicity” is usually taken as the affinity of a Lewis base
for acarbon atom in the Sy2 reaction and “basicity” is the affinity
of a base for a proton, it’s easy to see why there might be a
correlation between the two kinds of behavior.

Nucleophilicity usually increases going down a column of the
periodic table. Thus, HS is more nucleophilic than HO", and the
halide reactivity order is1-. Br. Cl-. Going down the periodic table,
elements have their valence electrons in successively larger shells
where they are successively farther from the nucleus, less tightly
held, and consequently more reactive. The matter is complex,
though, and the nucleophilicity order can change depending on the
solvent.

Negatively charged nucleophiles are usually more reactive than
neutral ones. As aresult, Sy2 reactions are often carried out under
basic conditions rather than neutral or acidic conditions.

3.3.3 TheLeaving Group

Still another variable that can affect the Sy2 reaction is the nature of the
group displaced by the incoming nucleophile. Because the leaving group
Is expelled with a negative charge in most Sy2 reactions, the best leaving
groups are those that best stabilize the negative charge in the transition
state. The greater the extent of charge stabilization by the leaving group,
thelower the energy of the transition state and the more rapid the reaction.
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Thus, weak bases such as Cl-, Br-, and tosylate ion make good leaving
groups, while strong bases such as OH" and NH>" make poor leaving
groups.

et OH~, NH2~, CR™ F I Br~ I- TosO™

reactivity << 1 200 10,000 30,000 60,000

It’s just as important to know which are poor leaving groups as to know
which are good, and the preceding data clearly indicate that F, HO", RO
, and HoN" are not displaced by nucleophiles. In other words, alkyl
fluorides, alcohaols, ethers, and amines do not typically undergo Sn2
reactions. To carry out an Sy2 reaction with an alcohol, it’s necessary to
convert the "OH into a better leaving group. This, in fact, is just what
happens when a primary or secondary acohol is converted into either an
alkyl chloride by reaction with SOCI. or an akyl bromide by reaction
with PBrs.

- 5 i
SOCly \ e o Crr = l"
— C—0—S—Cl —— Cl—C
/" ether / Sp2 N
H H

“—oH | A chlorosulfite | An alkyl chloride

/

H s =

A1°or2° . PBr3 ‘\\C—O—PE’-" Br- Dr—Cl’J

alcohol ether / - SN2\

H H
| A dibromophosphite | An alkyl bromide

Alternatively, an alcohol can be made more reactive toward nucleophilic
substitution by treating it with para-toluenesulfonyl chloride to form a
tosylate. As noted previously, tosylates are even more reactive than
halidesin nucleophilic substitutions. Note that tosylate formation does not
change the configuration of the oxygen-bearing carbon because the C-O
bond is not broken.

gl A ¢

b o O “"6—0

H

\\“\C —QOH - 55— V—CHs
Ether, pyridine o7 || a
H O
A1°or2° A tosylate
alcohol
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The one general exception to the rule that ethers don’t typically undergo
Sn2 reactions occurs with epoxides and the three-membered cyclic ethers.
Epoxides, because of the angle strain in the three membered rings, are
much more reactive than other ethers. They react with agueous acid to
give 1,2-diols, and they react readily with many other nucleophiles as
well. Propene oxide, for instance, reacts with HCI to give 1-chloro-2-
propanol by Sy2 backside attack on the less hindered primary carbon
atom.

i
= +
(9] S '“‘\_ .P:',- < 9] ‘:7' OH
He @™ H Hicl H, /X H |
c—C —_— C—C ——  CH3CHCH-CI
/ N T
H3C H HaC & H
Propene oxide Cr- 1-Chloro-2-propanol

3.3.4 The Solvent

The rates of Sy2 reactions are strongly affected by the solvent. Protic
solvents—those that contain an -OH or -NH group - are generaly the
worst for Sy2 reactions, while polar aprotic solvents, which are polar but
don’t have an —OH or -NH group, are the best.

Protic solvents, such as methanol and ethanol, slow down Sy2 reactions
by solvation of the reactant nucleophile. The solvent molecules hydrogen
bond to the nucleophile and form a cage around it, thereby lowering its
energy and reactivity.

OR

I
H

RO—H-- X:=-H—OR

H

I
OR

A solvated anion (reduced nucleophilicity due to enhanced ground-state
stability).

In contrast with protic solvents, which decrease the rates of Sy2 reactions
by lowering the ground-state energy of the nucleophile, polar aprotic
solvents increase the rates of Sy2 reactions by raising the ground-state
energy of the nucleophile. Acetonitrile (CH3CN), dimethylformamide
[(CH3)2NCHO, abbreviated DMF], dimethyl sulfoxide [(CHs)2SO,
abbreviated DMSO], and hexamethylphosphoramide {[(CH3)2N]sPO,
abbreviated HMPA} are particularly useful. These solvents can dissolve
many salts because of their high polarity, but they tend to solvate metal
cations rather than nucleophilic anions. As a result, the bare unsolvated
anions have a greater nucleophilicity and Sy2 reactions take place at
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correspondingly faster rates. For instance, a rate increase of 200,000 has
been observed on changing from methanol to HMPA for the reaction of
azideion with 1-bromobutane.

CH3CH2CHCH2—Br + Nz~ — CHaCHCHoCHp—Nz + Br

Solvent CHz0H Hy0 DMSC DMF CHLCN HMPA

Relative

e 1 7 1300 2800 5000 200,000
rezctivity

Solvent reactivity

3.4 The Syl Reaction

Most nucleophilic substitutions take place by the Sy2 pathway just
discussed. The reaction is favoured when carried out with an unhindered
substrate and a negatively charged nucleophile in a polar aprotic solvent,
but isdisfavoured when carried out with ahindered substrate and a neutral
nucleophile in a protic solvent. You might therefore expect the reaction
of atertiary substrate (hindered) with water (neutral, protic) to be among
the slowest of substitution reactions. Remarkably, however, the opposite
istrue. Thereaction of thetertiary halide (CH3)3CBr with H20 to give the
alcohol 2-methyl-2-propanol is more than 1 million times as fast as the
corresponding reaction of CH3Br to give methanol.

R—Br + H,O — R—OH + HBr

H HaC HaC HaC

\C B \C B \C B \C B
—bBr —Br —Br —Br
H" H"; H3C”"/ H3C”/
H H H H3C
Methyl Primary Secondary Tertiary
el <1 1 12 1,200,000
reactivity

A nucleophilic substitution reaction is occurring - a halogen is replacing
a hydroxyl group - yet the reactivity order seems backward. These
reactions can’t be taking place by the Sn2 mechanism we’ve been
discussing, and we must therefore conclude that they are occurring by an
alternative substitution mechanism. This aternative mechanism is called
the Syl reaction, for substitution, nucleophilic, unimolecular.

In contrast to the Sy2 reaction of CH3Br with OH", the Sy1 reaction of

(CH3)3CBr with H20O has a rate that depends only on the akyl halide
concentration and is independent of the H2O concentration. In other
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words, the reaction is a first-order process, the concentration of the
nucleophile does not appear in the rate equation.

Reaction rate = Rate of disappearance of alkyl halide

=k x [RX]

Many organic reactions occur in several steps, one of which usually hasa
higher-energy transition state than the others and is therefore slower. We
call this step with the highest transition-state energy the rate-limiting step,
or rate determining step. No reaction can proceed faster than its rate-
limiting step, which actsasakind of traffic jam, or bottleneck. In the Syl
reaction of (CHs):CBr with H2O, the fact that the nucleophile
concentration does not appear in the first-order rate equation means that
it isnot involved in the rate limiting step and must therefore be involved
in some other, non-rate-limiting step.

M echanism
Sep 1: Spontaneous dissociation of the alkyl bromide occurs in a slow,
rate-limiting step to generate a carbocation intermediate plus bromideion.

i
H3C—(|J—Br
CHg

n Rate-limiting
_ step

e
HeC—C*—_  +

| B

CHg
:OH-

Carbocation

Sep 2: The carbocation intermediate reacts with water as nucleophile in
afast step to yield protonated a cohol as product.

Fast
E H step

CHz H
ot

CHy H—

:OHy
Sep 3: Loss of a proton from the protonated alcohol intermediate then
givesthe neutral alcohol product.
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H|

CH3
H3C—(|3—{)H + Hgo*
CHs

The mechanism of the Syl reaction of 2-bromo-2-methylpropane with
H-O involves three steps. Step - the spontaneous, unimolecular
dissociation of the alkyl bromide to yield a carbocation - is rate-limiting.
Unlike what happens in an Sy2 reaction, where the leaving group is
displaced at the same time the incoming nucleophile approaches, an Syl
reaction takes place by loss of the leaving group before the nucleophile
approaches. 2-Bromo-2-methylpropane spontaneously dissociates to the
tert-butyl carbocation plus Br in a slow rate-limiting step, and the
intermediate carbocation is then immediately trapped by the nucleophile
water in afaster second step. Water is not areactant in the step whose rate
is measured. The energy diagramis shown in Figure 2.12.

___l_AG*

R* + X~
Carbocation

AGH (rate- : -
intermediate

Energy

RNu + X~

Reaction progress
Figure 2.12: An energy diagram for an Syl reaction. The rate-
limiting step isthe spontaneous dissociation of the alkyl halideto give
a carbocation intermediate. Reaction of the carbocation with a
nucleophile then occursin a second, faster step

Because an Syl reaction occurs through a carbocation intermediate, its
stereo chemical outcome is different from that of an Sy2 reaction.
Carbocations, as we’ve seen, are planar, sp2-hybridized, and achiral.
Thus, if we carry out an Syl reaction on one enantiomer of a chiral
reactant and go through an achiral carbocation intermediate, the product
must lose its optically activity. That is, the symmetrical intermediate
carbocation can react with a nucleophile equally well from either side,
leading to a racemic, 50;50 mixture of enantiomers.
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The conclusion that Sy1 reactions on enantiomerically pure substrates
should give racemic products is nearly, but not exactly, what isfound. In
fact, few Syl displacements occur with compl ete racemization. Most give
a minor (0-20%) excess of inversion. The reaction of (R)-6-chloro-2,6-
dimethyloctane with H2O, for example, leadsto an alcohol product that is
approximately 80% racemized and 20% inverted (80% R,S+20% S is
equivalent to 40% R+60% S).

H3¥ ch,cH s
LML H,0:
Ci—C CH3 —
\ | Ethanol
CH,CH,CH,CHCHg4
(R)-6-Chloro-2,6-dimethyloctane
. CH4 H5C
., CH3CHy 3 ¥ CH,CHy
b C—0H + HO—C 3
CH5CHCH,CH,CHY ‘CH,CH,CH,CHCH
60% S 40% R
(inversion) (retention)

Thislack of complete racemization in Syl reactionsis due to the fact that
ion pairs are involved. If a certain amount of substitution occurs before
the two ions fully diffuse apart, then a net inversion of configuration will
be observed.

3.5 Characteristics of the Sy1 Reaction

Just as the Sy2 reaction is strongly influenced by the structure of the
substrate, the leaving group, the nucleophile, and the solvent, the Syl
reaction is similarly influenced. Factors that lower AGH, either by
lowering the energy level of the transition state or by raising the energy
level of the ground state, favor faster Syl reactions. Conversely, factors
that raise AGt, either by raising the energy level of the transition state or
by lowering the energy level of the reactant, slow down the Syl reaction.

3.5.1 The Substrate

According to the Hammond postulate, any factor that stabilizes a high-
energy intermediate also stabilizes the transition state leading to that
intermediate. Since the rate-limiting step in an Syl reaction is the
spontaneous, unimolecular dissociation of the substrate to yield a
carbocation, the reaction is favored whenever a stabilized carbocation
intermediate isformed. The more stable the carbocation intermediate, the
faster the Sy1 reaction.
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The stability order of alkyl carbocationsis 3° > 2° > 1° > -CHas. To this
list we must also add the resonance-stabilized allyl and benzyl cations.
Just as allylic radicals are unusually stable because the unpaired electron
can be delocalized over an extended p orbital system, so alylic and
benzylic carbocations are unusually stable. An alylic cation has two
resonance forms. In one form the double bond is on the “left”; in the other
form it’s on the “right.” A benzylic cation has five resonance forms, all
of which contribute to the overall resonance hybrid.

-0
P

Allyl carbocation
D S G G
el = = ool = o gl ¢ gl o Tl N

W !
o F
/

Figure 2.13: Resonance forms of allylic and benzylic carbocations.
The positive chargeis delocalized over the p system in both

Because of resonance stabilization, a primary allylic or benzylic
carbocation is about as stable as a secondary alkyl carbocation and a
secondary allylic or benzylic carbocation is about as stable as a tertiary
alkyl carbocation. This stability order of carbocations is the same as the
order of Syl reactivity for akyl halides and tosylates.

3.5.2 ThelLeaving Group

We said during the discussion of Sn2 reactivity that the best leaving
groups are those that are most stable; that is, those that are the conjugate
bases of strong acids. An identical reactivity order is found for the Sy1
reaction because the leaving group isdirectly involved in the rate-limiting
step. Thus, the Syl reactivity order is

HO: < 0 & B 7w lusg= H30

Note that in the Sy1 reaction, which is often carried out under acidic
conditions, neutral water is sometimes the leaving group. This occurs, for
example, when an alkyl halide is prepared from a tertiary acohol by
reaction with HBr or HCI. The alcohol is first protonated and then
spontaneously loses H-O to generate a carbocation, which reacts with
halide ion to give the akyl halide. Knowing that an Syl reaction is
involved in the conversion of alcohols to alkyl halides explains why the
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reaction works well only for tertiary alcohols. Tertiary alcohols react
fastest because they give the most stable carbocation intermediates.

M echanism

Step 1. The—OH group isfirst protonated by HBr.

M\
C|IH3"//— — I—i—lﬁ :
CH3—C|—QH
CHsg

2

CH3z |
| /."f"l"
CHy—C=QH, | + BF

CH5

Step 2: Spontaneous dissociation of the protonated alcohol occursin a
slow, rate limiting step to yield a carbocation intermediate plus water.

Step 3. The carbocation intermediate reacts with bromide ion in a fast
step to yield the neutral substitution product.

e
CH3—C|I—"D‘r

CHs

Figure 2.14: The mechanism of the Sy1 reaction of a tertiary alcohol
with HBr toyield an alkyl halide. Neutral water isthe leaving group

(step).
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3.5.3 TheNucleophile

The nature of the nucleophile plays a major role in the Sy2 reaction but
does not affect an Syl reaction. Because the Sy1 reaction occurs through
a rate-limiting step in which the added nucleophile has no part, the
nucleophile can’t affect the reaction rate. The reaction of 2-methyl-2-
propanol with HX, for instance, occurs at the same rate regardliess of
whether X is Cl, Br, or |. Furthermore, neutral nucleophiles are just as
effective as negatively charged ones, so Syl reactions frequently occur
under neutral or acidic conditions.

i ige
CH,—~C—0OM + HX — CH;—C—X + H0
I I
CHj CHj
2-Methyl-2-propanol (Same rate for X =ClI, Br, I)

3.5.4 The Solvent

What about the solvent? Do solvents have the same effect in Syl reactions
that they have in Sv2 reactions? The answer is both yes and no. Yes,
solvents have a large effect on Sy1 reactions, but no, the reasons for the
effects on Sy1 and Sn2 reactions are not the same. Solvent effects in the
S\2 reaction are due largely to stabilization or destabilization of the
nucleophile reactant, while solvent effects in the Syl reaction are due
largely to stabilization or destabilization of the transition state.

The properties of a solvent that contribute to its ability to stabilize ions by
solvation are related to the solvent’s polarity. Sn1 reactions take place
much morerapidly in strongly polar solvents, such aswater and methanol,
than in less polar solvents, such as ether and chloroform. In the reaction
of 2-chloro-2-methylpropane, for example, a rate increase of 100,000 is
observed on going from ethanol (less polar) to water (more polar). The
rate increases on going from a hydrocarbon solvent to water are so large
they can’t be measured accurately.

(|3H3 CHg
CHB—(IJ—CJ + ROH —— CH3—C|—C'F?. + HCI
CH3 CH3
40% Water/ 80% Water/
Ethanol 60% Ethanol 20% Ethanol Water
Falstive 1 100 14,000 100,000
reactivity : .
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Both the Sy1 and the Sy2 reaction show solvent effects, but they do so for
different reasons. Sy2 reactions are disfavoured in protic solvents because
the ground-state energy of the nucleophile is lowered by solvation. Sy1
reactions are favoured in protic solvents because the transition-state
energy leading to carbocation intermediate is lowered by solvation.

In-Text Question 2

Predict whether each of the following substitution reactionsislikely to be
Sn1 or Sn2:

(a) Cl OAc

3.6 Biological Substitution Reactions

Both Sy1 and Sn2 reactions are well-known in biological chemistry,
particularly in the pathways for biosynthesis of the many thousands of
plant-derived substances called terpenoids. Unlike what typicaly
happens in the laboratory, however, the substrate in a biological
substitution reaction is usually an organodiphosphate rather than an alkyl
halide. Thus, the leaving group is the diphosphate ion, abbreviated PP,
rather than a halide ion. In fact, it’s useful to think of the diphosphate
group as the “biological equivalent” of a halogen. The dissociation of an
organodiphosphate in a biological reaction is typically assisted by
complexation to a divalent metal cation such as Mg?* to help neutralize
charge and make the diphosphate a better leaving group.

'3, ; o
3 Dissociation

R —FF, g+ +

An alkyl
chloride
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0D O 0 0
i — I
Issociatian
)POPO- —— R* + “OPOPO™ (PP}
|

OO

MgZ+ Mg2*+

An organodiphosphate Diphosphate ion

3.7 Elimination Reactions: Zaitsev’s Rule

We said at the beginning of this unit that two kinds of reactions can take
place when a nucleophile/Lewis base reacts with an akyl halide. The
nucleophile can ether substitute for the halide by reaction at carbon or
can cause elimination of HX by reaction at neighbouring hydrogen.
Elimination reactions are more complex than substitution reactions for
severa reasons. One is the problem of regiochemistry. What products
result by loss of HX from an unsymmetrical halide? In fact, elimination
reactions almost always give mixtures of alkene products, and the best we
can usually do isto predict which will be the magjor product.

According to Zaitsev’s rule, formulated in 1875 by the Russian chemist
Alexander Zaitsev, base-induced elimination reactions generally
(although not always) give the more stable alkene product - that is, the
alkene with more alkyl substituents on the double-bond carbons. In the
following two cases, for example, the more highly substituted alkene
product predominates.

Zaitsev’s Rule
In the elimination of HX from an alkyl halide, the more highly substituted
alkene product predominates.

Br
| CHaCH,0™ Nat
CHgCHpCHCHy  — ="~ CH3CH=CHCH3 + CH3CHpCH=CHy
2-Bromobutane 2-Butene 1-Butene
(81%) (19%)
Br CHs CHa
CHaCH (|:CH i i Ol Y CH-—(|ZCH CHACH (|:—CH
3 2| 3 CHCH,OH abA=00Hg  + abHyL=CLh;
CHg
2-Bromo-2-methylbutane 2-Methyl-2-butene 2-Methyl-1-butene

(70%) (30%)
Another factor that complicates a study of elimination reactions is that

they can take place by different mechanisms, just as substitutions can.
We’ll consider three of the most common mechanisms - the E1, E2, and
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E1cB reactions - which differ in the timing of C-H and C-X bond-
breaking.

In the E1 reaction, the C-X bond breaks first to give a carbocation
intermediate that undergoes subsequent base abstraction of H* to yield the
akene. In the E2 reaction, base-induced C-H bond cleavage is
simultaneous with C-X bond cleavage, giving the alkene in a single step.
In the E1cB reaction (cB for “conjugate base™), base abstraction of the
proton occurs first, giving a carbanion (R:") intermediate. This anion, the
conjugate base of the reactant “acid,” then undergoes loss of X" in a
subsequent step to give the alkene. All three mechanisms occur frequently
in the laboratory, but the E1cB mechanism predominates in biological
pathways.

_; 2 i
o + B—H
¥
M ‘ H \
N ,-” Ty 4 3 \\ ,ff
c—c” —s cte | — e=(
7 7 2
2 S
Carbocation

E1 Reaction: C-X b_ond breaks first t(; give a carbocation intermediate,
followed by base removal of a proton to yield the alkene.

,,7 \fx D) b4 \ ¥ X

E2 Reaction: C-H and C-X bonds break simultaneously, giving the
alkenein asingle step without intermediates.

= & =
B:i—y + B—H
H 3 i
I “ kS /
C—C\/ — —C‘/:_ — C=C
/ \X / '\X;] / N
K
Carbaniaon

E1cB Reaction: C-H bond breaks first, giving a carbanion intermediate
that loses X- to form the alkene.

In-Text Question 3

What product would you expect from reaction of 1-chloro-1-
methylcyclohexane with KOH in ethanol ?
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Cl
/

/_/\-"-\
i —CH3 KOH >
L Ethanol ’

- -
RS

3.8 TheE2 Reaction and the Deuterium I sotope Effect

The E2 reaction (for elimination, bimolecular) occurs when an akyl
halide is treated with a strong base, such as hydroxide ion or alkoxide ion
(RO). It isthe most commonly occurring pathway for elimination.

M echanism

Sep 1: Base (B:) attacks a neighboring hydrogen and begins to remove
the H at the same time as the alkene double bond starts to form and the X
group startsto leave.

=

R |F
5+ -, /#R
B
R/ N
R X
Transition state

Sep 2: Neutral alkene is produced when the C-H bond is fully broken
and the X group has departed with the C-X bond electron pair.

a|

R.. _-R + e

H"C:C"F{ + B—H + X
Figure 2.15: Mechanism of the E2 reaction of an alkyl halide. The
reaction takes place in a single step through a transition state in
which the double bond beginsto form at the sametimethe H and X

groups ar e leaving.

Like the Sv2 reaction, the E2 reaction takes place in one step without
intermediates. As the base beginsto abstract H* from a carbon next to the
leaving group, the C-H bond begins to break, a C=C bond beginsto form,
and the leaving group begins to depart, taking with it the electron pair
from the C-X bond. Among the pieces of evidence supporting this
mechanism isthat E2 reactions show second-order kineticsand follow the
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ratelaw: rate = k x [RX] x [Base]. That is, both base and alkyl halide takes
part in the rate-limiting step.

A second piece of evidence in support of the E2 mechanism is provided
by a phenomenon known as the deuterium isotope effect. For reasons that
we won’t go into, a carbon—hydrogen bond is weaker by about 5 kJ/mol
(1.2 kcal/mol) than the corresponding carbon—deuterium bond. Thus, aC-
H bond is more easily broken than an equivalent C-D bond, and the rate
of C-H bond cleavageisfaster. For instance, the base-induced elimination
of HBr from 1-bromo-2-phenylethane proceeds 7.11 times as fast as the
corresponding elimination of DBr from 1-bromo-2,2-dideuterio-2-
phenylethane. Thisresult tells us that the C-H (or C-D) bond is brokenin
the rate-limiting step, consistent with our picture of the E2 reaction as a
one-step process. If it were otherwise, we couldn’t measure a rate
difference.

(D) (D) (D)
(H} (H) 1)
N f‘r
AN /.C\ ,//,/"\\ ,/C‘-‘-:;- .

CH5

P
\
—/
(@]
T
%]
5]
(vs)
(1]
—
Ny

R P

[H)—Faster reaction
(D) —Slowver reaction

Y et athird piece of mechanistic evidence involves the stereochemistry of
E2 eliminations. As shown by a large number of experiments, E2
reactions occur with periplanar geometry, meaning that all four reacting
atoms—the hydrogen, the two carbons, and the leaving group—Iliein the
same plane. Two such geometries are possible: syn periplanar geometry,
in which the H and the X are on the same side of the molecule, and anti
periplanar geometry, in which the H and the X are on opposite sides of
the molecule. Of the two, anti periplanar geometry is energetically
preferred because it allows the substituents on the two carbons to adopt a
staggered relationship, whereas syn geometry requires that the
substituents be eclipsed.

In-Text Question 4

What stereochemistry do you expect for the alkene obtained by E2
elimination of (1S29)-1,2-dibromo-1,2-diphenyl ethane?

3.9 TheE2 Reaction and Cyclohexane Confor mation
Anti periplanar geometry for E2 reactions is particularly important in

cyclohexane rings, where chair geometry forces a rigid relationship
between the substituents on neighboring carbon atoms. The anti
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periplanar requirement for E2 reactions overrides Zaitsev’s rule and can
be met in cyclohexanes only if the hydrogen and the leaving group are
trans diaxial. If either the leaving group or the hydrogen is equatorial, E2
elimination can’t occur.

The difference in reactivity between the isomeric methyl chloridesis due
to the difference in their conformations. Neomethyl chloride has a
conformation with the methyl and isopropyl groups equatorial and the
chlorine axial - a perfect geometry for E2 elimination. Loss of the
hydrogen atom at C4 occurs easily to yield the more substituted alkene
product, 3-menthene, as predicted by Zaitsev’s rule.

Methyl chloride, by contrast, has a conformation in which all three
substituents are equatorial. To achieve the necessary geometry for
elimination, methyl chloride must first ring-flip to a higher-energy chair
conformation, in which al three substituents are axial. E2 elimination
then occurswith loss of the only trans-diaxial hydrogen available, leading
to the non-Zaitsev product 2-methene. The net effect of the simple change
in chlorine stereochemistry is a 200-fold change in reaction rate and a
compl ete change of product. The chemistry of the molecule is controlled
by its conformation.

3.10 The E1 and E1cB Reactions

3.10.1 The E1 Reaction

Just as the E2 reaction is analogous to the Sy2 reaction, the Syl reaction
has a close analog called the E1 reaction (for elimination, unimolecular).
The E1 reaction can be formulated for the elimination of HCI from 2-
chloro-2-methylpropane.

M echanism

Sep 1. Spontaneous dissociation of the tertiary alkyl chloride yields an
intermediate carbocation in a slow, rate-limiting step.
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Sep 2: Loss of aneighboring H* in afast step yields the neutral akene
product. The electron pair from the C—H bond goes to form the alkene it
bond.

al]-

CHs H
T
e

A

CHy; H

Figure 2.16: Mechanism of the E1 reaction. Two steps are involved,
the first of which is rate-limiting, and a carbocation intermediate is
present.

E1 eliminations begin with the same unimolecular dissociation to give a
carbocation that we saw in the Syl reaction, but the dissociation is
followed by loss of H* from the adjacent carbon rather than by
substitution. In fact, the E1 and Sy1 reactions normally occur together
whenever an akyl halide is treated in a protic solvent with a nonbasic
nucleophile. Thus, the best E1 substrates are also the best Sy1 substrates,
and mixtures of substitution and elimination products are usually
obtained. For example, when 2-chloro-2-methylpropane is warmed to
65°C in 80% agueous ethanol, a 64;36 mixture of 2-methyl-2-propanol
(Sv1) and 2-methylpropene (E1) results.

CHg CHs H4C H
H50, ethanol b /
Hic—c—cl —22%,  pec—C—0H + c=C
65"C [ / s
CH4 CHs Ha2C H
2-Chloro-2-methylpropane 2-NMethyl-2-propanol 2-Methylpropene
[64%) {36%)

Much evidence has been obtained in support of the E1 mechanism. For
example, E1 reactions show first-order kinetics, consistent with a rate-
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limiting, unimolecular dissociation process. Furthermore, E1 reactions
show no deuterium isotope effect because rupture of the C-H (or C-D)
bond occurs after the rate-limiting step rather than during it. Thus, we
can’t measure a rate difference between a deuterated and nondeuterated
substrate.

A final piece of evidence involves the stereochemistry of elimination.
Unlike the E2 reaction, where anti periplanar geometry is required, there
IS no geometric requirement on the E1 reaction because the halide and the
hydrogen are lost in separate steps. We might therefore expect to obtain
the more stable (Zaitsev’s rule) product from E1 reaction, which is just
what we find. To return to afamiliar example, methyl chloride loses HCI
under E1 conditions in a polar solvent to give a mixture of akenes in
which the Zaitsev product, 3-menthene, predominates.

3.10.2The E1cB Reaction

In contrast to the E1 reaction, which involves a carbocation intermediate,
the E1cB reaction takes place through a carbanion intermediate. Base-
induced abstraction of aprotoninaslow, rate-limiting step givesan anion,
which expels a leaving group on the adjacent carbon. The reaction is
particularly common in substrates that have a poor leaving group, such as
-OH, two carbons removed from a carbonyl group, HO-C-CH-C=0. The
poor leaving group disfavors the aternative E1 and E2 possibilities, and
the carbonyl group makes the adjacent hydrogen unusually acidic by
resonance stabilization of the anion intermediate.

£
Y

O

| [ % 2 O:

X/ :(”)‘ Nl NI b e Tt
o ke, A= _CysC | I
e 1 e C- c C
C/ | | g g
P T

Resonance-stabilized anion

3.11 Biological Elimination Reactions

All three elimination reactions - E2, E1, and E1cB - occur in biological
pathways, but the E1cB mechanism is particularly common. The substrate
isusually an alcohol rather than an alkyl halide, and the H atom removed
is usually adjacent to a carbonyl group, just as in laboratory reactions.
Thus, 3-hydroxy carbonyl compounds are frequently converted to
unsaturated carbonyl compounds by elimination reactions. A typical
example occurs during the biosynthesis of fats when a 3-hydroxybutyryl
thioester is dehydrated to the corresponding unsaturated (crotonyl)
thioester. The basein thisreaction isahistidine amino acid in the enzyme,
and loss of the -OH group is assisted by simultaneous protonation.
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Ho H ﬁ) HO, H ?ﬁ p H,0
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3-Hydroxybutyryl
thioester

Crotonyl
thioester

In-Text Question 5

Tell whether each of thefollowing reactionsislikely to be SN1, SN2, E1,
E1cB, or E2, and predict the product of each:

(a) (/\r,JC] Nat OCH | (b) JB\r
L/ ' .

CH40H

SELF-ASSESSMENT EXERCISE

I What product would you expect to obtain from a nucleophilic
substitution reaction of (9-2-bromohexane with acetate ion,
CHsCO2?

I. What product would you expect to obtain from Sy2 reaction of OH-
with (R)-2-bromobutane? Show the stereochemistry of both
reactant and product.

I What product would you expect from Sn2 reaction of 1-
bromobutane with each of the following?

(@ Na (D)KOH (OH-C=C—Li (d)NHs
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\Y Which substance in each of the following pairsis more reactive as
anucleophile? Explain.

(@) (CH3)2N" or (CH3)2NH (b) (CH3)3B or (CHz)sN (¢) H20 or H2S

V. Rank thefollowing compoundsin order of their expected reactivity
toward SN2 reaction: CH3Br, CH3OTos, (CH3)3CCl, (CH3)2CHCI

Vi What product(s) would you expect from reaction of (S-3-chloro-
3-methyloctane with acetic acid? Show the stereochemistry of both
reactant and product.

Vii  Rank the following substances in order of their expected SN1
reactivity:

Br Br
| |
CH3CH9Br HyC=CHCHCH3, HoC=CHBr CH3CHCH3

40 CONCLUSION

In this unit, we have succeeded in explaining that nucleophilic
substitution and base-induced elimination are two of the most widely
occurring and versatile reaction types in organic chemistry, both in the
laboratory and in biological pathways.

50 SUMMARY

The effects on Syl reactions of the four variables - substrate, leaving
group, nucleophile, and solvent - are summarized in the following
Statements:

Substrate: The best substrates yield the most stable carbocations. As a
result, Sn1 reactions are best for tertiary, alylic, and benzylic halides.

Leaving group: Good leaving groups increase the reaction rate by
lowering the energy level of thetransition state for carbocation formation.

Nucleophile: The nucleophile must be nonbasic to prevent a competitive
elimination of HX, but otherwise does not affect the reaction rate. Neutral
nucleophiles work well.

Solvent: Polar solvents stabilize the carbocation intermediate by
solvation, thereby increasing the reaction rate.

Svl, S\2, E1, E1cB, E2—how can you keep it al straight and predict

what will happen in any given case? Will substitution or elimination
occur? Will the reaction be bimolecular or unimolecular? There are no
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rigid answers to these questions, but it’s possible to recognize some trends
and make some generalizations.

. Primary alkyl halides: Sy2 substitution occurs if a good
nucleophile is used, E2 elimination occurs if a strong, sterically
hindered base is used, and E1cB elimination occurs if the leaving
group istwo carbons away from a carbonyl group.

. Secondary alkyl halides: Sn2 substitution occursif aweakly basic
nucleophile is used in a polar aprotic solvent, E2 elimination
predominates if a strong base is used, and E1cB elimination takes
place if the leaving group is two carbons away from a carbonyl
group. Secondary alylic and benzylic akyl halides can also
undergo Syl and E1 reactionsif aweakly basic nucleophileis used
in a protic solvent.

. Tertiary alkyl halides. E2 elimination occurs when abase is used,
but Syl substitution and E1 elimination occur together under
neutral conditions, such as in pure ethanol or water. E1cB

elimination takes place if the leaving group is two carbons away
from a carbonyl group.
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MODULE 3 AROMATIC COMPOUNDS
INTRODUCTION

Compounds which have relatively few hydrogens in relation to the number
of carbons, such as benzene, aretypically found in oils produced by trees and
other plants. Early chemists called such compounds aromatic compounds
because of their pleasing fragrances. In this way, they were distinguished
from aliphatic compounds, with higher hydrogen-to-carbon ratios, that were
obtained from the chemical degradation of fats. The chemical meaning of the
word *“aromatic” now signifies certain kinds of chemical structures. This
module will lead usto the discussion of two units where we will examine the
criteria that a compound must satisfy to be classified as aromatic and their
reaction types. These units are:

Unit 1 Benzene and other Aromatic Compounds
Unit 2 Reactions in Aromatic Compounds

UNIT 1 BENZENE AND OTHER AROMATIC
COMPOUNDS
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3.7.4 Charged Aromatic Compounds
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3.8.2 Molecular Orbitals Formed When More Than Two p Orbitals
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5.0 Summary
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1.0 INTRODUCTION

Benzene (CsHe) is the simplest aromatic hydrocarbon (or arene). Since its
isolation by Michael Faraday from the oily residue remaining in the
illuminating gas lines in London in 1825, it has been recognized as an
unusual compound. Benzene has four degrees of unsaturation, making it a
highly unsaturated hydrocarbon. But, whereas unsaturated hydrocarbons
such as akenes, akynes, and dienes readily undergo addition reactions,
benzene does not. For example, bromine adds to ethylene to form a
dibromide, but benzene isinert under similar conditions.

H\ ,’H Bry |_|| |T|
C=C S 2 S S g
/TN |
H H Br Br
Ethylene addition product
Br,
CgHg —_— No reaction
Benzene

Benzene does react with bromine, but only in the presence of FeBrz (aLewis
acid), and the reaction is a substitution, not an addition.

Br.
By, — CeHeBr
FeBrs

Substitution: Br replaces H

Thus, any structure proposed for benzene must account for its high degree of
unsaturation and its lack of reactivity towards electrophilic addition.
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For 6C’s, the maximum number of H’s = 2n + 2 = 2(6) + 2 = 14. Because
benzene contains only 6H’s, it has 14 — 6 = 8 H’s fewer than the maximum

number. This corresponds to % for each degree of unsaturation = four
degrees of unsaturation in benzene.

In the last half of the nineteenth century August Kekulé proposed structures
that were close to the modern description of benzene. In the Kekulé model,
benzene was thought to be arapidly equilibrating mixture of two compounds,
each containing a six-membered ring with three alternating m bonds. These
structures are now called K ekulé structures. In the Kekulé description, the
bond between any two carbon atoms is sometimes a single bond and
sometimes a doubl e bond.

Kekulé description: An equilibrium

Although benzeneis still drawn asasix-membered ring with three alternating
T bonds, in reality thereisno equilibrium between two different kinds of
benzene molecules. Instead, current descriptions of benzene are based on
resonance and electron delocalization due to orbital overlap.

In the nineteenth century, many other compounds having properties similar
to those of benzene were isolated from natural sources. Because these
compounds possessed strong and characteristic odours, they were called
aromatic compounds. It istheir chemical properties, though, not their odour
that make these compounds special.

. Aromatic compounds resemble benzene - they are unsaturated
compounds that do not undergo the addition reactions characteristic of
alkenes.

20 OBJECTIVES
When you have studied this session, you should be able to:

understand the processes of benzene isolation.

get acquainted with the nomenclature of benzene and benzene
derivatives.

understand the stability of benzene and the criteriafor Aromaticity.
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3.0 MAINCONTENT
3.1 Isolation of Benzene

Benzene and other arenes can be obtained by distilling coal. This is a
particular messy processin the laboratory, and requires alengthy business of
separating the products from one another. However, in industry it is an
economic way of isolating benzene. There is strong demand for coke, which
is produced by heating coal in the absence of air. For every tone of coal
turned into coal, about 70 dm? of coal tar is made. This is an oily liquid,
which contains avariety of products. If the coal tar is separated by fractional
distillation, around 30 dm?® of benzene can be collected. Methylbenzene,
naphthal ene and anthracene are also obtained in smaller quantities.

In the laboratory a quicker way to make benzene is to heat the calcium salt
of benzoic acid, (CsHsCOOH)2Ca, with soda lime (soda lime contains
calcium hydroxide together with sodium hydroxide):

(CsHsCOO)2Ca(s) + Ca(OH)2(s) — 2CsHe(l) + 2CaCOs(s)

3.2 TheStructureof Benzene

Any structure for benzene must account for the following:

. It contains a six-membered ring and three additional degrees of
unsaturation.
. Itisplanar.

. All C - C bond lengths are equal.

Although the Kekul é structures satisfy the first two criteria, they break down
with the third, because having three alternating m bonds means that benzene
should have three short double bonds alternating with three longer single
bonds.

-~ 5
7~ .\\.

/s

-

N

~

AR
e

——— short bond —v“ «—— long bond
) ~

e (exaggerated ) (exaggerated)
~F

This structure implies that the C C bonds

should have twe different lengths. * sl s

« three long bonds

3.2.1 Resonance

Benzeneis conjugated, so we must use resonance and orbitals to describeits
structure. The resonance description of benzene consists of two equivalent
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Lewis structures, each with three double bonds that alternate with three
single bonds.

-~

i T ,//\‘\-.x P
b O ool - 5

“"l £ . — ‘ |

L L L J

N XNy L

hybrid

The electrons in the n bonds
are delocalized around the ring.

The resonance description of benzene matches the Kekulé description with
one important exception. The two Kekulé representations are not in
equilibrium with each other. Instead, the true structure of benzene is a
resonance hybrid of the two Lewis structures, with the dashed lines of the
hybrid indicating the position of the 1 bonds.

The resonance hybrid of benzene explains why all C — C bond lengths are
the same. Each C- C bond is single in one resonance structure and doublein
the other, so the actual bond length (139 pm) is intermediate between a
carbon-carbon single bond (153 pm) and a carbon- carbon double bond (134

pm).

D N
CH;—CH, CH,=CH, o, —e | J
) f &5 e
153 pm 134 pm T B T

The C-C bondsin benzene are equal and intermediate in length.
3.2.2 Hybridization and Orbitals

Each carbon atom in abenzene ring is surrounded by three atoms and no lone
pairs of electrons, making it sp2 hybridized and trigonal planar with all bond
angles 120°. Each carbon also has a p orbital with one electron that extends
above and below the plane of the molecule.

The six adjacent p orbitals overlap, delocalizing the six electrons over the six
atoms of the ring and making benzene a conjugated molecule. Because each
p orbital has two lobes, one above and one below the plane of the benzene
ring, the overlap of the p orbitals creates two “doughnuts” of electron density.
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. Benzene’s six m electrons make it electron rich and so it readily reacts
with electrophiles.

In-Text Question 1
In principle, which of the following is true regarding benzene and 1,3,5-
cyclohexatriene?

Theoretically they are the same molecules

Both have same length of all their C-C bonds

Both have same enthal py of hydrogenation

Cyclohexatriene has three different C-C bond lengths while benzene
has only one type of C-C bond Iength whose value is between those
of cyclohexatriene

Q0T

3.3 Nomenclature of Benzene Derivatives

Many organic molecules contain a benzene ring with one or more
substituents, so we must learn how to name them. Many common names are
recognized by the IUPAC system, however, so this complicates the
nomenclature of benzene derivatives somewhat.

3.3.1 Monosubstituted Benzenes

To name a benzene ring with one substituent, name the substituent and add
the word benzene. Carbon substituents are named as alkyl groups.

CHj
I

ethyl group — CHg chloro group

tert-butyl group
ethylbenzene tert-butylbenzene chlorobenzene
Many monosubstituted benzenes, such as those with methyl (CHz-), hydroxy
(=OH), and amino (-NH2) groups, have common names.

RN /RN RN
¢ H—CH, { "N _on =
b / A \___/
toluene phenol aniline
(methylbenzene) (hydroxybenzene) (aminobenzene)

In-Text Question 2
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Draw the structure of each of the following compounds:
a. 2-phenylhexane

b. benzy! alcohoal

c. 3-benzylpentane

d. bromomethylbenzene

3.3.2 Disubstituted Benzenes

There are three different ways that two groups can be attached to a benzene
ring, so aprefix - ortho, meta, or para - can be used to designate the relative
position of the two substituents. Ortho, meta, and para are also abbreviated
aso, m, and p, respectively.

1,2-Disubstituted benzens 1.3-Disubstituted benzsne 1.4-Disubstituted benzene
ortho iscmer meta isomer para isomer
Br Br Br
/:'J\\ /E'r ok S
9 |‘| ]
\‘“\.\.:‘,_,f RS /‘\_Br \‘_3_.__/

.
ortho-dibromobenzene meta-dibromobenzene para-dibromcbenzene
ar or or
o-dibromobenzene m-dibromobenzens p-dibromobenzene
or or or
1,2-dibromobenzene 1,3-dibromobenzene 1.4-dibromobenzene

If the two groups on the benzene ring are different, al phabetize the names of
the substituents preceding the word benzene. If one of the substituentsis part
of acommon root, name the molecule as a derivative of that monosubstituted
benzene.

Alphabetize two different substituent names:

Tr TOz <—nltre group
E’/" \\‘]/‘Cl 4’/ "‘xl
Ry “\\Q//]\F
o-bromochlore- m-fluoronitro-
benzene benzene

Use a common root hame:
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toluene phenol
NO,
B )Gt /N _oH
p-bromotoluene o-nitrophenol

3.3.3 Polysubstituted Benzenes

For three or more substituents on a benzene ring:
Number to give the lowest possible numbers around the ring.

Alphabetize the substituent names.

When substituents are part of common roots, name the molecule as a
derivative of that monosubstituted benzene. The substituent that
comprises the common root islocated at C;.

Examples of naming polysubstituted benzenes

;
I/»\J/CHZCHs

Cl l“x////g‘CHEGHECHS

4-chloro-1-ethyl-2-propylbenzene
Assign the lowest set of numbers.
Alphabetize the names of al the substituents.

NH,

25 I)&T
T\/T“‘\Q
S

2,5-dichloroaniline
Name the molecule as a derivative of the common root aniline.
Designate the position of the NH2 group as “1” and then assign the
lowest possible set of numbers to the other substituents.

In-Text Question 3

Tell whether the following compounds are ortho-, meta, or para
disubstituted:
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~~_ -CHsz ( (c) e _-SO3H

b) ~. _NO
‘\[ ‘v Jﬁ’ ‘\J/’ 2 [ |V
\‘\.\ J ""‘x\ - \‘\_\‘ -~
., -~ Br/ “-._\:;/ e, N ol W

<7 0oH

3.3.4 Naming Aromatic Rings as Substituents

A benzene substituent (CeHs—) is called a phenyl group, and it can be
abbreviated in a structure as Ph-.

Y

T
phenyl group
sHs
. A phenyl group (CsHs-) is formed by removing one hydrogen from
benzene (CsHs).

Benzene, therefore, can be represented as PhH, and phenol would be PhOH.

T ~ _.0OH
N i
L/ | _ | CgHs—H ' ] _ | C¢Hs—OH
S PhH S PhOH
benzene phencl

The benzyl group, another common substituent that contains a benzene ring,
differs from a phenyl group.

N CH2—§ 2 ,,é
L\\\\k ,/‘ \an extra CH, group N
benzyl group phenyl group

Finally, substituents derived from other substituted aromatic rings are
collectively called aryl groups.

Examples of aryl groups:
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34 Interesting Aromatic Compounds

Benzene and toluene, the simplest aromatic hydrocarbons obtained from
petroleum refining, are useful starting materialsfor synthetic polymers. They
are two components of the aromatic compound mixture added to gasoline to
boost octane ratings.

A\\ /:\ - ;;“\ ,,/\“‘Q\Q

naphthalene
benzene toluene p-xylene (used in mothballs)

Polycyclic aromatic hydrocarbons (PAHs). Naphthalene, the simplest
PAH, isthe active ingredient in mothballs.

Benzo[a]pyrene, a more complicated PAH is formed by the incomplete
combustion of organic materials. It is found in cigarette smoke, automobile
exhaust, and the fumes from charcoal grills. When ingested or inhaled,
benzo[a]pyrene and other similar PAHs are oxidized to carcinogenic
products.

Benzo[a]pyrene

Helicene and twistoflex are two synthetic PAHs. Helicene consists of six
benzene rings. Because the rings at both ends are not bonded to each other,
al of theringstwist dlightly, creating arigid helical shape that prevents the
hydrogen atoms on both ends from crashing into each other. Similarly, to
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reduce steric hindrance between the hydrogen atoms on nearby benzene
rings, twistoflex is also nonplanar.

. Benzo[ a] pyrene, produced by the incomplete oxidation of organic
compounds in tobacco, is found in cigarette smoke.

3.5 Stability of Benzene

Considering benzene as the hybrid of two resonance structures adequately
explains its equal C-C bond lengths, but does not account for its unusual
stability and lack of reactivity towards addition.

Heats of hydrogenation, used to show that conjugated dienes are more stable
than isolated dienes, can aso be used to estimate the stability of benzene.
Equations (1) - (3) compare the heats of hydrogenation of cyclohexene, 1,3-
cyclohexadiene, and benzene, all of which give cyclohexane when treated
with excess hydrogen in the presence of a metal catalyst.

AH° observed AH® “predicied”

{kJ/mol) (kJ/mol)
/’L"‘\__‘\ //"x\
' H
S (... -
R Pd-C ~
cyclohexene
. g 2 H, ~
2] [ } ———% ] 232 2 x (-120) =
W Pd-C g 2040 ——
1,3-cyclohexadiene (small difference)
] ‘/A\% 3H, e
B | ] == { 208 3 (~120) =
-~ /_5? Pd‘C \'\..//J & £360 )*_
benzene (large difference)

The addition of one mole of Hz> to cyclohexene releases -120 kJ/mol of
energy. If each double bond isworth -120 kJ/mol of energy, then the addition
of two moles of Hz to 1,3-cyclohexadiene should release 2 x -120 kJmol = -
240 kJ/mol of energy. The observed value, however, is -232 kJ/mol. Thisis
slightly smaller than expected because 1,3-cyclohexadiene is a conjugated
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diene, and conjugated dienes are more stabl e than two isolated carbon-carbon
double bonds.

The hydrogenations of cyclohexene and 1,3-cyclohexadiene occur readily at
room temperature, but benzene can be hydrogenated only under forcing
conditions, and even then the reaction is extremely slow. If each double bond
is worth -120 kJ/mol of energy, then the addition of three moles of H> to
benzene should release 3 x -120 kJ/mol = -360 kJ/mol of energy. In fact, the
observed heat of hydrogenation isonly -208 kJ/mol, whichis 152 kJ/mol less
than predicted and even lower than the observed vaue for 1,3-
cyclohexadiene.

The huge difference between the hypothetical and observed heats of
hydrogenation for benzene cannot be explained solely on the basis of
resonance and conjugation.

. The low heat of hydrogenation of benzene means that benzene is
especially stable, even more so than the conjugated. Thisunusual stability is
characteristic of aromatic compounds.

Benzene’s unusual behaviour in chemical reactions is not limited to
hydrogenation. Benzene does not undergo addition reactions typical of other
highly unsaturated compounds, including conjugated dienes. Benzene does
not react with Br» to yield an addition product. Instead, in the presence of a
Lewis acid, bromine substitutes for a hydrogen atom, thus yielding a product
that retains the benzene ring.

X% 1”

%_/‘\

Addition does not occur. An addltlon product would no longer contain a
benzene ring.

Br2
B ——
FeE!r3
Addition occurs. A substitution product still contains abenzene ring
This behavior is characteristic of aromatic compounds.
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3.6 TheCriteriafor Aromaticity - Hckel’s Rule

Four structural criteria must be satisfied for a compound to be aromatic:
A molecule must becyclic.

. To be aromatic, each p orbital must overlap with p orbitals on two
adjacent atoms.
The p orbitals on all six carbons of benzene continuously overlap, so
benzene is aromatic. 1,3,5-Hexatriene has six p orbitals, too, but the
two on the terminal carbons cannot overlap with each other, so 1,3,5-
hexatrieneis not aromatic.
A molecule must be planar.

. All adjacent p orbitals must be aligned so that the o electron density
can be delocalized.

For example, cyclooctatetraene resembles benzene in that it is a cyclic
molecule with alternating double and single bonds. Cyclooctatetraene is tub
shaped, however, not planar, so overlap between adjacent 1 bonds is
impossible. Cyclooctatetr aene, ther efore, is not aromatic, so it undergoes
addition reactions like those of other alkenes.

[

s o, — Mg
L —
= & — Br
H
cyclooctatetraene addition product

A molecule must be completely conjugated.

A completely conjugated ring These rings are not completely conjugated.
H/’C;fj I//’\]\ l/‘ ::.:-\
' I Y — bital
i o porbitals , no p orbita
\-\j/ Ny \\;:_—::/
benzene 1,3-cyclohexadiene 1,3,5-cycloheptatriene
a p orbital on every C not aromatic not aromatic
aromatic

Both 1,3-cyclohexadiene and 1,3,5-cycloheptatriene contain at least one
carbon atom that does not have a p orbital, and so they are not completely
conjugated and therefore not aromatic.

187



CHM 203 MODULE 3

A molecule must satisfy Huckel’s rule, and contain a particular number
of m electrons.

Some compounds satisfy the first three criteria for aromaticity, but still they
show none of the stability typical of aromatic compounds. For example,
cyclobutadieneisso highly reactivethat it can only be prepared at extremely
low temperatures.

. Aromatic compounds must have a p orbital on every atom.

It turns out that in addition to being cyclic, planar, and completely
conjugated; a compound needs a particular number of m electrons to be
aromatic. Erich Huckel first recognized in 1931 that the following criterion,
expressed in two parts and now known as Huickel’s rule, had to be satisfied,
aswell:

. An aromatic compound must contain 4n + 2 m electrons (n= 0, 1, 2,
and so forth).
. Cyclic, planar, and completely conjugated compounds that contain 4n

T electrons are especially unstable, and are said to be antiaromatic.

Thus, compounds that contain 2, 6, 10, 14, 18, and so forth 1 electrons are
aromatic. Benzene is aromatic and especially stable because it contains 6 1
electrons. Cyclobutadiene is antiaromatic and especially unstable because it
contains 4 1 electrons.

N

“\\f;
dn+2=4(1)+2= 4n=4(1) =
6 n electrons 4 n electrons
aromatic antiaromatic
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Table 3.1: The Number of m Electrons That Satisfy Huiickel’s Rule

n 4n + 2
0 2
1 6
2 10
3 14
4, etc. 18

Considering aromaticity, all compounds can be classified in one of three

ways:

Aromatic - A cyclic, planar, completely conjugated compound with 4n + 2

T electrons.

Antiaromatic - A cyclic, planar, completely conjugated compound with 4n

T electrons.

Not aromatic - A compound that lacks one (or more) of the four

requirements (or nonaromatic) to be aromatic or antiaromatic.

Note:

. An aromatic compound is more stable than a similar acyclic
compound having the same number of 1 electrons. Benzene is more
stable than 1,3,5-hexatriene.

. An antiaromatic compound is less stable than an acyclic compound
having the same number of m electrons. Cyclobutadiene is less stable
than 1,3-butadiene.

. A compound that is not aromatic is similar in stability to an acyclic
compound having the same number of m electrons. 1,3-
Cyclohexadiene is similar in stability to cis, cis-2,4- hexadiene, so it
IS not aromatic.

In-Text Question 4

a What is the value of n in Hickel’s rule when a compound has nine
pairs of m-electrons?

b. |s such a compound aromatic?

3.7 Examplesof Aromatic Compounds
3.7.1 Aromatic Compoundswith a Single Ring
Benzene is the most common aromatic compound having a single ring.

Completely conjugated rings larger than benzene are also aromatic if they
are planar and have 4n + 2 m electrons.
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. Hydrocarbons containing a single ring with alternating double and
single bonds are called annulenes.

To name an annulene, indicate the number of atoms in the ring in brackets
and add the word annulene. Thus, benzene is [6]-annulene. Both [14]-
annulene and [18]-annulene are cyclic, planar, completely conjugated
molecules that follow Huckel’s rule, and so they are aromatic.

/Ji;\‘x_,_;ﬁ"\
=\ J H
— =\ v N
¥ \ v
4 p) | |
\\\ n’/ \.\
. ) . -
N } U
e ~ A
\‘\“‘Q‘/z \\\‘{:/r
[14]-annulene [18]-annulene
dn+2=4(3)+2= dn+2=4(4)+2=
14 & electrons 18 r electrons
aromatle aromatlc

[10]-Annulenehas 10 t electrons, which satisfies Hiickel’s rule, but a planar
molecule would place thetwo H atomsinside the ring too closeto each other,
so the ring puckers to relieve this strain. Because [10]-annulene is not
planar, the 10 m electrons can’t delocalize over the entire ring and it is not
aromatic.

3.7.2 Aromatic Compoundswith More Than One Ring

Huckel’s rule for determining aromaticity can be applied only to monocyclic
systems, but many aromatic compounds containing several benzene rings
joined together are also known. Two or more six-membered rings with
alternating double and single bonds can be fused together to form polycyclic
aromatic hydrocar bons (PAHSs). Joining two benzene rings together forms
naphthalene. There are two different ways to join three rings together;
forming anthracene and phenanthrene, and many more complex
hydrocarbons are known.

/[/ J
S e o 0 el

P ,fc;\\j [//, \\J:/ S Q\\‘\J [ N x\\]/
L‘Q:i\\,’fl’; \\N\v e \\;’/, ‘_./;}/’ Q‘\\»//L\:f

e

naphthalene anthracene phenanthrene
10 & electrons 14 t electrons 14 r electrons

As the number of fused benzene rings increases, the number of resonance
structuresincreases as well. Although two resonance structures can be drawn
for benzene, naphthalene is a hybrid of three resonance structures.
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//§:\ //\\‘\i /\/j\\t /:3\2\\\ ///J\\ /‘“\
) — G L 1
N N~ ~ “’/'\ oy \\‘\i \\‘\x ¥

Three resonance structures for naphthalene
3.7.3 Aromatic Heterocycles

Heterocycles containing oxygen, nitrogen, or sulphur - atoms that also have
at least one lone pair of electrons - can aso be aromatic. With heteroatoms,
we must always determine whether the lone pair is localized on the
heteroatom or part of the delocalized m system. Two examples, pyridine and
pyrrole, illustrate these different possibilities.

3.7.4 Charged Aromatic Compounds

Both negatively and positively charged ions can also be aromatic if they
possess al the necessary elements. These charged aromatic compounds
include: cyclopentadienyl anion and tropylium cation.

In-Text Question 5
Which of the following compounds are aromatic?

T ol . : e
& f % B, 7 TRy g 3
& b I
4. [ I 1
s L i A =k e

+ - T W

h‘ [""P.:t"a'-".; #'#’:e‘:‘:"qvf’i.'ﬂﬁ-'g\ f_ 2
"'\-\.H._::_.:_-'.-"-L
¢. cycloheptatrienyl cation g, cyclononatetraenyl anion

d. |__ h. CH,=CHCH=CHCH=CH,

= o o !
- : s
el -

3.8 Basis of Huckel’s Rule?

Why does the number of m electrons determine whether a compound is
aromatic? Cyclobutadiene is cyclic, planar, and completely conjugated, just
like benzene, but why is benzene aromatic and cyclobutadiene antiaromatic?

A complete explanation is beyond the scope of an introductory organic

chemistry text, but nevertheless, you can better understand the basis of
aromaticity by learning more about orbitals and bonding.
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3.8.1 Bonding and Antibonding Orbitals

So far we have used the following basic concepts to describe how bonds are
formed:

. Hydrogen usesits 1s orbital to form o bonds with other elements.

. Second-row elements use hybrid orbitals (sp, sp?, or sp°) to form o
bonds.

. Second-row elements use p orbitals to form © bonds.

This description of bonding is called valence bond theory. In valence bond
theory, a covalent bond is formed by the overlap of two atomic orbitals, and
the electron pair in the resulting bond is shared by both atoms. Thus, a
carbon-carbon double bond consists of a g bond, formed by overlap of two
sp? hybrid orbitals, each containing one electron, and a m bond, formed by
overlap of two p orbitals, each containing one electron.

This description of bonding workswell for most of the organic moleculeswe
have encountered thus far. Unfortunately, it is inadequate for describing
systems with many adjacent p orbitals that overlap, as there are in aromatic
compounds. To more fully explain the bonding in these systems, we must
utilize molecular orbital (M O) theory.

MO theory describes bonds as the mathematical combination of atomic
orbitals that form a new set of orbitals called molecular orbitals (MOs). A
molecular orbital occupies a region of space in a molecule where electrons
arelikely to befound. When forming molecular orbitalsfrom atomic orbitals,
keep in mind:

. A set of n atomic orbitals forms n molecular orbitals.

. When two p orbitals of similar phase overlap side-by-side, a n
bonding molecular orbital results.

. When two p orbitals of opposite phase overlap side-by-side, a m*

antibonding molecular orbital results.

At bonding MO is lower in energy than the two atomic p orbitalsfrom which
it is formed because a stable bonding interaction results when orbitals of
similar phase combine. A bonding interaction holds nuclel together.
Similarly, a m* antibonding MO is higher in energy because a destabilizing
node results when orbitals of opposite phase combine. A destabilizing
interaction pushes nuclei apart.
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If two atomic p orbitals each have one electron and then combine to form
MOs, the two electrons will occupy the lower energy 1 bonding MO.

3.8.2 Molecular Orbitals Formed When More Than Two p
Orbitals Combine

The molecular orbital description of benzene is much more complex than the
two MOs formed. Because each of the six carbon atoms of benzene has ap
orbital, six atomic p orbitals combine to form six m molecular orbitals. A
description of the exact appearance and energies of these six MOs requires
more sophisticated mathematics and understanding of MO theory than is
presented in this unit. Nevertheless, note that the six MOs are labeled y 1-
y6, with Y1 being the lowest in energy and (6 the highest.

The most important features of the six benzene MOs are as follows:

. Thelarger the number of bonding interactions, the lower in energy the
MO. The lowest energy molecular orbital (1) has all bonding
interactions between the p orbitals.

. The larger the number of nodes, the higher in energy the MO. The
highest energy MO (@6*) has all nodes between the p orbitals.

. Three MOs are lower in energy than the starting p orbitals, making
them bonding MOs (Y1, 2, P3), whereas three MOs are higher in
energy than the starting p orbitals, making them antibonding MOs
(4=, P5*, P6¥).

. The two pairs of MOs (Y2 and y3; 4* and P5*) with the same energy
are called degenerate orbitals.

. The highest energy orbital that contains electronsis called the highest
occupied molecular orbital (HOMO). For benzene, the degenerate
orbitals Y2 and Y3 are the HOMOs.

. The lowest energy orbital that does not contain electronsis called the
lowest unoccupied molecular orbital (LUMO). For benzene, the
degenerate orbitals 4* and y5* are the LUMOs.

Tofill the MOs, the six electrons are added, two to an orbital, beginning with
the lowest energy orbital. As a result, the six electrons completely fill the
bonding MOs, leaving the antibonding MOs empty. This is what gives
benzene and other aromatic compounds their special stability and thisiswhy
six T electrons satisfy Huckel’s 4n + 2 rule.

. All bonding MOs (and HOMOs) are completely filled in aromatic
compounds. No 1 electrons occupy antibonding M Os.
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Depicted in this diagram are the interactions of the six atomic p
orbitals of benzene, which form six molecular orbitals. When orbitals
of like phase combine, abonding interaction results. When orbitals of
opposite phase combine, a destabilizing node results.

SELF-ASSESSMENT EXERCISE

Give IUPAC names for the following compounds:

(a) Cl._ P _Br (b) (|3H3 (e) N ~NH3z
[ \J __~~__CH,CH;CHCH3 J |
“-.‘Q’,/ L |\[ Br - ‘\\‘H\\\/,

\“5‘3./

(d) Cl.__~_-CHs (e) _~._-CHaCHs (f) (J:H3
o [ PN
R 0,N” "N, J ”

D
H3C T~ CH3

Azulene, a beautiful blue hydrocarbon, is an isomer of naphthalene.

Isazulene  aromatic? Draw a second resonance form of azulene in

addition to that shown.
///I R \
( N\ Azulene
&H ==/

How many electrons does each of the four nitrogen atoms in purine
contributeto the aromatic p system?

N~ /HQ*::-\
74 N
Q\ /[x //J Purine
N ‘N7
/!
H
iv The [10]- and [12]-annulenes have been synthesized, and neither has
been found to be aromatic. Explain.
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V. How many bonding, nonbonding, and antibonding molecular orbitals
does cyclobutadiene have? In which molecular orbitals are the electrons?

40 CONCLUSION

In thisunit, we have been able to explain the concept of aromaticity, isolation
of benzene, structure of benzene, nomenclature of benzene and spectroscopic
properties of aromatic compounds. Also, we were able to give examples of
aromatic compound, explain why benzene is exceptionally stable, and
criteria and basis for Huckel’s rule.

50 SUMMARY

Aromatic rings are a common part of many biological structures and are
particularly important in nucleic acid chemistry and in the chemistry of
several amino acids. In this unit, we’ve seen how and why aromatic
compounds are different from such apparently related compounds as
cycloalkenes.

The word aromatic is used for historical reasons to refer to the class of
compounds related structurally to benzene. Aromatic compounds are
systematically named according to I[UPAC rules, but many common names
are also used. Disubstituted benzenes are named as ortho (1,2 disubstituted),
meta (1,3 disubstituted), or para (1,4 disubstituted) derivatives. The CeHs
unit itself isreferred to as a phenyl group, and the CeHsCH2™ unit is a benzyl

group.

Benzene is described by valence-bond theory as a resonance hybrid of two
equivalent structures and is described by molecular orbital theory asaplanar,
cyclic, conjugated molecule with six 1 electrons. According to the Hickel
rule, a molecule must have 4n + 2 1 electrons, wheren =0, 1, 2, 3, and so
on, to be aromatic. Planar, cyclic, conjugated molecules with other numbers
of m electrons are antiaromatic.

Other kinds of substances besides benzene-like compounds can also be
aromatic. The cyclopentadienyl anion and the cycloheptatrienyl cation, for
instance, are aromatic ions. Pyridine and pyrimidine are six-membered,
nitrogen-containing, aromatic heterocycles. Pyrrole and imidazole are five-
membered, nitrogen-containing heterocycles. Naphthalene, quinoline,
indole, and many others are polycyclic aromatic compounds.

Aromatic compounds have the following char acteristics:
. Aromatic compounds are cyclic, planar, and conjugated.
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. Aromatic compounds are unusually stable. Benzene, for instance, has
a heat of hydrogenation 150 kJ/mol less than we might expect for a
cyclic triene.

. Aromatic compounds react with electrophiles to give substitution

products, in which cyclic conjugation is retained, rather than addition
products, in which conjugation is destroyed.

. Aromatic compounds have 4n + 2 1 electrons, which are delocalized
over thering.
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1.0 INTRODUCTION

In this unit, we shall look at the chemical reactions of benzene and other
aromatic compounds. Although aromatic rings are unusually stable, benzene
acts as anucleophilewith certain electrophiles, yiel ding substitution products
with an intact aromatic ring.

We begin this unit with the basic features and mechanism of electrophilic
aromatic substitution, the basic reaction of benzene. Next, we will discuss
the electrophilic aromatic substitution of substituted benzenes, and conclude
with other useful reactions of benzene derivatives. The ability to interconvert
resonance structures and evaluate their relative stabilities is crucia to
understanding this unit.
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20 OBJECTIVES
By the end of this session, you should be able to:

understand the concept of electrophilic aromatic substitution reaction.
understand the general mechanism of electrophilic aromatic
substitution reaction.

get acquainted with the chemistry of substituted benzenes and their
electrophilic substitution reaction.

understand how benzene can be activated and deactivated.
understand the orientation effects in substituted benzene.

3.0 MAIN CONTENT
3.1 Electrophilic Aromatic Substitution

Based on its structure and properties, what kinds of reactions should benzene
undergo? Are any of its bonds particularly weak? Does it have electron-rich
or electron-deficient atoms?

Benzene has six o electrons delocalized in six p orbitals that overlap above
and below the plane of the ring. These loosely held 1 electrons make the
benzene ring electron rich, and so it reacts with electrophiles.

Because benzene’s six 1 electrons satisfy Hickel’s rule, benzene is especially
stable.

Reactions that keep the aromatic ring intact are therefore favored.

As aresult, the characteristic reaction of benzene is electrophilic aromatic
substitution - a hydrogen atom is replaced by an electrophile.

+ E+ _— | + H+
= =
electrophile

substitution of H by E
Benzene does not undergo addition reactions like other unsaturated

hydrocarbons, because addition would yield a product that is not aromatic.
Substitution of hydrogen, on the other hand, keeps the aromatic ring intact.
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H
[ 7/'\\ i H X'] r {f"‘\,\_ / X
\{“-‘.\_‘/n\\ H "‘*\-._/ - '\z'\ X

}ff\\/ H £+ /A\V/' E
LT = [ ] —
‘-\.‘::\\/ . N

S

Substitution (The product is aromatic)

3.1.1 The General Mechanism

No matter what electrophile is used, all electrophilic aromatic substitution
reactions occur via a two-step mechanism: addition of the electrophile E*
to form a resonance-stabilized carbocation, followed by deprotonation with

base, as shown in the mechanism below.

- H 25 X
/T X, /j

X FeXq A
X = Cl aryl halide
X=Br

1 Halogenation - Replacement of H by X (ClI or Br).

H _~__NO
Z T HNO, 7 T ?
) -

\“‘:X‘:,/’ H 2 SO 4

nitrobenzene

2. Nitration - Replacement of H by NO..

_~__H _~__SOgH

T e O
X H,SO, X

benzenesulfonic acid

3. Sulfonation - Replacement of H by SOzH

e H R
e C
S AlCl, S

alkyl benzene
(arene)

4, Friedel - Crafts alkylation - Replacement of H by R
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0
Il

- H A -
[///T RCOCI r ﬂ’ "R
= AICl, =0

ketone

5. Friedel - Crafts acylation - Replacement of H by RCO

M echanism
General Mechanism of Electrophilic Aromatic Substitution

Step 1. Addition of the electrophile (E*) to form a carbocation.

H H
TN A TN E AN H TN E
H:H EAE s —_— [ — 3 E e ‘|
s
g
S S F S~

Resonance-stabilized carbocation

. Addition of the electrophile (E") formsanew C - E bond using two 1t
electrons from the benzene ring, and generating a carbocation. This
carbocation intermediate is not aromatic, but it is resonance stabilized
- three resonance structures can be drawn.

. Step 1 israte-determining because the aromaticity of the benzenering
islost.

Step 2: Loss of aproton to re-form the aromatic ring.

%KKHE ‘B //,fﬁ\“x P E
55 = J v
en e \“://
. In Step 2, abase (B:) removes the proton from the carbon bearing the

electrophile, thus re-forming the aromatic ring. This step is fast
because the aromaticity of the benzenering is restored.

. Any of the three resonance structures of the carbocation intermediate
can be used to draw the product. The choice of resonance structure
affects how curved arrows are drawn, but not the identity of the
product.

The first step in electrophilic aromatic substitution forms a carbocation, for
which three resonance structures can be drawn.
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Always draw in the H atom at the site of electrophilic attack.

}

H H M
E «— - «— -
B "
(+) ortho to E (+) parato E (+) ortho to E
<+ H
o
hybrid

This two-step mechanism for electrophilic aromatic substitution applies to
all electrophiles. The net result of addition of an electrophile (E*) followed
by elimination of a proton (H*) is substitution of E for H.

3.2 Halogenation

The general mechanism outlined above can now be applied to each of the
five specific examples of electrophilic aromatic substitution. For each
mechanism we must learn how to generate a specific electrophile. This step
isdifferent with each electrophile. Then, the electrophile reacts with benzene
by the two-step process of the mechanism outlined above. These two steps
are the same for al five reactions.

transition state

Step [1]
transilion stale
.-// _‘"\..\ Step [2]
//; \\ i -'\
\ Vs
/ \ v =
— L
5 l; Fall] G+ H Y
@ /! =y J \
& N
/ A
/ S y
7 A
/
[.’/"A\ | ~H A
+ .
s, HES [ |J + Ht

Reaction coordinata

Figure 3.1: Energy diagram for electrophilic aromatic substitution:
PhH + E* - PhE + H*
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. The mechanism has two steps, so there are two energy barriers.

. Step 1 israte-determining; its transition state is at higher energy.

In halogenation, benzene reacts with Cl2 or Br2 in the presence of a Lewis
acid catalyst, such as FeCls or FeBrs, to give the aryl halides chlorobenzene

or bromobenzene, respectively. Analogous reactions with |2 and F. are not
synthetically useful because |2 istoo unreactive and F> reacts too violently.

r// \I/ Cl (/"‘j’c'
:‘:2:; ) FeCl a w“?:::: ;

chlorobenzene

Chlorination
P H Br
rz/ \i/' Br, ,%\j
N FeBr, X
bromobenzene
Bromination

In bromination, the Lewis acid FeBr3 reacts with Brz to form a Lewis acid -
base complex that weakens and polarizes the Br-Br bond, making it more
electrophilic. This reaction is Step 1 of the mechanism for the bromination
of benzene. The remaining two steps follow directly from the general
mechanism for electrophilic aromatic substitution: addition of the
electrophile (Br* in this case) forms a resonance-stabilized carbocation, and
loss of a proton regenerates the aromatic ring.

M echanism for the Bromination of Benzene

Step 1: Generation of the electrophiles

‘Br—Br! P FeBr, ——  :B—Br—FeBr,

Lewis base Lewis acid electrophile
(serves as a source of Brv)

. Lewis acid-base reaction of Br. with FeBrs forms a species with a
weakened and polarized Br — Br bond. This adduct serves as a source of Br*
in the next step.
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Step 2: Addition of the electrophile to form a carbocation

; _H H H

|":;;‘“M. | H B f 1 B .r_f/'f:' Br /r \\‘LB[ | + Br
=t Br—HEr— e —a - —

- _+Br—Br—FeBr, WO & s -

resonance-stabilized carbocation
+ FeBr,~

. Addition of the electrophile forms a new C-Br bond and generates a
carbocation. This carbocation intermediate is resonance stabilized -
three resonance structures can be drawn.

. The FeBrs — also formed in this reaction is the base used in Step 3.

Step 3: Loss of a proton to re-form the aromatic ring.

-

.—‘///\\.":ZHBr :B}\_rzeBrS ///W:Br
— + HBr + FeBr,

i +

= }H\.\\/
The catalyst is
regenerated.
. FeBrs — removes the proton from the carbon bearing the Br, thus re-
forming the aromatic ring.
. FeBrs, a catalyst, is also regenerated for another reaction cycle.

Chlorination proceeds by a similar mechanism. Reactions that introduce a
hal ogen substituent on abenzene ring are widely used, and many hal ogenated
aromatic compounds with a range of biological activity have been
synthesized, as shown in Figure 3.2.
j i CHoCHN(CHy),
g re. \|/ N‘\C(CHS).; N,

| J ‘xJ\/R
\v//' CHq K/ u
= == cl

Generic name: bupropion
Trade names: Wellbutrin, Zyban : ;
antidepressant, chlorpheniramine

also used to reduce nicotine cravings antihistamine
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OCH,COOH CI\//\:\\\/OCHQCOOH

X
CI/ NN

o
cl cr” > i
2,4-D 2,45-T
2,4-dichlorophenoxy- 2,4 5-trichlorophenoxy-
acetic acid acetic acid
herbicide herbicide

the active components in Agent Orange,
a defoliant used in the Vietnam War

Figure 3.2: Examples of biologically active aryl chlorides

3.3 Nitration and Sulphonation

Nitration and sulphonation of benzene introduce two different functional
groups on an aromatic ring. Nitration is an especially useful reaction because
a nitro group can then be reduced to an NH2 group, a common benzene
substituent.

_~_H i - ANO, . _MHz
Nitration | i -
H.S0,
nitrobenzene aniline
~_H o~ _SOH
Sulfonation [ SDE - ’
H.S0, .

benzenesulfonic acid

Generation of the electrophile in both nitration and sulphonation requires
strong acid. In nitration, the electrophile is *NO2 (the nitronium ion),
formed by protonation of HNOs followed by loss of water.

Mechanism for Formation of the Nitronium lon (*NO>) for Nitration.

T ) : _
H-O-NO; + H{OSO:H —— H-O-NO, —— H;0: + | NO, = O=N=0
Y,
+ HSO, electrophile Lewis structure

In sulphonation, protonation of sulfur trioxide, SOz, forms a positively
charged sulfur species (*SOzH) that acts as an electrophile.
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O o :(l):
' T H{—.'OSOQH — ; = | *SOzH + HSO4

ra

These steps illustrate how to generate the electrophile E* for nitration and
sulphonation, the process that begins any mechanism for electrophilic
aromatic substitution. To complete either of these mechanisms, you must
replace the electrophile E* by either *NO2 or *SOsH in the genera
mechanism. Thus, the two-step sequencethat replacesH by E isthe same
regardless of E*.

In-Text Question 1

Draw a stepwise mechanism for the nitration of a benzene ring.

H _NO
7 \H/ HNO, -/f\|r ?
R HyS0O, “:“?::,/J

nitrobenzene

34 Friedd - CraftsAlkylation and Friedd - Crafts Acylation

Friedel - Crafts alkylation and Friedel - Crafts acylation form new carbon-
carbon bonds.

3.4.1 General Features

In Friedel - Crafts alkylation, treatment of benzene with an alkyl halide and
aLewis acid (AICI3) forms an alkyl benzene. This reaction is an akylation
becauseit resultsin transfer of an alkyl group from one atom to another (from
Cl to benzene).

H R

= - A
. T § wC—C + HCI
N AlCl, o ne bond

alkyl benzene

Friedel-Crafts alkylation — General reaction
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___H _~_CH,CH,
o E/\T CH4CH,CI ’/\”/ »
R - - S " +
N ALCI, S

= H N
2] Cf (CHa)CCl a J/ .
X AlCl, Y
Examples of Friedel-Crafts alkylation

In Friedel - Crafts acylation, a benzene ring is treated with an acid chloride
(RCOCI) and AlCls to form a ketone. Because the new group bonded to the
benzenering is called an acyl group, the transfer of an acyl group from one
atom to another is an acylation.

(0]
’ 5 I <« acyl grou
QF Z 0 M
_ + PN T e
W R Cl AICl, \v/| v
acid chloride ketone
(0]
P ] ? %
J/ B & ﬂ 'CHy + Hcl
N Y W
new C—C bond

Acid chlorides are also called acyl chlorides.

M echanism

The mechanisms of alkylation and acylation proceed in a manner analogous
to those for halogenation, nitration, and sulphonation. The unique feature in
each reaction is how the electrophile is generated.

In Friedel-Crafts akylation, the Lewis acid AlCls reacts with the alkyl
chloride to form a Lewis acid-base complex, illustrated with CH3CH>Cl and
(CHa3)3CCl as akyl chlorides. The identity of the alkyl chloride determines
the exact course of the reaction.
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e AT w o -
CHyCH,—ClY + "AlICl, —> | CHyCH,—CI—AICl,

Lewis base Lewis acid electrophile

Lewis acid-base complex

o T T = s
(CHg)sC—CI + AICl; ——  (CHg)3CCl—AICl,

(CHg)gC*
Lewis base Lewis acid 3;‘;:?:;2;::“
+ AICI,"
. For CHsCl and 1° RCI, the Lewis acid-base complex itself serves as
the electrophile for electrophilic aromatic substitution.
. With 2° and 3° RCI, the Lewis acid-base complex reacts further to

give a 2° or 3° carbocation, which serves as the electrophile.
Carbocation formation occurs only with 2° and 3° alkyl chlorides,
because they afford more stable carbocations.

In either case, the electrophile goes on to react with benzene in the two-step
mechanism characteristic of electrophilic aromatic substitution, illustrated in
Mechanism 18.6 using the 3° carbocation, (CHz)sC".

Fa \ o AH e ( s
ALY P IEC(CHyy FAC - C(CHa)s

| My @—— | o [ + HCI
S ('] ey (2] .~

3° carbocation [+ fwo more resonance
structures

Mechanism of Friedel - Crafts Alkylation Using a 3° Carbocation.

. Addition of the electrophile (a 3° carbocation) forms a new carbon-
carbon bond in Step (1).

. AICl4 removes a proton on the carbon bearing the new substituent,
thus re-forming the aromatic ring in Step (2).

In Friedel - Crafts acylation, the Lewis acid AlCls ionizes the carbon -
hal ogen bond of the acid chloride, thus forming a positively charged carbon
electrophile called an acylium ion, which is resonance stabilized. The
positively charged carbon atom of the acylium ion then goes on to react with
benzene in the two-step mechanism of Electrophilic aromatic substitution.
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This C serves as the electrophilic site.

:0: at :(l'_IJ: ¥
B f T ACly —=  pog —> R-CX0: «— R-C=0: + Al
R Cl~ - , R / Cl-AICl, a
= Lewis acid LA a resonance-stabilized
acylium ion
electrophile

To complete the mechanism for acylation, insert the electrophile into the
general mechanism and draw the last two steps, as illustrated in the ITQ 2
below.

In-Text Question 2
Draw a stepwise mechanism for the following Friedel-Crafts acylation.

)

I
- B
7 9 ACl;, 7 O “CH,
[ | + Cc. —=- | + HCl
. CH; ClI P

3.4.2 Other Factsabout Friedel - Crafts Alkylation
Three additional facts about Friedel - Crafts alkylations must be kept in mind.

1 Vinyl halides and aryl halides do not react in Friedel-Crafts
alkylation

Most Friedel - Crafts reactions involve carbocation electrophiles. Because
the carbocations derived from vinyl halides and aryl halides are highly
unstable and do not readily form, these organic halides do not undergo
Friedel-Crafts alkylation.

W W
CH,—CHCI l :
\\;f
vinyl halide aryl halide
2. Rearrangements can occur

The Friedel - Crafts reaction can yield products having rearranged carbon
skeletons when 1° and 2° alkyl halides are used as starting materials, as
shown in Equations (1) and (2). In both reactions, the carbon atom bonded to
the halogen in the starting materia (labeled in red) is not bonded to the
benzene ring in the product, thus indicating that a rearrangement has
occurred.
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CHy CHy
CH pet
P 3 s L
_ = | AICI; “ Xy "CHyCH;,
1] + CHy C CHCHy ——— [ j 2
L L
Sl H CI e
2° halide
CH, H
A 5 ‘C'/\
__ X AICl, Tv? Sen,
[2 U +  CHCH,CH,—Cl —— |
e~ o
™ ° halide h

The result in Equation (1) is explained by a carbocation rearrangement
involving a 1,2-hydride shift: the less stable 2° carbocation (formed from
the 2° halide) rearranges to a more stable 3° carbocation, as illustrated
below.

Steps (1) and (2) Formation of a2° carbocation

T i [2] T
1
CHy—C—CHCHs il CHy—C—CHCH;  ——  CHg—C—CHCHq
H Gk~ 01, H :CI—AICl H
& 2° carbocation
+ AICI,
. Reaction of the alkyl chloride with AICIs forms a complex that

decomposesin Step (2) to form a 2° carbocation.
Step [3] Carbocation rearrangement
CH CH
e 1,2-H shift e
CHS—C|>—CHCH3 T CH;— C—CHCH,
At 3 o
H

3" carbocation

. 1,2-Hydride shift converts the less stable 2° carbocation to a more
stable 3° carbocation.

Steps (4) and (5) Addition of the carbocation and loss of a proton
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CHa g CHy CH

e H

g CI—A]CI e
IV \T{H//';, ( (Cr~c~cH i O “CH,CHj
[4] S % CH20H3

e

[+two more resonance + HCI + AICl,

structures

. Friedel-Crafts alkylation occurs by the usual two-step process:
addition of the carbocation followed by loss of a proton to form the
alkylated product.

o,

T
| CH; H
— H ) 1.2:H shif H = \C/
i “ + b= 3 | | i
= AICI I [ = e sl | /'\\,z "~
CHyCH,Cly—Cl: ———— CHy—C—CHy Ci-AICl, ————  CHeG—CH, ———~ | R CHg
A

LS, two steps
H PR N e

no cerbocation
af this stage

2° carbocation
rearrangement  glectrophile

+ AICI"

A Rearrangement Reaction Beginning with a1° Alkyl Chloride

Other functional groups that form carbocations can also be used as
starting materials

Although Friedel - Crafts alkylation works well with alkyl halides, any
compound that readily formsacarbocation can be used instead. The two most
common dternatives are alkenes and alcohols, both of which afford
carbocations in the presence of strong acid.

. Protonation of an alkene forms a carbocation, which can then act as
an electrophile in aFriedel - Crafts alkylation.

. Protonation of an alcohoal, followed by loss of water, likewiseformsa
carbocation.

- o % & St '.
| + H-0SOH — | + HSO,

An alkene 2° carbocation
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CHS..- : 3 CHj CH,
GHB—C—{C}H + H—‘DSDGH — CHE—(::.—J_CEJHZ. — (.|3 + HE@:
== CH; * CH4
CH,4 CH,
+ HSO. 3° carbocation
An alcohol 4

Each carbocation can then go on to react with benzene to form a product of
electrophilic aromatic substitution. For example:

(CHg)BC_OH 5 HESO4 |

]

\‘:‘\\V/H /Q\\:\/
| - (CHy),C* ——— L
o \/’

C(CHg),

new C—C bond

3.4.3 Intramolecular Friedel-Crafts Reactions

All of the Friedel-Crafts reactions discussed thus far have resulted from
intermolecular reaction of a benzene ring with an electrophile. Starting
materialsthat contain both units are capable of intramolecular reaction, and
this forms a new ring. For example, treatment of compound A, which
contains both a benzene ring and an acid chloride, with AICl3, forms a-
tetralone by an intramolecular Friedel - Crafts acylation reaction.

o new C—C bond 5
& AN
T ~"~ci ACk 2
I J — [ J+we
R S
A o-tetralone

3.5 Substituted Benzenes

Many substituted benzene rings undergo electrophilic aromatic substitution.
Common substituents include halogens, OH, NH», akyl, and many
functional groups that contain a carbonyl. Each substituent either increases
or decreases the electron density in the benzene ring, and this affects the
course of electrophilic aromatic substitution.
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What makes a substituent on a benzene ring electron donating or electron
withdrawing? The answer is inductive effects and resonance effects, both
of which can add or remove electron density.

3.5.1 Inductive Effects

Inductive effects stem from the electronegativity of the atoms in the
substituent and the polarizability of the substituent group.

. Atoms more electronegative than carbon - including N, O, and X -
pull electron density away from carbon and thus exhibit an electron-
withdrawing inductive effect.

. Polarizable alkyl groups donate electron density, and thus exhibit an
electron-donating inductive effect.

Considering inductive effects only, an NH2 group withdraws electron
density and CH3z donates electron density.

+—
NH,

Electron-withdrawing inductive effect
N is more electronegative than C.
N inductively withdraws electron density.

«—t

Electron-donating inductive effect
Alkyl groups are Polarizable, making them electron-donating groups.
3.5.2 Resonance Effects

Resonance effects can either donate or withdraw electron density, depending
on whether they place a positive or negative charge on the benzene ring.

. A resonance effect is electron donating when resonance structures
place a negative charge on carbons of the benzene ring.
. A resonance effect is el ectron withdrawing when resonance structures

place a positive charge on carbons of the benzene ring.
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An electron-donating resonance effect is observed whenever an atom Z
having alone pair of electronsis directly bonded to a benzene ring (general
structure - CsHsZ:). Common examplesof Z include N, O, and halogen. For
example, five resonance structures can be drawn for aniline (CsHsNH>).
Because three of them place a negative charge on a carbon atom of the
benzene ring, an NH: group donates electron density to a benzene ring by a
resonance effect.

(i N (% f —~ A+
\_iH, NH ( NHy, 2 .
= . =, ! /NH2 /‘R‘Q‘: /NHQ
x -+ s > \-  — ‘
9 =
A B

Aniline C
Three resonance structures A, B, and C place a (-) charge on atoms in the
ring.

In contrast, an electron-withdrawing resonance effect is observed in
substituted benzenes having the general structure CeHsY=Z, where Z is
more electronegative than Y .

In-Text Question 3
Classify each substituent as electron donating or electron withdrawing.

a. QOCOCH3 b. QCN

3.6 Electrophilic Aromatic Substitution of Substituted Benzenes

Electrophilic aromatic substitution is a general reaction of all aromatic
compounds, including polycyclic aromatic hydrocarbons, heterocycles, and
substituted benzene derivatives. A substituent affects two aspects of
electrophilic aromatic substitution:

. The rate of reaction: A substituted benzene reacts faster or slower
than benzene itsalf.

. Theorientation: The new group islocated either ortho, meta, or para
to the existing substituent. The identity of the first substituent
determines the position of the second substituent.
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Toluene (CeHsCH3) and nitrobenzene (CsHsNOy) illustrate two possible
outcomes.

1. Toluene

Toluene reacts faster than benzene in all substitution reactions. Thus, its
electron-donating CH3 group activates the benzene ring to electrophilic
attack. Although three products are possible, compounds with the new group
ortho or para to the CHz group predominate. The CHs group is therefore
called an ortho, para director.

CH, CH; CH4 CH3
Bray
SEE NGO N O
FEBrS Br Q/ Br
Br o
ortho (40%) para (60%)
meta trace

2. Nitrobenzene

Nitrobenzene reacts mor e slowly than benzene in all substitution reactions.
Thus, its electron withdrawing NO2 group deactivates the benzene ring to
electrophilic attack. Although three products are possible, the compound
with the new group metato the NO. group predominates. The NO2 group is
called ameta director.

-+
+
H,SO /Ii ]
2 4 N02 02N

ottho (7%) NO,

para trace
meta (93%)

Substituents either activate or deactivate a benzene ring towards
electrophiles, and direct selective substitution at specific siteson thering. All
substituents can be divided into three general types.

Ortho, paradirectorsand activators

. Substituents that activate a benzene ring and direct substitution ortho
and para.
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Increasing activation

General structure
Ortho, para deactivators

. Substituents that deactivate a benzene ring and direct substitution
ortho and para.

F: Cl: Br: 1:

Meta directors

. Substituents that direct substitution meta.

. All meta directors deactivate the ring.
—CHO

~COR
~COOR
~COOH
—CN
~S0,H

Increasing deactivation

—NO,
R,
General structure-Y (0" or +)
In-Text Question 4

Draw the products of each reaction and state whether the reaction is faster or
slower than asimilar reaction with benzene.

. ~NHCOCH COOCH
. [/ \‘::; > 3 HN03 " |/‘:3Q‘\\ 2 3 Br2
. \:/{' HQSO4 ’ \\y/ FeBrs
3.7 Activation and Deactivation of Benzene Ring
. Why do substituents activate or deactivate a benzene ring?
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. Why are particular orientation effects observed? Why are some
groups ortho, para directors and some groups meta directors?

To understand why some substituents make a benzene ring react faster than
benzene itself (activators), whereas others make it react slower
(deactivators), we must evaluate the rate-determining step (the first step) of
the mechanism. Recall the first step in Electrophilic aromatic substitution is
the addition of an electrophile (E*) to form a resonance-stabilized
carbocation. The Hammond postulate makesit possibleto predict therelative
rate of the reaction by looking at the stability of the carbocation intermediate.

. The more stable the carbocation, the lower in energy the transition
state that forms it, and the faster the reaction.

= s e,
e

H o\

’J“{/ \ - H
= \ el \\/_E
\ B+ — {

. * [+ two resonance structures]
X

S
R

Stabilizing the carbocation
makes the reaction faster.

The principles of inductive effects and resonance effects can now be used to
predict carbocation stability.

. Electron-donating groups stabilize the carbocation and activate a
benzene ring towards electrophilic attack.
. Electron-withdrawing groups destabilize the carbocation and

deactivate a benzene ring towards electrophilic attack.
The energy diagrams in Figure 3.3 illustrate the effect of electron-donating
and electron withdrawing groups on the energy of the transition state of the
rate-determining step in Electrophilic aromatic substitution.

. All activators are either R groups or they have an N or O atom with a
lone pair bonded directly to the benzene ring.
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CHM 203
PN (/’i:;-\.{: A
L\,;’; Mg Z=NorO
R = alkyl

Activating and
electron-danating groups

Activating groups:
NH, -NHR iR,
-OH  -OR
-NHCOR

-R

Benzene with an Senzene
electron-donor group D ¥

lowest snergy

transiticn state ; 73 \\
ey i 5,
/ X / e ¥
= 4 L = /
2 /| e B / e
.;f .,
i) xf D—F ]LE 'ﬁ / Ll‘ >
> l)’ -
/RN S / El
_,_/_f. ______________ -_— _-s’£ _____________
. o /H [;;‘\J/H
S =
Reaction coordinate

Reaction coord nate

Benzene with an
electron-withdrawing group W

~—*— highest energy

J,/ \\ transition state
l/ \\
},'ll.l ,/‘\_ /"HE
§ / w *_{_ +
5 / Sk
| fr’
/B4l

Reaction coordinate

Figures 3.3: Energy diagrams comparing the rate of electrophilic
aromatic substitution of substituted benzenes

Electron-donor groups D stabilize the carbocation intermediate, lower
the energy of the transition state, and increase the rate of reaction.
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. Electron-withdrawing groups W destabilize the carbocation
intermediate, raise the energy of the transition state, and decrease the
rate of reaction.

. All deactivators are either halogens or they have an atom with apartial
or full positive charge bonded directly to the benzene ring.
/’“‘*\TX PN Y (6" or+)
‘L\f; J\\\://j/
X = halogen

Deactivating and
electron-withdrawing groups

3.8 Orientation Effectsin Substituted Benzenes

To understand why particular orientation effectsarise, you must keepin mind
the genera structures for ortho, para directors and for meta directors. There
are two general types of ortho, para directors and one general type of meta
director:

. All ortho, para directors are R groups or have a nonbonded electron
pair on the atom bonded to the benzene ring.
. All meta directors have a full or partia positive charge on the atom

bonded to the benzene ring.

To evauate the directing effects of a given substituent, we can follow a
stepwise procedure.

How to Determine the Directing Effects of a Particular Substituent

Step 1: Draw all resonance structuresfor the carbocation formed from attack
of an electrophile E* at the ortho, meta, and para positions of a
substituted benzene (CeHs-A).

original substituent —— A

[ Xy«—ortho

S «—— meta

!

para

. There are at |east three resonance structures for each site of reaction.
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. Each resonance structure places a positive charge ortho or para to the
new C—E bond.

Step 2: Evauate the stability of the intermediate resonance structures. The
electrophile attacks at those positions that give the most stable carbocation.

3.8.1 The CHs Group - An ortho, para Director

To determine why a CHs group directs electrophilic aromatic substitution to
the ortho and para positions, first draw al resonance structures that result
from electrophilic attack at the ortho, meta, and para positions to the CHs

group.

ol A CHy
/ Ho ]
-H o !
ortho < ( E_ E ol [// \Hf E
attack <
CH3 stabilizes Preferred procuct
the {+) charee
CH3
meta /
attack \%/L
E
CHy CHj
| CHy CHa CHa
para |“ . X (~|
attack 2 H)\; H)\E S
E
H "E H "E o
CH; stabilizes  preferreq product

CHQ{it]acb;g;: the  the (_r) ch arge
To evaluate the stability of the resonance structures, determine whether any
are especially stable or unstable. In this example, attack ortho or parato CHs
generates aresonance structure that places a positive charge on acarbon atom
with the CH3z group. The electron-donating CH3 group stabilizes the adjacent
positive charge. In contrast, attack meta to the CHz group does not generate
any resonance structure stabilized by electron donation. Other alkyl groups
are ortho, paradirectors for the same reason.

The CH3 group directs electrophilic attack ortho and parato itself because an
electron-donating inductive effect stabilizes the carbocation intermediate.
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3.8.2 TheNH2 Group - An ortho, para Director

To determine why an amino group (NH2) directs electrophilic aromatic
substitution to the ortho and para posmons follow the same procedure.

fiH,
ortho E* ,/.—x.ji..-E
attack b

more stable preferred
All atoms have an octet. product

Rk, fi,
e G B oy Ty A J
| ', i] T H — | H e — |
attack b A e, ~ 1 | |y — L
e "‘-»H hh’__ E H"\-\."\-__. . ‘E = s _
NiH, i, (NH, )KJG RiH, Rk,
para " | 7 | = ~
attack — u — | — |
o~ \\
I’ 4 E HE HiE HE !
& !
more stable Srro]
All atoms have an octst. preferre
product

Attack at the meta position generates the usual three resonance structures.
Because of the lone pair on the N atom, attack at the ortho and para positions
generates a fourth resonance structure, which is stabilized because every
atom has an octet of electrons. This additional resonance structure can be
drawn for all substituentsthat have an N, O, or halogen atom bonded directly
to the benzene ring.

The NH2 group directs electrophilic attack ortho and para to itself because
the carbocation intermediate has additional resonance stabilization.

3.8.3 TheNO2 Group - A meta Director

To determine why a nitro group (NO2) directs electrophilic aromatic
substitution to the meta position, follow the same procedure.

N02 o __\\ N02 N02 _:Q\ .&b
H X H H A i
ortho Er 7 E E 2 =
attack NS> i -
destabilized

two adjacent (+) charges
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NC, NO, NOs
Ry NO,
attack H )
E
preferred
product

NO,

para, @ , —f ) — s
) B

destabilized
two adjacent (+) charges

Attack at each position generates three resonance structures. One resonance
structure resulting from attack at the ortho and para positions is especially
destabilized, because it contains a positive charge on two adjacent atoms.
Attack at the meta position does not generate any particularly unstable
resonance structures.

With the NO2 group (and al meta directors), meta attack occurs because
attack at the ortho or para position gives a destabilized carbocation
intermediate.

In-Text Question 5

The Friedel - Craftsreaction of benzene with 2-chloro-3-methylbutane in the
presence of AICI3 occurs with a carbocation rearrangement. What is the
structure of the product?

SELF-ASSESSMENT EXERCISE)
I Predict the maor product of the sulphonation of toluene.
I Rank the compounds in each of the following groups in order of their
reactivity to electrophilic substitution:
(&  Nitrobenzene, phenol, toluene, benzene
(b)  Phenol, benzene, chlorobenzene, benzoic acid
(c)  Benzene, bromobenzene, benzaldehyde, aniline

iii Predict the mgor products of the following reactions:

(@ Nitration of bromobenzene
(b)  Bromination of nitrobenzene
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(c)  Chlorination of phenol
(d)  Bromination of aniline

v Draw resonance structures for the intermediates from reaction of an
electrophile at the ortho, meta, and para positions of nitrobenzene.
Which intermediates are most stable?

V. What product would you expect from bromination of p-
methylbenzoic acid?

\ At what position would you expect electrophilic substitution to occur
in each of the following substances?

(a)  OCHs (b)  NH, (c) NO,
[// g\\:‘\\ //l“\\f‘-\\.]/’ Br Cl x\\{//L\“Q‘:]
\\,//LN Br Lx,//'/- \\v//ﬁ

4.0 CONCLUSION

In this unit, we looked at some of the unique reactions that aromatic
molecules undergo and their mechanisms. These reactions include
hal ogenation, nitration and sulphonation, Friedel-Crafts Alkylation and
Friedel-Crafts Acylation. We aso looked a the chemistry of
substituted benzene, activation and deactivation of benzene and lastly
orientation effects in substituted benzenes.

50 SUMMARY

In the preceding chapter, we looked at aromaticity - the stability associated
with benzene and related compounds that contain a cyclic conjugated system
of 4n + 2 1t electrons.

The most common reaction of aromatic compounds is electrophilic aromatic
substitution, in which an electrophile (E*) reacts with an aromatic ring and
substitutes for one of the hydrogens. The reaction is characteristic of all
aromatic rings, not just benzene and substituted benzenes. In fact, the ability
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of a compound to undergo electrophilic substitution is a good test of
aromaticity.

H E
H\\‘_ ’-/::_l\“ ’/—H H\\—///L\ _/rH
L e — 20 e
BTN LA
I L

Many different substituents can be introduced onto an aromatic ring through
electrophilic substitution reactions. To list some possibilities, an aromatic
ring can be substituted by a halogen (-Cl, -Br, 1), a nitro group (-NO»), a
sulphonic acid group (-SOszH), a hydroxyl group (-OH), an akyl group (-R),
or an acyl group (-COR). Starting from only a few simple materials, it’s
possible to prepare many thousands of substituted aromatic compounds.
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