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Series 1: Aromatic and Alicyclic Chemistry

Part 1 Introduction to Aromatic Compounds

e 1.1.1 Definition and general characteristics of aromatic compounds
e 1.1.2 Criteria for aromaticity (Hiickel’s rule)
e 1.1.3 Examples of monocyclic and polycyclic aromatic compounds

Part 2 Properties and Consequences of Aromaticity

e 1.2.1 Physical properties of aromatic compounds
e 1.2.2 Chemical stability due to aromaticity
e 1.2.3 Resonance and delocalisation of n-electrons

Part 3 Alicyclic Compounds

e 1.3.1 Definition and classification of alicyclic compounds
e 1.3.2 Structural features and comparison with aromatic compounds
e 1.3.3 Examples of cycloalkanes and fused ring systems

Part 4 Survey of Representative Polycyclic Compounds

e 1.4.1 Naphthalene, anthracene, and phenanthrene
e 1.4.2 Structural features and aromatic character
e 1.4.3 Applications and relevance in organic chemistry

Introduction

Organic chemistry is built upon the study of different classes of compounds, each with unique
structures and behaviours. Among these, aromatic compounds and alicyclic compounds
occupy a central place because they form the foundation for understanding stability, reactivity,
and the design of more complex molecules. From the benzene ring that underpins countless
pharmaceuticals to the cyclic hydrocarbons that appear in fuels and polymers, these compounds
are not only academically important but also highly relevant in everyday applications.

The aim of this Series is to introduce you to the fundamental features of aromatic and alicyclic
chemistry, to equip you with the ability to define their structures, explain their properties, and
analyse the chemical consequences of aromaticity. By the end of this Series, you should be able

-
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to distinguish between aromatic and alicyclic compounds and appreciate their role as building
blocks in organic chemistry.

We shall commence this Series by exploring the definition and general characteristics of
aromatic compounds, including the criteria for aromaticity and examples of monocyclic and
polycyclic systems. Next, we will examine the properties and consequences of aromaticity;
focusing on resonance and chemical stability. Following that, we will move on to alicyclic
compounds, considering their classification, structural features, and comparison with aromatic
compounds. Finally, we will round off the Series with a survey of representative polycyclic
compounds such as naphthalene, anthracene, and phenanthrene, highlighting their structures and
applications.

Series Learning Outcomes

Upon completing this Series, you should be able to:

e define aromatic compounds and outline their general characteristics,

e explain the criteria for aromaticity using Hiickel’s rule,

o describe examples of monocyclic and polycyelic aromatic compounds,

o analyse the physical and chemical properties of aromatic compounds,

o explain the role of resonance and delocalisation in the stability of aromatic systems,

e define alicyclic compounds and classify them according to structural features,

e compare the structures and properties of alicyclic compounds with those of aromatic
compounds,

o identify representative polycyelic compounds such as naphthalene, anthracene, and
phenanthrene, and

o evaluate the aromatic character and applications of selected polycyclic compounds.

1.1 Introduction To Aromatic Compounds

1.1.1 Definition and general characteristics of aromatic compounds

Aromatic compounds are a class of organic molecules characterised by the presence of one or
more planar rings with delocalised m-electrons that follow specific stability rules. The simplest
example is benzene, which consists of six carbon atoms arranged in a ring with alternating
double bonds that are actually delocalised across the ring. This delocalisation gives aromatic
compounds exceptional stability compared to other unsaturated hydrocarbons.

Aromatic compounds are important because they form the basis of many pharmaceuticals, dyes,
and polymers. Their unique stability and reactivity patterns make them central to organic
chemistry.

Fill in the blank: Aromatic compounds are characterised by delocalised electrons in a
planar ring system.

-
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BENZENE RING: DELOCLLAZED n-ELECTRON SYSTEM

VISUALIZING ELECTRON ORBIBALS & RESONANCE
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above & below ring (Delochized n-electrons)

ORGANIC CHEMISTRY & BONDING VISUALZATION

Figure 1.1 Structure of benzene as a representative aromatic compound

1.1.2 Criteria for aromaticity (Hiickel’s rule)

The stability of aromatic compounds can be explained using Hiickel’s rule, which states that a
planar, cyclic' molecule is aromatic if it contains ((4n + 2)) n-electrons, where (n) is a whole
number. For example, benzene has six n-electrons, which fits the rule when (n = 1).

This rule helps chemists predict whether a compound will exhibit aromatic stability. Molecules
that do not satisfy Hiickel’s rule are either anti-aromatic (unstable) or non-aromatic (lacking
delocalisation).

Fill in the blank: According to Hiickel’s rule, a molecule is aromatic if it contains -
electrons.

-
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AROMATICITY & HUCKEL’S RULE:

Electron Deloaization & Moleculal Stability

1. BENZENE (Aromatic) ' 2. CYCLBUTADEINE
(Anti-Aromatic)

6 pi-electrons— 4 pi-electrons— | s —4 pi-electrons
Huckel’s Rule: 4n+2 = 6pi —> Huckel’s Rule: 4n+2 = 4pi —>
An=4=>n-=1 4dn =2 => n=0.5
Result: Aromatic Result: Anti-Aromatic "

(Stable) (Unsatble/Reactive) |

KEY TAKEWAY

Hiickel’s Rule (4n<+ pi electrons) predicts aromatic stability. Benzene's 6 pi electrons make it
aromatic atic, while 4 pi electtcons make anti-aromatic and highly unstable

Caption: Figure 1.2 Application of Hiickel’s rule to aromatic and anti-aromatic compounds

1.1.3 Examples of monocyclic and polycyclic aromatic compounds

Monocyclic aromatic compounds contain a single aromatic ring, such as benzene, toluene, and
phenol. These compounds are widely used in industry and research due to their predictable
reactivity.

Polycyclic aromatic compounds consist of two or more fused aromatic rings, such as
naphthalene, anthracene, and phenanthrene. These compounds are found in coal tar, dyes, and
even environmental pollutants. Their extended conjugation often gives them unique optical and
electronic properties.

Fill in the blank: Naphthalene is an example of a aromatic compound with two fused
rings.

-
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POLYNULIEAR AROMATIC HYDROCHIRONS

Visualizing the Structures of Benzene, Naphallane & Anthacene

CGHG c"_)Hs cl4H10

= Single ring « Two fused rings e Three fused rings
= Simplest Aromatic = Mothballs = Organic Semusctuctor
« Planar = Sublimes easily * Flurceent

SINGLE RING —> FUSED RINGS —> INCREASED COMPLEXITY ,0,

Plate 1.1 Examples of monocyclic and polycyclic aromatic compounds

Pilot questions 1.1

Define aromatic.compounds and state their general characteristics.

Explain Hickel’s rule and apply/it to benzene.

Distinguish between aromatic, anti-aromatic, and non-aromatic compounds.
Give two examples of monocyclic aromatic compounds.

Name one polycyclic aromatic compound and state its application.
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1.2 Properties And Consequences Of Aromaticity

1.2.1 Physical properties of aromatic compounds

Aromatic compounds often display distinct physical properties compared to aliphatic
hydrocarbons. They are generally non-polar, though some substituted aromatics may show
polarity depending on the functional groups attached. Aromatic compounds such as benzene are
liquids at room temperature, with characteristic odours and relatively high melting and boiling
points due to strong intermolecular interactions.

\" lJ
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Fill in the blank: Aromatic compounds such as benzene are typically at room
temperature.

BENZENE VS. CYCLOHEXANE

COMPARING BOILING POINTS & MOLECULAR FORCES

. BENZENE 2. CYCLOHEXANE
‘ Higher
Boiling
[; Point [;
80°C 74°C
Benzene |:> Cyclohxane
e Boiling Point = 80°C e Boiling Point = 74°C
e Non-planar (chair
e Planar molecule confermation)
e Stronger London Dispersion e Weaker Displersion Forces
Forces due du better
stacking
PHYSICAL CHEMISTRY & INTERMECHEMLAR FORCES g

Figure 1.3 Comparison of boiling points of benzene and cyclohexane

1.2.2 Chemical stability due to aromaticity

The exceptional stability of aromatic compounds arises from aromaticity, which is the
delocalisation of m-electrons across the ring. This delocalisation lowers the overall energy of the
molecule, making it less reactive than typical alkenes. For example, benzene resists addition
reactions-that are common in alkenes, preferring substitution reactions that preserve the aromatic
ring.

Fill in the blank: Aromatic compounds resist reactions that would disrupt the delocalised
T-System.

-
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No Reaction: Stable due Aromacity ‘

BENZENE VS. CYCLOHEXENE:
Reactivity Comparison

Addition Reactions & Aromatic Stability

1. BENZENE 2. CYCLOHEXENE

(Resists Addition) (Undrroges Addition)
OH OH

Br, (or H,) Br, (H5)
=2 =2 =2 Gateslst 3>
Br, (or H,) HO OH

Catalust/Heat/Light ‘ CeHio B

1,2,Dibromoyclhexane
| Cyclhiexane

Reaction Occurs:
Unsuatration allows
| addition

& Deloclazed Electrons

KEY TAKEWAY: Benzene’s stability from electron deloolization makes it
resistant to addition, unlike reative double bond in cychexene.

Figure 1.4 Stability of benzene compared to cyclohexene

1.2.3 Resonance and delocalisation of w-electrons

Resonance is the representation of'a molecule using two or more contributing structures that
differ only in the placement of electrons. In aromatic compounds, resonance explains the
delocalisation of m-electrons across the ring, giving rise to equal bond lengths and enhanced
stability. Benzene, for instance, is often drawn with alternating double bonds, but in reality, all
carbon—carbonbonds are equivalent due to delocalisation.

Fill in the blank: In benzene, all carbon—carbon bonds are of equal length due to of -
electrons.

-
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BENZENE RESONANCE:

Visualizing Electron Delaloization in Aromatic Systems

1. RESONANCE STRUCTURES 2. DELOLAZED REPRESENATION

= Two contributing structures e True structure

Alternating single/double bonds » Electrons spread over all 6 carbons
= Hyptiopticix, not real Equal bond lengths/strengths

KEKULE STRUCTURES — ELECTRON DECOICIZATION —> AROMATIC STABLITY

<

Figure 1.5 Resonance and delocalisation in benzene

Pilot questions 1.2

State two physical properties of aromatic compounds.

Explain whyaromatic compounds are more stable than alkenes.

Describe the difference between addition and substitution reactions in aromatic compounds.
Define resonance and explainits role in aromatic stability.

Why are all carbon—carbon bonds in benzene of equal length?

ukhwnN R

1.3 Alicyclic Compounds

1.3.1 Definition and classification of alicyclic compounds

Alicyclic compounds are organic molecules that contain one or more closed ring structures but
do not possess the delocalised n-electron system characteristic of aromatic compounds. Instead,
they resemble aliphatic compounds in their chemical behaviour, while structurally resembling
cyclic systems. Common examples include cyclopropane, cyclobutane, cyclopentane, and
cyclohexane.
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Alicyclic compounds can be classified into three broad categories: monocyclic (single ring),
bicyclic (two rings), and polycyclic (multiple rings). Their classification depends on the number
of rings and how these rings are connected.

Fill in the blank: Alicyclic compounds resemble aliphatic compounds in chemical behaviour but
contain ring structures.

CYCLOALKANAES: STRUCTURES & RING STRAIN
COMPARING CYCLIC ALKANE GEOMETRIES

1. CYCLOPROPANE 2. CYCLOBUTANE 3. CYCLEPENTANE 4. CYCLOHEXANE
CH, CH, CH,

CH,—————— CH, CH, CH,

3-membered ring 4-membered ring 5-membered ring 6-membered ring
Angle = 60° Angle = 90° Angle = 108° Angle = 109.5°

High Angle Strain Angle = 90° Low Angle Strain No Angle Strain
Less Reactive Significant Angle Strain Puckured “Envelope’

Most Reactive Less Reactive than C3 Conformation (Chair’

Calf Conformation)

ORGANIC CHEMISTRY: RING STRUCTURS VISUALIZATION

Figure 1.6 Examples of monocyclic alicyclic compounds

1.3.2 Structural features and comparison with aromatic compounds

The structural features of alicyclic compounds include saturated or unsaturated carbon rings
without delocalised n-electrons. Unlike aromatic compounds, which are planar and stabilised by
resonance; alicyclic compounds may adopt different conformations to minimise strain. For
example, cyclohexane adopts a chair conformation to reduce torsional strain.

Comparing alicyclic and aromatic compounds highlights their differences: aromatic compounds
are stabilised by resonance and follow Hiickel’s rule, while alicyclic compounds lack such
delocalisation and behave more like alkanes or alkenes.

Fill in the blank: Cyclohexane adopts a conformation to minimise torsional strain.

-
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BENZENE RING vs. CYCLOHEXANE:

Structure Comparison

Aromatic Planar Ring & Saturated Non-Planar Conformation

f 1. BENZENE (Aromatic) 2. CYCLOHEXENE

(Aromatic) (Ssaturated)
|
1
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Confertation
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KEY TAKEWAY: Benzene is stabilty from electron deloolization, makes

while reative, no chair confornation.

Figure 1.7 Structural.comparison of aromatic and alicyclic compounds

1.3.3 Examples.of cycloalkanes and fused ring systems

Cycloalkanes are saturated alicyclic hydrocarbons with the general formula (C_nH_{2n}). They
include simple rings such as cyclopropane and cyclohexane, as well as larger rings. Their
reactivity is similar to alkanes, though ring strain can make smaller cycloalkanes more reactive.

Fused ring systems occur when two or more rings share common atoms. Examples include
decalin and steroids: These structures are important in natural products and pharmaceuticals,
where ring fusion influences stability and biological activity.

Fill in the blank: Cycloalkanes follow the general formula

-
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POLYCYCIC ALICYLICS:
Visualizing the Structures of Cyclhoixane,
& the Steroid Nucleus

Ll
SEn

= Single ring e Two fused rings e Four fused rings
= Saturated - Saturated = Saturated
< Flexible (chair/boat) = Rigid structure e Found in hormones

SINGLE RING —> FUSED RINGS —> INCREASED STRUCTURAL COMPLEXITY

Plate 1.2 Examples of cycloalkanes and fused ring systems

Pilot questions 1.3

Define alicyclic compounds and state how they differ from aromatic compounds.
Classify alicycliccompounds into three categories with examples.

Explain why cyclohexane adopts a chair conformation.

State the general formula of cycloalkanes.

Give one example of a fused ring system and mention its importance.

ukhwnN R

1.4 Survey Of Representative Polycyclic Compounds
1.4.1 Naphthalene

Naphthalene is a polycyclic aromatic hydrocarbon consisting of two fused benzene rings. It is
commonly found in coal tar and is used in the production of dyes, plastics, and moth repellents.
The fused ring system gives naphthalene extended conjugation, which influences its chemical
reactivity and physical properties.

Fill in the blank: Naphthalene consists of two fused rings.

SN
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NAPTHALEENE: FUSED BENZENE RINGS

VISUALIZING POLYCY ICIC AROMATIC HYDRONBRONS

1. CHEMICAL STRUCTURE 2. AROMACITY

C C
C C
(63 H
C C
H H c c c
c c e ==l 2]
<> <> =
< Two fusied benzene rings e c @

Molecular Formula: C, g
e Planar structure « Follows Hiickel’s Rule (4n+2)
e Planar structure = 10 ni-electrons (n-2)
- Stable, aromatic compound

ORGANIC CHEMISTRY & BONDING VISUALZATION @

Figure 1.8 Structure of naphthalene

1.4.2 Anthracene

Anthracene is a polycyclic aromatic compound composed of three linearly fused benzene rings.
It is used in the manufacture of dyes, particularly anthraquinone derivatives, and has applications
in organic semiconductors. Its linear arrangement of rings makes it distinct from other polycyclic
compounds.

Fill in‘the blank: Anthracene contains three fused benzene rings.

-
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ANTHRACENE: A Linear Polycylic

Aromatic Hydoatic Hydorabon
Three Fused Benzene Rings
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\ / (Aromatic System)
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KEY TAKEWAY: a polycylic aromatic haydrbon with three lineally-fused
rings, resulting in in enhanced stability doue extensive electron

delooization. <@>

Figure 1.9 Structure of anthracene

1.4.3 Phenanthrene

Phenanthrene is a polycyclic aromatic hydrocarbon with three fused benzene rings arranged in
an angular fashion. It is found in coal tar and is used in the synthesis of dyes, drugs, and
explosives. The angular fusion of rings gives phenanthrene unique chemical properties compared
to anthracene.

Fill in.the blank: Phenanthrene has three fused benzene rings arranged in an fashion.

-

o)
LA-NET | ONLINE LEARNING VIDEO PLATFORM FOR POST-SECONDARY & HIGHER INSTITUTION STUDENTS



PHENANTHERENE: The Angular Tri-Aromatic

Visualizing Structure of a Polycylic Aromatic Hydrocabon

1. MOLECULAR STRUCTURE 2. KEY PROPERTIES

Three fused benzene
rings Aromatic compound (4n+2 rule)

Angurar arramgment ::> Planar structure
C,H,, moleculal formula
Found in coal tar, dyes, Undergocs elerctphfilic substtution

and storaids Fluurectent (blue-green)

THREE FUSED RINGS — ANGULAR SHAPE — UNIQUE AROMATICITY

Caption: Figure 1.10 Structure of phenanthrene

1.4.4 Applications and relevance in organic chemistry

Polycyclic aromatic compounds such as naphthalene, anthracene, and phenanthrene are
important in organic chemistry due to their extended conjugation and stability. They serve as
precursors in the synthesis of dyes, pharmaceuticals, and advanced materials such as organic
semiconductors. Their presence in coal tar highlights their industrial relevance, while their
optical properties make them useful in photochemistry and electronics.

Fillan the blank: Polycyclic aromatic compounds are widely used in the synthesis of and
pharmaceuticals.

w
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APPLICATIONS OF POLYCYCLIC AROMATIC COMPOUNDS
VISUALIZING THEIR DIVERSE USES
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MATERIALS SCIENCE & BONDING VISUALZATION

Caption: Plate 1.3 Applications. of polycyclic aromatic compounds

Pilot questions 1.4

Define naphthalene and state one of its uses.

How many fused ringsare present in anthracene?

Describe the'structural difference between anthracene and phenanthrene.
State one‘industrial application of phenanthrene.

Explain why polycyclic aromatic compounds are important in organic chemistry.

vk wnN e

Series Summary

This Series has introduced you to the fundamentals of aromatic and alicyclic chemistry, laying
the foundation for understanding stability, reactivity, and structural diversity in organic
compounds. Its purpose has been to highlight the importance of these systems in both academic
study and practical applications, from pharmaceuticals and dyes to fuels and polymers.

-
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We began by defining aromatic compounds and outlining their general characteristics, then
examined the criteria for aromaticity through Hiickel’s rule and resonance. Following that, we
explored the physical and chemical properties of aromatic compounds, emphasising their
stability and preference for substitution reactions. We then moved on to alicyclic compounds,
considering their classification, structural features, and comparison with aromatic systems.
Finally, we surveyed representative polycyclic compounds such as naphthalene, anthracene; and
phenanthrene, noting their structures and industrial relevance. In line with the Series Learning
Outcomes, you should now be able to define and explain aromatic and alicyclic compounds,
analyse their properties, compare their behaviours, and evaluate the applications of key
polycyclic systems.

Concept Check Questions [Series 1]

Objective Questions

ik wnN e

Define aromatic compounds. (Linked to SLO 1.1)

State Hiickel’s rule for aromaticity. (Linked to SLO 1.2)

Give one example of a monocyclic aromatic compound. (Linked to SLO 1.3)
State the general formula of cycloalkanes.(Linked to SLO 1.6)

How many fused rings are present in anthracene? (Linked to SLO 1.8)

Short-Answer Questions

6. Explain why aromatic compounds are more stable than alkenes. (Linked to SLO 1.4)

7. Describe the role of resonance in the stability of benzene. (Linked to SLO 1.5)

8. Compare the structural features of aromatic and alicyclic compounds. (Linked to SLO 1.7)
9. Identify one industrial application of naphthalene. (Linked to SLO 1.9)

10. Explain why cyclohexane adopts a chair conformation. (Linked to SLO 1.6)

Long-Answer Questions
11. Discuss the general characteristics of aromatic compounds and explain the criteria for
aromaticity. (Linked to SLOs 1.1, 1.2)

12.

Basic response: Based on Series-only knowledge.
Value-added response: For outstanding learners who go beyond the basics.

Analyse the physical and chemical properties of aromatic compounds, focusing on their stability

and reactivity. (Linked to SLOs 1.4, 1.5)

13.

Basic response: Based on Series-only knowledge.
Value-added response: For outstanding learners who go beyond the basics.

Evaluate the importance of alicyclic compounds, including their classification, structural

features, and comparison with aromatic compounds. (Linked to SLOs 1.6, 1.7)

-

Basic response: Based on Series-only knowledge.
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e Value-added response: For outstanding learners who go beyond the basics.

14. Assess the structures and applications of representative polycyclic compounds such as
naphthalene, anthracene, and phenanthrene. (Linked to SLOs 1.8, 1.9)

e Basic response: Based on Series-only knowledge.
¢ Value-added response: For outstanding learners who go beyond the basics.

Answers to Concept Check Questions [Series 1]

Objective Questions

Aromatic compounds are organic molecules with planar ringsand delocalised mt-electrons.
Hickel’s rule states that a cyclic, planar molecule is:aromatic if it contains ((4n + 2)) m-electrons.
Example: Benzene.

General formula: (C_nH_{2n}).

Anthracene has three fused rings.

vk wnN e

Short-Answer Questions

6. Aromatic compounds are more stable than alkenes because delocalisation lowers their overall
energy.

7. Resonance in benzene distributes n-electrons evenly, giving equal bond lengths and enhanced
stability.

8. Aromatic compounds are planar with delocalised electrons, while alicyclic compounds lack
delocalisation and adopt conformations to minimise strain.

9. Naphthalene is used in the production of dyes and moth repellents.

10. Cyclohexane adopts a chait conformation to minimise torsional strain and achieve stability.

Long-Answer Questions

11. Basic response: Aromatic compounds are defined by delocalised n-electrons in planar rings.
Hiickel’s rule explains aromaticity using the ((4n + 2)) electron count.

Value-added response: Learners may add examples such as benzene, cyclobutadiene (anti-
aromatic), and discuss how aromaticity influences reactivity.

12. Basic response: Aromatic compounds have higher melting and boiling points, resist
addition reactions, and prefer substitution reactions.

Value-added response: Learners may add comparisons with alkenes, resonance energy
calculations, and industrial relevance.

13. Basic response: Alicyclic compounds are cyclic but non-aromatic, classified as
monocyclic, bicyclic, or polycyclic. They differ structurally and chemically from aromatic
compounds.

-
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Value-added response: Learners may add examples such as cyclopropane, decalin, and steroids,
highlighting their biological and industrial importance.

14. Basic response: Naphthalene has two fused rings, anthracene has three linear fused rings,
and phenanthrene has three angular fused rings. They are used in dyes, drugs, and
semiconductors.

Value-added response: Learners may add discussion of extended conjugation, optical
properties, and environmental relevance of polycyclic aromatic hydrocarbons.

Answers to Pilot Questions [Series 1]

Part 1.1 Introduction to Aromatic Compounds

1. Aromatic compounds are organic. molecules characterised by planar rings with delocalised m-
electrons.

2. Hickel’s rule states that a molecule is aromatic if it contains ((4n + 2)) m-electrons.

3. Aromatic compounds are stable because they resist addition reactions and prefer substitution
reactions that preserve the ring.

4. Examples of monocyclic aromatic compounds include benzene and toluene.

5. Naphthaleneis a polycyclic aromatic compound with two fused rings, used in dyes and moth
repellents.

Part 1.2 Properties and Consequences of Aromaticity

1. Aromatic compounds such as benzene are liquids at room temperature and have relatively high
boiling points.

2. » Aromatic compounds are more stable than alkenes due to delocalisation of n-electrons.

3. | Aromatic compounds resist addition reactions, preferring substitution reactions.

4. Resonance is the representation of a molecule by multiple contributing structures, and it
explains aromatic stability.

5. Inbenzene, all carbon—carbon bonds are equal in length due to delocalisation of m-electrons.

Part 1.3 Alicyclic Compounds

-
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1. Alicyclic compounds are cyclic organic molecules without delocalised n-electrons, differing from
aromatic compounds.

They are classified as monocyclic, bicyclic, or polycyclic depending on the number of rings.
Cyclohexane adopts a chair conformation to minimise torsional strain.

Cycloalkanes follow the general formula (C_nH_{2n}).

Decalin is an example of a fused ring system, important in natural products and
pharmaceuticals.

e wnN

Part 1.4 Survey of Representative Polycyclic Compounds

1. Naphthalene is a polycyclic aromatic compound with two fused benzene rings, used in moth
repellents.

Anthracene has three linearly fused benzene rings.

Anthracene has a linear arrangement of rings, while phenanthrene has an angular arrangement.
Phenanthrene is used in the synthesis of dyes and drugs.

Polycyclic aromatic compounds are important in organic chemistry because they serve as
precursors for dyes, pharmaceuticals, and semiconductors.

vk wnN

Series 2: Electrophilic Aromatic and Alicyclic
Substitution Reactions

Part 1 Fundamentals of Electrophilic Substitution

e 2.1.1 Definition of electrophilic substitution
e 2.1.2 General mechanism of electrophilic substitution
o 2.1.3 Differences between aromatic and alicyclic substitution

Part 2 Electrophilic Aromatic Substitution Reactions

e (2.2.1 Halogenation of benzene

e 2.2.2Nitration of benzene

e  2.2.3 Sulfonation of benzene

e 2.2.4 Friedel—Crafts alkylation and acylation

Part 3 Electrophilic Alicyclic Substitution Reactions

e 2.3.1 Mechanism of alicyclic substitution
e 2.3.2 Examples of electrophilic substitution in cycloalkanes
e 2.3.3 Comparison with aromatic substitution

Part 4 Applications and Consequences of Electrophilic Substitution

-
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e 2.4.1 Industrial applications of electrophilic substitution reactions
e 2.4.2 Role in synthesis of pharmaceuticals and dyes
e 2.4.3 Environmental and safety considerations

Introduction

In the last Series, we explored the fundamentals of aromatic and alicyclic compounds, focusing
on their structures, properties, and representative examples. Building on that foundation, we now
turn our attention to how these compounds undergo chemical change. One of the most significant
reaction types in organic chemistry is electrophilic substitution, which plays a central role in
the transformation of aromatic and alicyclic systems. These reactions are not only academically
important but also highly relevant in industrial processes such.as.the synthesis of
pharmaceuticals, dyes, and polymers.

The aim of this Series is to equip you with the knowledge and skills to'explain the mechanisms
of electrophilic substitution, distinguish between aromatic and alicyelic pathways, and evaluate
the applications and consequences of these reactions in both laboratory and industrial contexts.

We shall commence this Series by examining the fundamentals of electrophilic substitution,
including its definition and general mechanism. Next, we will explore electrophilic aromatic
substitution reactions in detail, covering halogenation, nitration, sulfonation, and Friedel-Crafts
alkylation and acylation. Following that, we will move on to electrophilic alicyclic substitution
reactions, considering their mechanisms and examples. Finally, we will wrap up by discussing
the applications and consequences of electrophilic substitution, highlighting its importance in
synthesis, industry, and environmental considerations.

Series L.earning Outcomes

Upon completing this Series, you should be able to:

o define electrophilic substitution and outline its general mechanism,

o explain the differences between electrophilic substitution in aromatic and alicyclic compounds,

e demonstrate the mechanism of halogenation in benzene,

e describe the process of nitration in benzene,

e | explain the sulfonation of benzene and its chemical significance,

e analyse the mechanisms of Friedel-Crafts alkylation and acylation,

e describe the mechanism of electrophilic substitution in alicyclic compounds,

e compare examples of electrophilic substitution in cycloalkanes with those in aromatic systems,

e evaluate the industrial applications of electrophilic substitution reactions, and

e assess the role of electrophilic substitution in the synthesis of pharmaceuticals, dyes, and other
organic products.
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2.1 Fundamentals Of Electrophilic Substitution

2.1.1 Definition of electrophilic substitution

Electrophilic substitution is a type of organic reaction in which an electrophile (a positively
charged or electron-deficient species) replaces a functional group, usually a hydrogen atom, in an
aromatic or alicyclic compound. This reaction is characteristic of aromatic systems because they
resist addition reactions that would disrupt their delocalised n-electron system. Instead, they
undergo substitution reactions that preserve aromaticity.

Fill in the blank: In electrophilic substitution, an replaces a hydrogen atom in an
aromatic ring.

ELECTROPLHIC AROMANIC SUBTSTUTION

VISUALIZING BENZENE RING ACTIVATION & SUBSTUTION

1. BENZENE & 2. SUBSTUHTED BENZENE
ELECTROPLIHE PRODUCT
OH Benzene Ring with
- lI H replaced by E
G ‘\C¢ \ -H
I Reaction Pathway |
H oo, M H O —H
)y —- E* :
O ]

%

e E+ replaces H
e Aromaicity is restored
e Forms a new C-E bond

ORGANIC CHEMISTRY: REACTION MECHAMIMS VISUALIZATION

Figure 2.1 General representation of electrophilic substitution in benzene

2.1.2 General mechanism of electrophilic substitution

The mechanism of electrophilic substitution typically involves three main stages:

-
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Generation of the electrophile: The electrophile is produced from a reagent, often with the help
of a catalyst.

Attack on the aromatic ring: The electrophile reacts with the n-electron cloud of the aromatic
ring, forming a carbocation intermediate known as the arenium ion.

Restoration of aromaticity: A proton is lost from the intermediate, restoring the delocalised -
system and completing the substitution.

Fill in the blank: The positively charged intermediate formed during electrophilic substitution is
called the ion.

ELECTROPHLIC AROMATIC SUBTSTUTION:

Mechanism & Aromatcity

A Step-Step Guide to Benzene Reativity

V —— W — ——— N — = — —
1. ELECTROPLIHE 2. ARENIUM ION 3. RESTORATION ‘
Generation l FORMATION OF AROMATICITY
o OH
O\ B+ 7 . OH
(DX == = B
\, FeBr,- HO OH ! HO el
CeHis Br+ Electrohile CeHio H | FeBr; B  FeBr;
Slow, Rate-Detraming Step l Fast Step: Aromaicity

\ — I == — eV &Reftfei -

KEY TAKEWAY: Eleclycylic aromatic substsitation proceeds via an arrenium ion

rings, resulstcayit larth in enhaled the sine inve to derectialve favorable, making the
delooization.

Caption. Figure 2.2 General mechanism of electrophilic substitution in aromatic compounds

2.1.3 Differences between aromatic and alicyclic substitution

While both aromatic and alicyclic compounds can undergo electrophilic substitution, the
processes differ significantly. Aromatic substitution is stabilised by resonance and follows
predictable pathways such as halogenation, nitration, and sulfonation. In contrast, alicyclic
substitution occurs in saturated or partially unsaturated rings without delocalised m-electrons,
often requiring stronger conditions or different mechanisms.

Fill in the blank: Aromatic substitution is stabilised by , Whereas alicyclic substitution
lacks this stabilisation.

-
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Feature Aromatic Compounds Alicyclic Compounds
o Stabilised by resonance due to No resonance stabilisation; reactions
Stabilisation . occur directly on saturated or
delocalised m-electrons ! .
partially unsaturated rings
Reaction Oceur under relatively mild condl'tlons Require harsher conditions such as
conditions (e.g. room temperature, catalysts like heat, UV light, or strong reagents
AICL or FeCls) ’ gt greag
Intermediate Arenlum ton (p osm\{ely char.g.e d Carbocation intermediate without
carbocation intermediate stabilised by Y
formed resonance stabilisation, less stable
resonance)
Highly selective, leadi ictabl . .
. . 1Sy S¢ ective, leading to predictable Less selective, often producing
Selectivity substitution patterns (e.g. ortho, meta, . (
o multiple substituted products
para positions)
Common Halogenation, nitration, sulfonation, Halogenation and other substitutions,
reactions Friedel-Crafts alkylation/acylation often less controlled
C . Widely used in synthesis of Limited industrial use, mainly in
Applications . . . .
pharmaceuticals, dyes, and polymers |[specialised organic synthesis

Table 2.1 Comparison of electrophilic substitution in aromatic and alicyclic compounds

Pilot questions 2.1

1. Define electrophilic substitution.and explain why it is characteristic of aromatic compounds.

2. Outline thethree main stages of the general mechanism of electrophilic substitution.

3. What is the name of the positively charged intermediate formed during electrophilic
substitution?

4. State one difference between electrophilic substitution in aromatic and alicyclic compounds.

5. Give one example of an electrophilic substitution reaction in benzene.

2.2 Electrophilic Aromatic Substitution Reactions

2.2.1 Halogenation of benzene

Halogenation is an electrophilic aromatic substitution reaction in which a halogen atom replaces
a hydrogen atom in the benzene ring. This reaction requires a catalyst such as iron(III) chloride
(FeCls) or aluminium chloride (AlCIs) to generate the electrophile. The halogen molecule reacts
with the catalyst to form a positively charged halogen species, which then attacks the aromatic
ring.

Fill in the blank: In halogenation of benzene, the catalyst helps generate the electrophile.

-
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BENZENE HALOGENATION:
Electrophlic Aromatic Substution
Stepwise Mechanism with FeCL, Catalst

1. Catallst Activation J/ij‘
NH
HO

= FeCL,

FeCL; enhances Br, reativity.

‘2. Electolplhic Attack

Benzene donates electrons to Br*
forming a carbaradon.

Aromatcity is restored,
releasing HBr and catalst.

) AROMATICITY — ACTIVATION =& ATTACK — RE-AROMATATION

Figure 2.3 Mechanism of halogenation of benzene
2.2.2 Nitration of benzene

Nitration involves the substitution of a hydrogen atom in benzene with a nitro group (-NO2).
The electrophile, nitronium ion (NO:"), is generated from concentrated nitric acid in the presence
of concentrated sulphuric acid. The nitronium ion attacks the benzene ring, forming an arenium
ion intermediate, which then loses a proton to restore aromaticity.

Fill in the blank: The electrophile in nitration of benzene is the ion.
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BENZENE NITRATION: ELECTROPHLIC
SUBTSTUTION MECHANISM

STEP-STEP VISUAIZATION WITH NITRIC & SULRUIC ACID

1. FORMATION OF 2. ATTACK BY BENZENE 3. DEPROTONATION &
ELECTROPHILE AROMAMIC RESTORATION
a 9 - NNO
E I Nitronium lon ?I ﬁH 7 HSO,
L *,’QC/C\N%%;—\ Hoem o
e =
o s i
* Sigma conply is restore ’I_I' RS l+
distoration reast en of \ a5
abisithe is ales * Sigma Complex ©
* Forms atigh in sew a C-E Arenium lon
arnscd.
Nitrobebene

ORGANIC CHEMISTRY: REACTION MECHAMIMS VISUALIZATION

Figure 2.4 Mechanism of nitration of benzene

2.2.3 Sulfonation of benzene

Sulfonation is the substitution of a hydrogen atom in benzene with a sulfonic acid group (—
SOsH). The electrophile is sulphur trioxide (SOs), which is generated in concentrated sulphuric
acid. This reaction is reversible and is often used in the preparation of detergents and dyes.

Fill in'the blank: The-electrophile in sulfonation of benzene is

-
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BENZENE SULFONATION: Electropiilic Aromatic Substtution
Step-Step Mechanism with Suffur Trioxide

1. ELECTROPLHE GENERATION

H.S0, <
3

H,S0, Electrophife

Base
H30 Base

OH3~

2. ARENIUM ION FORMATION

OH Ha,
+ Y > /S~on
N )
A= 0H;
H30 N5 Arenium lon

Intermediate

Slow, Rate-Deteriming Step

3. RESTORATION OF AROMACITY

-SOH OHj
Y

B LR
T
H30

3

Beneseurronic Acid

KEY TAKEWAY: Sulfonation of benzene is exelrophlic substution raction forming benorophilic

acid, crucial in detergent and dye sunttesis.

Figure 2.5 Mechanism of sulfonation of benzene

2.2.4 Friedel-Crafts alkylation and acylation

Friedel-Crafts alkylation introduces an alkyl group into the benzene ring. The electrophile is a
carbocation generated from an alkyl halide in the presence of a Lewis acid catalyst such as AlCls.

Friedel-Crafts acylation introduces an acyl group into the benzene ring. The electrophile is an
acylium ion, formed from an acyl halide and AlICl. Acylation is particularly useful because it
avoids rearrangements that can occur in alkylation.

Fill in the blank: In Friedel-Crafts acylation, the electrophile is the

-
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FRIEDEL-CRAFTS REACTIONS:
Alkiliation & Acylation Mechanisms with AICLC,

Stepweis Electrphhlic Aromatic Subtstution for C-C Bond Formation

1. FRIEDEL-CRAFTS ALKYLATION

[CH:] [AlCl.4 CH,CO.] [AICL.,

CH4CO- g

0
3
CH,= CH,=
CHL, ——> cil; —
ACL, HCL H
3

ACL,

Step 1

=

3. Proton Abstrctlon 3. Proton Absrrctlon
& Rearomatlzatlon & Rearomatization

OH,
O e, — (I
HCL
OH,

OCH,4 acetopheone

ACTIVATION — ATTACK — RE-AROMIZATION

Figure 2.6 Mechanisms of Friedel-Crafts alkylation and acylation

Pilot questions 2.2

State the catalyst required for halogenation of benzene.
What is the electrophile in nitration of benzene?

Name the electrophile involved in sulfonation of benzene.
Distinguish between Friedel—Crafts alkylation and acylation.
Why is acylation often preferred over alkylation in synthesis?

L ol

2.3 Electrophilic Alicyclic Substitution Reactions

2.3.1 Mechanism of alicyclic substitution

-
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Electrophilic alicyclic substitution refers to reactions in which an electrophile replaces a
hydrogen atom in an alicyclic compound. Unlike aromatic substitution, alicyclic substitution
does not benefit from resonance stabilisation. Instead, the reaction proceeds through direct attack
on the saturated or partially unsaturated ring system. The mechanism usually involves the
generation of a strong electrophile, attack on the ring carbon, and subsequent loss of a proton to
complete substitution.

Fill in the blank: Alicyclic substitution reactions lack the stabilisation provided by in
aromatic systems.

ELECTROPHLIC ALIPATIC SUBSSTUTION

VISUALIZING CYCLOHEXANE REACTION PATHWAY

1. INITIAL STATE 2. REACTION INTERMEDIATE & PRODUCT
H 2 =cC o
- i H ] H o
El hil
D ectrophile
H H H H H H
Electrophile H H H+
= E¥x Attack
Carboxaton Substituted
Cycloxhane .
Internediate Cycloxxane
Product
* Cyclonxane is an alkane = Electroplhe adds to C-C double
= No pi-electron cloud bond (if present) or replaces H
* Requires different mechanism = Forms unstable carboxton
than benzene = H+ leaves to form final product

ORGANIC CHEMISTRY: REACTION MECHANISM VISUALIZATION *

Caption: Figure 2.7 General mechanism of electrophilic alicyclic substitution

2.3.2 Examples of electrophilic substitution in cycloalkanes

Cycloalkanes such as cyclopropane, cyclobutane, and cyclohexane can undergo electrophilic
substitution under suitable conditions. For instance, halogenation of cyclohexane requires
ultraviolet light or heat to generate reactive electrophiles. These reactions are less selective
compared to aromatic substitution and often lead to multiple substituted products.

Fill in the blank: Halogenation of cyclohexane typically requires light or heat to proceed.

-
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HALOGENATION OF CYCLOHEXANE: Free-Radical

Free-Radical Reaction Mechanism

HALOGENATION OF CYCLOHEXANE
UV Light-Initiated Substtution Reaction

1. INITIATION 2. PROPAGATION 3. TERMINATION

i OH, X X CH,
-~ hv (UV Light °
,Q\.\-V( ight) on X (j—OH @ + @ - @CHZ
OH ° C +X
i‘;f ~ 2;( dF'T'ele CeH,o CeHyy + HX shle
adicals +
X5 CHa OH, X LN CH,
X° J L =
oH OH
o

bicylohexane

S ~ e ~ - W

Writy

UV light provides energy to CeHyo CeH,, +X
break X-X bond Radical chain reaction continues Radicals combine, ending a
chain

" S " 7 ~ >

KEY TAKEWAY: Halagenation of alkanes is a free-radical subsitution
finitied by by light, repalicing a hudrogen atom with a halogen.

Plate 2.1 Example of halogenation in cyclohexane

2.3.3 Comparison with-aromatic substitution

Electrophilic substitution in alicyclic compounds differs significantly from that in aromatic
compounds. Aromatic substitution is stabilised by resonance and follows predictable pathways
such as nitration or sulfonation. In contrast, alicyclic substitution requires harsher conditions,
lacks resonance stabilisation, and often produces less selective outcomes.

Fill in the blank: Electrophilic substitution in aromatic compounds is stabilised by , while
alicyclic substitution isnot.

Here’s a clear comparison table highlighting the differences between electrophilic
substitution in aromatic vs. alicyclic compounds.

Electrophilic Substitution: Aromatic vs. Alicyclic
Compounds

] Feature \ Aromatic Compounds ] Alicyclic Compounds

-
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Structure Planar, cyclic, conjugated - Cyclic but non-aromatic; resemble
electron system (Hiickel’s rule: aliphatic compounds, no special n-
4n+2 w electrons) electron delocalization

Stability Highly stabilized by resonance Less stabilized; behave more like
(aromaticity) simple alkenes or cycloalkanes

Reactivity Less reactive than alkenes; requires | More reactive than aromatics;

toward strong electrophiles and catalysts undergo addition reactions. readily,

electrophiles (e.g., FeCls, AICl3) substitution less common

Typical Electrophilic Aromatic Electrophilic

reaction type

Substitution (EAS): nitration,
sulfonation, halogenation, Friedel—-
Crafts alkylation/acylation

Addition/Substitution:
halogenation, hydrogenation;
substitution is rare and less favored

Mechanism Formation of an arenium ion Formation of carbocation
(carbocation intermediate stabilized | intermediate without resonance
by resonance) stabilization; less stable

Conditions Often need Lewis acid catalysts or | Milder conditions; reactions occur

required strong acids to activate electrophiles | more easily without catalysts

Outcome Substitution preserves aromaticity. | Addition often disrupts ring
(ring remains intact) unsaturation; substitution less

favorable

Examples Benzene — nitration with Cyclohexene — bromination —

HNOs/H2SO4 — nitrobenzene

dibromocyclohexane

Pilot questions 2.3

i

Table 2.2 Comparison of electrophilic substitution in aromatic and alicyclic
compounds

Define electrophilic alicyclic substitution and explain how it differs from aromatic substitution.
Outline the general mechanism of electrophilic substitution in alicyclic compounds.

State the conditions required for halogenation of cyclohexane.

Compare the selectivity of electrophilic substitution in aromatic and alicyclic compounds.

Give one example of an electrophilic substitution reaction in cycloalkanes.

2.4 Applications And Consequences Of Electrophilic Substitution

2.4.1 Industrial applications of electrophilic substitution reactions

-
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Electrophilic substitution reactions are widely used in industry to produce essential chemicals.
For example, nitration of benzene yields nitrobenzene, which is a precursor for aniline and
subsequently dyes and pharmaceuticals. Sulfonation produces benzene sulfonic acid, used in
detergents and surfactants. Halogenation provides halobenzenes, which serve as intermediates in
agrochemicals and polymers. These applications highlight the practical importance of
electrophilic substitution beyond the classroom.

Fill in the blank: Nitration of benzene produces

, a precursor for aniline and dyes.

ELECTRROLTIC AROMATIC SUBSTSUATION REACTIONS

INDUSTRIAL APPLICATIONS OF BENZENE FUNCTIONALIZATION

1. NITRATION

HNO./H,S0,

t s
CsHsNO,

PRODUCT: Nitrobebne
- Explosives (e.p), TNT precuc
= Dyes & Pigments
= Pharmacusticals

o

2. SULFONATION

: S0,/HSO,

’ N
|
0g/HS,H

PRODUCT: Benessfufonic Acid
= Detergents & Surfactes

Catalysts

Medicines

Medicines

3. HALOGENATION

I Br,/FeBr;

>
Br,H;Br

PRODUCT: Halobebnes
= Pestics & Herberics
= Flame Redarants
= Organic Synsthesis

S

ORGANIC CHEMISTRY: INDUSTRIAL PROCESES & PRODUCTS

Figure 2.8 Industrial applications of electrophilic substitution reactions

2.4.2/Role in synthesis of pharmaceuticals and dyes

Electrophilic substitution is central to the synthesis of many pharmaceuticals and dyes. For
mstance, nitration and subsequent reduction of benzene leads to aniline, which is used in the
manufacture of paracetamol and sulfa drugs. Similarly, sulfonation reactions are key in
producing azo dyes, which are widely used in textiles. The ability to introduce functional groups
into aromatic rings makes electrophilic substitution a versatile tool in organic synthesis.

Fill in the blank: Reduction of nitrobenzene produces

pharmaceuticals.

-
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ELECTRPORCIC AROMATIC
SUBSTTUTION: Product Examples

Pharmaueticals & Synthetic Dyes

1. PARACETAMOL 2. AZO DYES
(Phamactutical) (Synthetic Dyes)
OH,

@ OH
OH3
Nitration,
— Reduction, — $=
i T o— 3
oH Acylation /\3 N

3
Sulfanilic Acid —, Diazoiziation &

Phenol >
Coupling Coupling

Analgesic, Antipyetic Vibrant Colors for Textiles

KEY TAKEWAY

Electorphilic aromatic substuation is versatile reaction for creating complex

243

molecules like drugs and dyes.

Plate 2.2 Pharmaceutical and dye products from electrophilic substitution

Environmental and safety considerations

While electrophilic substitution reactions are valuable, they also raise environmental and safety
concerns. Many reagents used, such as concentrated acids and halogens, are hazardous and
require careful handling. Industrial processes must manage by-products to reduce pollution, as
nitroaromatic compounds can be toxic. Green chemistry approaches aim to make these reactions
safer and more sustainable by using milder conditions, recyclable catalysts, and alternative
solvents.

Fill in the blank: Green chemistry approaches aim to make electrophilic substitution reactions

morc

Pilot

vk wnN R

-

and sustainable.

questions 2.4

State one industrial application of nitration of benzene.

Explain how electrophilic substitution contributes to pharmaceutical synthesis.

Give one example of a dye produced through electrophilic substitution.

What are the main environmental concerns associated with electrophilic substitution reactions?
Suggest one green chemistry approach to make electrophilic substitution safer.
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Series Summary

This Series has focused on the principles and applications of electrophilic substitution in both
aromatic and alicyclic compounds, highlighting its central role in organic chemistry and
industrial synthesis. Its purpose has been to show how these reactions preserve structural
integrity while enabling functionalisation, making them invaluable in the production of
pharmaceuticals, dyes, and other useful materials.

We began by examining the fundamentals of electrophilic substitution, including its definition,
mechanism, and differences between aromatic and alicyclic pathways. Then we explored
electrophilic aromatic substitution reactions such as halogenation, nitration, sulfonation, and
Friedel-Crafts alkylation and acylation. Following that, we considered electrophilic substitution
in alicyclic compounds, noting their mechanisms, examples, and-.comparison with aromatic
systems. Finally, we discussed the applications and consequences of thesereactions, including
industrial uses, pharmaceutical synthesis, and environmental considerations. In line with the
Series Learning Outcomes, you should now be able to-define and explain electrophilic
substitution, demonstrate and analyse its mechanisms in aromatic and alicyclic compounds,
compare their behaviours, and evaluate its practical applications and implications.

Concept Check Questions |Series 2]

Objective Questions

=

Define electrophilic substitution. (Linked to SLO 2.1)

State the three main'stages of the general mechanism of electrophilic substitution. (Linked to
SLO 2.1)

Identify the electrophile in nitration of benzene. (Linked to SLO 2.4)

Name the catalyst required for halogenation of benzene. (Linked to SLO 2.3)

State the electrophile in sulfonation of benzene. (Linked to SLO 2.5)

What is the‘electrophile in Friedel—Crafts acylation? (Linked to SLO 2.6)

State the conditions required for halogenation of cyclohexane. (Linked to SLO 2.7)

N

Nouekw

Short-Answer Questions

8. Explain why aromatic compounds undergo substitution rather than addition reactions. (Linked
to SLO 2.2)

9: Describe the role of resonance in stabilising aromatic substitution reactions. (Linked to SLO
2.2)

10. Compare electrophilic substitution in aromatic compounds with that in alicyclic compounds.
(Linked to SLO 2.8)

11. Give one industrial application of nitration of benzene. (Linked to SLO 2.9)

12. Explain how sulfonation contributes to dye synthesis. (Linked to SLO 2.10)

-
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Long-Answer Questions

13. Discuss the mechanism of halogenation of benzene, highlighting the role of the catalyst.
(Linked to SLO 2.3)

e Basicresponse: Based on Series-only knowledge.
e Value-added response: For outstanding learners who go beyond the basics.

14. Analyse the differences between electrophilic substitution in aromatic and alicyclic compounds.
(Linked to SLOs 2.2, 2.8)

e Basicresponse: Based on Series-only knowledge.
e Value-added response: For outstanding learners who go beyond the basics.

15. Evaluate the importance of electrophilic substitution reactions in pharmaceuticaland dye
synthesis. (Linked to SLOs 2.9, 2.10)

e Basic response: Based on Series-only knowledge.
e Value-added response: For outstanding learners who go beyond the basics.

Answers to Concept Check Questions [Series 2]

Objective Questions

1. Electrophilic substitution is a reaction'in which an electrophile replaces a hydrogen atom in an
aromatic or alicyclic compound.

2. The three stages are: generation of the electrophile, attack on the ring to form an arenium ion,

and restoration of aromaticity by loss of a proton.

The electrophile in nitration is the nitronium ion (NO,*).

The catalyst required for halogenation of benzene is FeCls or AlCls.

The electrophile in sulfonationis sulphur trioxide (SOs).

The electrophile in Friedel—Crafts acylation is the acylium ion (RCO*).

Halogenation of cyclohexane requires ultraviolet light or heat.

Noupkw

Short-Answer Questions

8. Aromatic compounds undergo substitution rather than addition because addition would disrupt
the delocalised m-electron system and reduce stability.

9. Resonance distributes electrons evenly across the ring, stabilising intermediates during
substitution.

10. Aromatic substitution is stabilised by resonance and occurs under milder conditions, while
alicyclic substitution lacks resonance stabilisation and requires harsher conditions.

1'1. Nitration of benzene produces nitrobenzene, which is used to manufacture aniline and dyes.
12. Sulfonation introduces sulfonic acid groups into aromatic rings, which are essential in the
production of azo dyes.

Long-Answer Questions
13. Basic response: Halogenation of benzene involves the generation of a halogen electrophile

-
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using FeCls, attack on the benzene ring to form an arenium ion, and loss of a proton to restore
aromaticity.

Value-added response: Learners may add details about the role of Lewis acids in polarising
halogen molecules, the stability of the arenium ion, and industrial relevance such as
halobenzenes in agrochemicals.

14. Basic response: Aromatic substitution is stabilised by resonance and follows predictable
pathways, while alicyclic substitution lacks resonance and requires stronger conditions.
Value-added response: Learners may add examples such as nitration of benzene versus
halogenation of cyclohexane, discuss selectivity differences, and highlight the impact of
resonance energy.

15. Basic response: Electrophilic substitution reactions are important in producing
pharmaceuticals like paracetamol and dyes such as azo compounds.

Value-added response: Learners may add discussion of industrial scale processes,
environmental considerations, and green chemistry approaches to make these reactions safer and
more sustainable.

Answers to Pilot Questions [Series 2]

Part 2.1 Fundamentals of Electrophilic Substitution

1. Electrophilic substitution is a reaction in which an electrophile replaces a hydrogen atom in an
aromatic compound.

2. The three main stages are: generation of the electrophile, attack on the aromatic ring to form an
arenium ion, and restoration of aromaticity by loss of a proton.

3. The positively charged intermediate formed is called the arenium ion.

4. Aromatic substitution is stabilised by resonance, whereas alicyclic substitution lacks this
stabilisation.

5. An exampleis the nitration of benzene.

Part 2.2 Electrophilic Aromatic Substitution Reactions

The catalyst required for halogenation of benzene is FeCls or AlCIs.

The electrophile in nitration of benzene is the nitronium ion (NO,*).

The electrophile in sulfonation of benzene is sulphur trioxide (SOs).

Friedel-Crafts alkylation introduces an alkyl group via a carbocation, while acylation introduces
an acyl group via an acylium ion.

5. Acylation is often preferred because it avoids carbocation rearrangements and gives more
predictable products.

il A

Part 2.3 Electrophilic Alicyclic Substitution Reactions

-

LA-NET | ONLINE LEARNING VIDEO PLATFORM FOR POST-SECONDARY & HIGHER INSTITUTION STUDENTS



1. Electrophilic alicyclic substitution is a reaction where an electrophile replaces a hydrogen atom
in an alicyclic compound, differing from aromatic substitution due to lack of resonance
stabilisation.

2. The general mechanism involves electrophile generation, attack on the ring carbon, and loss of a
proton.

3. Halogenation of cyclohexane requires ultraviolet light or heat.

4. Aromatic substitution is selective and stabilised by resonance, while alicyclic substitution
requires harsher conditions and is less selective.

5. Anexample is halogenation of cyclohexane.

Part 2.4 Applications and Consequences of Electrophilic Substitution

1. Nitration of benzene produces nitrobenzene, used to manufacture aniline and dyes.
Electrophilic substitution allows introduction of functional groups into aromatic rings, enabling
pharmaceutical synthesis such as paracetamol.

3. Azo dyes are produced through sulfonation and coupling reactions.

4. Environmental concerns include toxicity of nitroaromatic compounds and pollution from
industrial by-products.

5. Agreen chemistry approach is the use of recyclable-catalysts and milder reaction conditions.

Series 3: Heterocyclic Chemistry of O, N, and
S Compounds

Part 1 Introduction to Heterocyclic Chemistry

e 3.1.1 Definition of heterocyclic compounds
e 3.1.2 Classification of heterocycles (oxygen, nitrogen, sulphur)
e 3.1.3 General properties and importance

Part 2 Oxygen-Containing Heterocycles
e 3.2.1 Structure and examples (furan, pyran, coumarin)
e 3.2.2 Physical and chemical properties

e 3.2.3 Applications in industry and medicine

Part 3 Nitrogen-Containing Heterocycles

e 3.3.1 Structure and examples (pyridine, pyrrole, imidazole, quinoline)
e 3.3.2 Physical and chemical properties
e 3.3.3 Applications in pharmaceuticals and dyes

Part 4 Sulphur-Containing Heterocycles

-
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e 3.4.1 Structure and examples (thiophene, thiazole, benzothiazole)
e 3.4.2 Physical and chemical properties
e 3.4.3 Applications in agrochemicals and materials science

Introduction

In the last Series, we examined electrophilic substitution reactions in aromatic and alicyeclic
compounds, noting their mechanisms, applications, and environmental considerations. Building
on that foundation, we now turn to heterocyclic chemistry, which is one of the most significant
areas of organic chemistry. Heterocyclic compounds, containing atoms such as oxygen, nitrogen,
and sulphur within their ring structures, are central to the chemistry of life and industry. They
form the backbone of many pharmaceuticals, dyes, agrochemicals, and natural products, making
this Series highly relevant to your overall understanding of organic chemistry.

The aim of this Series is to introduce you to the structures, properties, and applications of
heterocyclic compounds containing oxygen, nitrogen, and sulphur, and to equip you with the
ability to explain their importance in both theoretical and practical contexts.

We shall commence this Series by providing an introduction to heterocyclic chemistry, including
definitions, classifications, and general properties. Next, we will explore oxygen-containing
heterocycles such as furan and pyran; considering their structures, properties, and uses.
Following that, we will move on to nitrogen-containing heterocycles such as pyridine, pyrrole,
and imidazole, highlighting their roles in pharmaceuticals and dyes. Finally, we will wrap up by
examining sulphur-containing heterocycles such as thiophene and thiazole, discussing their
properties and applications in agrochemicals and materials science.

Series L.earning Outcomes

Upon completing this Series, you should be able to:

e define heterocyclic compounds and classify them according to the heteroatom present,

e explain the general properties and importance of heterocyclic compounds,

e describe the structures of oxygen-containing heterocycles such as furan and pyran,

e analyse the physical and chemical properties of oxygen-containing heterocycles,

e | evaluate the applications of oxygen-containing heterocycles in industry and medicine,

e describe the structures of nitrogen-containing heterocycles such as pyridine, pyrrole, and
imidazole,

e analyse the physical and chemical properties of nitrogen-containing heterocycles,

e evaluate the applications of nitrogen-containing heterocycles in pharmaceuticals and dyes,

e describe the structures of sulphur-containing heterocycles such as thiophene and thiazole,

e analyse the physical and chemical properties of sulphur-containing heterocycles, and
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e evaluate the applications of sulphur-containing heterocycles in agrochemicals and materials
science.

3.1 Introduction To Heterocyclic Chemistry

3.1.1 Definition of heterocyclic compounds

Heterocyclic compounds are organic compounds that contain a ring structure composed of
carbon atoms along with at least one other atom, known as a heteroatom. Common heteroatoms
include oxygen, nitrogen, and sulphur. These compounds are significant because they occur
widely in nature and form the basis of many biologically active molecules such as vitamins,
alkaloids, and drugs.

Fill in the blank: A heterocyclic compound contains a ring of carbon atoms along with at least
one atom.

HETERCYCL IC RING: PYRIDINE STRUCTURE

VISUALIZING AZA-AROMATIC COMPOUNDS

1. CHEMICAL STRUCTURE 2. AROMATICITY
H N N
c C gt S H C™ H
C e > cH I |
I || [ \N H H \N/ H
B * H H
- C H H
H \N/ H c C/N\c H c C/N cH
; r T 17
« 6-memeried ring L e H \N/ H
e 5 carbon atoms H H

5 carbon atoms, 1 nitogen atom
* Deliociazed pi-electron system
Planar, aromatic structure
* Moleculal Formula: C5HsN

Follows Hiickel's Rule (4n+2)

6 n-electrons

Stable, aromatic compound
Nitirogen lone pair not involved on
aromaccity

ORGANIC CHEMISTRY & BONDING VISUALIZATION <$>

Figure 3.1 General structure of a heterocyclic compound

3.1.2 Classification of heterocycles (oxygen, nitrogen, sulphur)

Heterocycles can be classified according to the type of heteroatom present in the ring:

-
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e Oxygen-containing heterocycles include compounds such as furan and pyran.
¢ Nitrogen-containing heterocycles include pyridine, pyrrole, and imidazole.
e Sulphur-containing heterocycles include thiophene and thiazole.

This classification helps chemists to study their properties systematically and to understand their
applications in different fields.

Fill in the blank: Furan is an example of an -containing heterocyclic compound.
Type of Common Ring Examples Notes
Heteroatom Systems

Oxygen S5-membered and | Furan (5-membered), Found in natural products;

heterocycles 6-membered Pyran (6-membered), aromatic or non-aromatic
rings Coumarin depending on ring size

Nitrogen 5-membered, 6- | Pyrrole, Pyridine, Most abundant; important in

heterocycles membered, fused | Imidazole, Indole, pharmaceuticals, alkaloids,
rings Quinoline nucleic acids

Sulphur 5-membered and | Thiophene (5- Aromatic sulphur

heterocycles fused rings membered), Thiazole, heterocycles; occur in dyes,

Benzothiophene drugs, and petroleum products

Table 3.1 Classification of heterocyclic compounds by heteroatom

3.1.3 General properties and importance

Heterocyclic compounds exhibit diverse physical properties such as boiling points and
solubility, which depend on the heteroatom present. Their chemical properties are influenced by
the electron-donating or electron-withdrawing nature of the heteroatom. These compounds are
important because they are found in natural products (like chlorophyll and haemoglobin),
pharmaceuticals (such as antibiotics and anticancer drugs), and industrial materials (like dyes
and agrochemicals).

Fill in the blank: The chemical properties of heterocyclic compounds are influenced by the
nature of the present in the ring.

-
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HETERCYCHLIC COMPOUNDS: Applications in Nature

Visualizing Key Examples & Biological Signficance

1. MEDICINAL APPLICATIONS 2. NATURAL PRODUCTS & BIOLOGY
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Plate 3.1 Importance of heterocyclic compounds in nature and medicine

Pilot questions 3.1

Define heterocyclic compounds and state one common heteroatom.

Classify heterocyclic compounds based on the heteroatom present.

Give one example of an oxygen-containing heterocyclic compound.

Explain how heteroatoms influence the chemical properties of heterocyclic compounds.
State one natural or industrial application of heterocyclic compounds.

v ERw N e

3.2 Oxygen Containing Heterocycles

3.2.1 Structure and examples (furan, pyran, coumarin)

-
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Oxygen-containing heterocycles are ring compounds that include one or more oxygen atoms in
their structure. Furan is a five-membered aromatic ring with one oxygen atom, pyran is a six-
membered ring with one oxygen atom, and coumarin is a fused benzopyran system. These
compounds are important because they occur naturally in plants and are widely used in
pharmaceuticals, flavouring agents, and perfumes.

Fill in the blank: Furan is a -membered aromatic ring containing one oxygen atom.

3.2.2 Physical and chemical properties

The physical properties of oxygen-containing heterocycles vary depending on the compound, but
they generally have relatively low boiling points and moderate solubility.in polar solvents. Their
chemical properties are strongly influenced by the presence of oxygen, which can donate or
withdraw electrons depending on the system. For example, furan behaves like an aromatic
compound and undergoes electrophilic substitution, while pyran derivatives often show
reactivity similar to ethers.

Fill in the blank: The chemical behaviour of oxygen-containing heterocycles is strongly
influenced by the presence of in the ring.

3.2.3 Applications in industry and medicine

Oxygen-containing heterocycles have wide applications in both natural and synthetic contexts.
Furan derivatives are used in pharmaceuticals and agrochemicals. Coumarins are found in
perfumes, flavouring agents, and anticoagulant drugs such as warfarin. Pyran derivatives are
especially important in carbohydrate chemistry, since many sugars exist in pyranose ring forms.
These examples highlight the versatility of oxygen heterocycles in everyday life and industry.

Fill in the blank: Coumarins are widely used in the production of drugs such as warfarin.

Pilot questions 3.2

State one example of an oxygen-containing heterocyclic compound.
Describe the structure of furan.

Explain how oxygen influences the chemical properties of heterocycles.
Give one industrial application of coumarins.

Why are pyran derivatives important in carbohydrate chemistry?

vk wn e

3.3 Nitrogen Containing Heterocycles

3.3.1 Structure and examples (pyridine, pyrrole, imidazole, quinoline)

Nitrogen-containing heterocycles are ring compounds that include one or more nitrogen atoms
within their structure. Common examples are pyridine (a six-membered aromatic ring with one
nitrogen atom), pyrrole (a five-membered aromatic ring with one nitrogen atom), imidazole (a
five-membered ring with two nitrogen atoms), and quinoline (a fused ring system containing
nitrogen). These compounds are widely found in natural products and synthetic drugs, making
them central to organic and medicinal chemistry.

-
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Fill in the blank: Pyridine is a -membered aromatic ring containing one nitrogen atom.

HETERCYCL IC COMPOUNDS: STRUCTURES

VISUALIZING DIVERSE NITROGEN-CONTAINING RINGS
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ORGANIC CHEMISTRY: HETEROCYLE VISUALIZATION &

Figure 3.3 Structures of common nitrogen-containing heterocycles

3.3.2 Physical and chemical properties

The physical properties of nitrogen heterocycles include moderate boiling points and solubility
in polar solvents, which depend on the number and position of nitrogen atoms. Their chemical
properties are strongly influenced by nitrogen’s lone pair of electrons. In pyridine, the lone pair
is not part of the aromatic system, making it basic and reactive towards electrophiles. In pyrrole,
however, the lone pair contributes to aromaticity, reducing its basicity but enhancing its ability to
undergo substitution.

Fill in the blank: In pyridine, the lone pair of electrons on nitrogen makes the compound
relatively

-
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ELECTRONIC STRUCTURE: Pyidine vs. Pyrrole

Comparing Electron Distribution & Aromaciity

1. PYRIDINE 2. PYRROLE
N " N
| U b
o =
= SN
N~ N N
6 pi-electrons 6 pi-electrons (Aromatic)
W“l W_l
@ 6 pi-electrons 6 pi-electrons
Nitrigen'’s lone pair is in an sp2 Nitrigen'’s lone pair is in a p-orbal,
orbtal, outside the pi system. part, part the pi system.
Q Result: Aromatic 0 Result: Aromatic

KEY TAKEWAY: Both pyridine and pyrrole are aromatic with 6

-electrons, but nitrigen lone pair is posiioned differently: outside the
outside the pyrdine and pi system in purrole.

Figure 3:4-Electron behaviour in pyridine and pyrrole

3.3.3 Applications in pharmaceuticals and dyes

Nitrogen heterocycles are extremely important in medicine and industry. Pyridine derivatives
are used in the synthesis of vitamins and agrochemicals. Imidazole derivatives are found in
antifungal drugsand histidine, an essential amino acid. Quinoline derivatives are used in
antimalarial drugs such as chloroquine. Nitrogen heterocycles also play a role in dye chemistry,
where their structures allow for colour stability and binding to fabrics.

Fill in the blank: Quinoline derivatives are widely used in the production of drugs such
as chloroquine.

-
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NITROGEN HETEROYCLES:
Diverse Applications

Visualizing Key Medicinal, Antifungal & Industrial Examples
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NITROGEN HETEROYCLES — MEDICINE & INDUSTRY — REAL-WORLD IMPACTS

Plate 3.3 Applications of nitrogen-containing heterocycles in medicine and industry

Pilot questions 3.3

State one example of a nitrogen-containing heterocyclic compound.

Describe the structure of pyridine.

Explain how-the lone pair of electrons affects the chemical properties of pyridine.
Why is pyrrole less basic compared to pyridine?

Give one pharmaceutical application of quinoline derivatives.

vk wnN e

3.4 Sulphur Containing Heterocycles

3.4.1 Structure and examples (thiophene, thiazole, benzothiazole)

Sulphur-containing heterocycles are ring compounds that include one or more sulphur atoms in
their structure. Common examples are thiophene (a five-membered aromatic ring with one
sulphur atom), thiazole (a five-membered ring containing both sulphur and nitrogen), and
benzothiazole (a fused ring system with sulphur and nitrogen). These compounds are important
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because they occur in natural products and are widely used in pharmaceuticals, agrochemicals,
and materials science.

Fill in the blank: Thiophene is a -membered aromatic ring containing one sulphur atom.

HETERCYCIC COMPOUNDS: SULFUR & NITRSTURES

VISUALIZING DIVERSE HETEROATOM-CONTAINING RINGS
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Figure 3.5 Structures of common sulphur-containing heterocycles

3.4.2 Physical and chemical properties

The physical properties of sulphur heterocycles include moderate boiling points and solubility
in organic solvents. Their chemical properties are influenced by the presence of sulphur, which
18 larger and less electronegative than oxygen or nitrogen. This makes sulphur heterocycles more
polarizable and often more reactive in substitution reactions. Thiophene, for example, behaves
like benzene in undergoing electrophilic substitution, while thiazole shows reactivity due to the
combined effects of sulphur and nitrogen atoms.

Fill in the blank: The chemical properties of sulphur heterocycles are strongly influenced by the
presence of atoms in the ring.

-
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ELECTRONIC STRUCTURE: Thiopene vs. Pyrrole

Comparing Electron Distribution & Aromaciity
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Figure 3.6 Electron behaviourin thiophene and thiazole

3.4.3 Applications in agrochemicals and materials science

Sulphur heterocycles have wide applications in industry. Thiophene derivatives are used in the
production of conducting polymers and dyes. Thiazole derivatives are found in agrochemicals
such as fungicides and herbicides. Benzothiazole derivatives are used in rubber processing and
as intermediates in pharmaceuticals. These applications highlight the versatility of sulphur
heterocycles in both chemical manufacturing and advanced materials.

Fill in the blank: Thiazole derivatives are widely used in the production of such as
fungicides and herbicides.

-
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SULPHUR HETERCYCLES: Diverse Applications

Visualizing Key Industrial, Agricutual Science Examples
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SULPHUR HETERCYCLES — INDUSTRY & AGRICULTURE — MATERIAL INNOVATIONQ@

Plate 3.4 Applications of sulphur-containing heterocycles in industry and agriculture

Pilot questions 3.4

State one example of a sulphur-containing heterocyclic compound.
Describe the structure of thiophene.

Explain how sulphur influences the chemical properties of heterocycles.
Give one-agriculturalapplication of thiazole derivatives.

Why are thiophene derivatives important in materials science?

ukhwnN R

Series Summary

This Series has introduced you to the fascinating world of heterocyclic chemistry, focusing on
compounds that contain oxygen, nitrogen, and sulphur atoms within their ring structures. The
purpose has been to highlight their importance in organic chemistry, their occurrence in nature,
and their wide applications in medicine, industry, and agriculture.

We began with an introduction to heterocyclic compounds, defining them, classifying them by
heteroatom, and noting their general properties. We then explored oxygen-containing

heterocycles such as furan, pyran, and coumarin, followed by nitrogen-containing heterocycles
including pyridine, pyrrole, imidazole, and quinoline. Finally, we examined sulphur-containing

-
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heterocycles such as thiophene, thiazole, and benzothiazole, considering their structures,
properties, and uses. In line with the Series Learning Outcomes, you should now be able to
define and classify heterocyclic compounds, describe and analyse the structures and properties of
oxygen, nitrogen, and sulphur heterocycles, and evaluate their diverse applications in
pharmaceuticals, dyes, agrochemicals, and materials science.

Concept Check Questions [Series 3]

Objective Questions

PwnNPE

Define a heterocyclic compound. (Linked to SLO 3.1)

State one example of an oxygen-containing heterocyclic compound. (Linked to SLO 3.3)

Identify the heteroatom present in pyridine. (Linked to SLO.3.6)

Name a sulphur-containing heterocyclic compound used/in conducting polymers. (Linked to SLO
3.9)

State the pharmaceutical application of quinoline derivatives. (Linked to SLO 3.8)

Short-Answer Questions

6. Explain how heteroatoms influence the chemical properties of heterocyclic compounds.
(Linked to SLO 3.2)

7. Describe the structure of furan. (Linked to SLO 3.3)

8. Compare the electron behaviourin pyridine and pyrrole. (Linked to SLO 3.7)

9. Give one industrial application of coumarins. (Linked to SLO 3.5)

10. Explain why thiazole derivatives are important in agrochemicals. (Linked to SLO 3.11)

Long-Answer Questions
11. Discuss the physical and chemical properties of oxygen-containing heterocycles, using furan
and coumarin as examples. (Linked to SLOs 3.4, 3.5)

12.

Basic response: Based on Series-only knowledge.
Value-added response: For outstanding learners who go beyond the basics.

Analyse the differences in chemical behaviour between pyridine and pyrrole, highlighting the

role of nitrogen’s lone pair of electrons. (Linked to SLO 3.7)

13.

Basic response: Based on Series-only knowledge.
Value-added response: For outstanding learners who go beyond the basics.

Evaluate the importance of sulphur-containing heterocycles in materials science and agriculture.

(Linked to SLOs 3.10, 3.11)

-

Basic response: Based on Series-only knowledge.
Value-added response: For outstanding learners who go beyond the basics.
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Answers to Concept Check Questions [Series 3]

Objective Questions

1. A heterocyclic compound is an organic compound containing a ring structure with carbon atoms
and at least one heteroatom such as oxygen, nitrogen, or sulphur.

Furan is an example of an oxygen-containing heterocyclic compound.

The heteroatom present in pyridine is nitrogen.

Thiophene is a sulphur-containing heterocyclic compound used in conducting polymers.
Quinoline derivatives are used in antimalarial drugs such as chloroquine.

ukhwn

Short-Answer Questions

6. Heteroatoms influence chemical properties by donating or withdrawing'electrons, affecting
reactivity and stability.

7. Furan is a five-membered aromatic ring with one oxygen atom.

8. In pyridine, the nitrogen lone pair is not part of the aromatic system, making it basic. In
pyrrole, the lone pair contributes to aromaticity, reducing basicity but enhancing substitution.

9. Coumarins are used in perfumes, flavouring agents, and anticoagulant drugs.

10. Thiazole derivatives are important in agrochemicals because they are found in fungicides and
herbicides.

Long-Answer Questions

11. Basic response: Oxygen heterocyeles such as furan and coumarin have moderate boiling
points and solubility, and their chemical properties are influenced by oxygen atoms. Furan
undergoes electrophilic substitution, while coumarin is used in perfumes and anticoagulants.
Value-added response: Learners may add details about resonance stabilisation in furan, the role
of coumarin in natural products, and industrial synthesis methods.

12. Basic response: Pyridine is basic because its nitrogen lone pair is not part of the aromatic
system, while pyrrole is less basic since its lone pair contributes to aromaticity.

Value-added response: Learners may add discussion of how these differences affect reactivity
in substitution reactions, their roles in pharmaceuticals, and comparisons with other nitrogen
heterocycles such as imidazole.

13. Basic response: Sulphur heterocycles such as thiophene and thiazole are used in
conducting polymers, fungicides, and herbicides.

Value-added response: Learners may add details about the electronic properties of thiophene in
polymer science, the role of benzothiazole in rubber processing, and environmental
considerations in agrochemical use.

-

LA-NET | ONLINE LEARNING VIDEO PLATFORM FOR POST-SECONDARY & HIGHER INSTITUTION STUDENTS



Answers to Pilot Questions [Series 3]

Part 3.1 Introduction to Heterocyclic Chemistry

1. A heterocyclic compound is an organic compound containing a ring of carbon atoms along with
at least one heteroatom such as oxygen, nitrogen, or sulphur.

2. Heterocyclic compounds can be classified based on the heteroatom present: oxygen-containing
(e.g. furan), nitrogen-containing (e.g. pyridine), and sulphur-containing (e.g. thiophene).

3. Furanis an example of an oxygen-containing heterocycliccompound.

4. The chemical properties of heterocyclic compounds are influenced by the nature of the
heteroatom present in the ring.

5. Heterocyclic compounds are found in natural products like haemoglobin and chlorophyll, and in
industrial applications such as pharmaceuticals.and dyes.

Part 3.2 Oxygen Containing Heterocycles

1. Furanis an example of an oxygen-containing heterocyclic compound.
Furan is a five-membered aromatic ring with one oxygen atom.

3. Oxygen influences the chemical properties of heterocycles by donating or withdrawing
electrons, affecting reactivity.

4. Coumarins are used in perfumes, flavouring agents, and anticoagulant drugs such as warfarin.

5. Pyran derivatives are important in carbohydrate chemistry because many sugars exist in
pyranose ring forms.

Part 3.3 Nitrogen Containing Heterocycles

1. Pyridine isan example of a nitrogen-containing heterocyclic compound.
Pyridine is a six-membered aromatic ring with one nitrogen atom.

3. The lone pair of electrons on nitrogen in pyridine is not part of the aromatic system, making it
relatively basic.

4. Pyrrole is less basic compared to pyridine because its lone pair contributes to aromaticity.

5.. Quinoline derivatives are used in the production of antimalarial drugs such as chloroquine.

Part 3.4 Sulphur Containing Heterocycles

1. Thiophene is an example of a sulphur-containing heterocyclic compound.
Thiophene is a five-membered aromatic ring with one sulphur atom.

3. Sulphur influences the chemical properties of heterocycles by increasing polarizability and
reactivity.
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4. Thiazole derivatives are used in agrochemicals such as fungicides and herbicides.
5. Thiophene derivatives are important in materials science because they are used in conducting
polymers.

Series 4: Reactive Intermediates in Organic
Chemistry

Part 1 Introduction to Reactive Intermediates

e 4.1.1 Definition of reactive intermediates
e 4.1.2 General characteristics and importance in organic reactions
e 4.1.3 Methods of detection and study

Part 2 Carbocations and Carbanions

e 4.2.1 Structure and stability of carbocations
e 4.2.2 Structure and stability of carbanions
e 4.2.3 Reactions involving carbocations and carbanions

Part 3 Free Radicals and Carbenes

e 4.3.1 Formation and properties of free radicals
o 4.3.2 Stability and reactivity of free radicals
e 4.3.3 Structure and reactivity of carbenes

Part 4 Nitrenes and Arynes

e 4.4.1 Formation and properties of nitrenes
e 4.4.2 Structure and reactivity of arynes
e | 4.43 Applications of nitrenes and arynes in synthesis

Introduction

In the last Series, we explored heterocyclic compounds containing oxygen, nitrogen, and sulphur,
noting their structures, properties, and wide applications in medicine, agriculture, and industry.
Building on that foundation, we now turn to a crucial aspect of organic chemistry: reactive
intermediates. These short-lived species play a central role in determining how organic

-
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reactions proceed, influencing both the speed and the products formed. Understanding them is
essential for predicting reaction mechanisms and designing new synthetic pathways.

The aim of this Series is to introduce you to the major types of reactive intermediates in organic
chemistry and to equip you with the ability to explain their structures, properties, and roles in
organic reactions.

We shall commence this Series by examining the general features of reactive intermediates,
including their definition, importance, and methods of detection. Next, we will explore
carbocations and carbanions, focusing on their structures, stabilities, and reactions. Following
that, we will move on to free radicals and carbenes, considering their formation, properties, and
reactivity. Finally, we will wrap up by studying nitrenes and arynes, highlighting their structures
and applications in organic synthesis.

Series Learning Outcomes

Upon completing this Series, you should be able to:

o define reactive intermediates and describe their general characteristics,
o explain the importance of reactive intermediates in organic reaction mechanisms,
o identify methods used to detect and study reactive intermediates,

e describe the structure and stability of carbocations,

o analyse the structure and stability of carbanions,

e cvaluate reactions involving carbocations and carbanions,

o explain the formation and properties of free radicals,

o analyse the stability and reactivity of free radicals,

o describe the structure and reactivity of carbenes,

o explain the formation and properties of nitrenes,

o analyse the structure and reactivity of arynes, and

o cvaluate the applications of nitrenes and arynes in organic synthesis.

4.1 Introduction To Reactive Intermediates

4.1.1 Definition of reactive intermediates

Reactive intermediates are short-lived, high-energy species formed during the course of a
chemical reaction. They are not usually isolated but play a crucial role in determining the
mechanism and outcome of organic reactions. Examples include carbocations, carbanions, free
radicals, carbenes, nitrenes, and arynes.

Fill in the blank: Reactive intermediates are usually -lived species that occur during
chemical reactions.

-

LA-NET | ONLINE LEARNING VIDEO PLATFORM FOR POST-SECONDARY & HIGHER INSTITUTION STUDENTS



CHEMICAL REACTION PATHAWY: VISUALZING MECHANISM STEPS

STEP-WISE PROCESS OF A HYPCTHICIAL ORGANIC REACTION
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ORGANIC CHEMISTRY: REACTON DNAMICS VISALIZATION

Figure 4.1 Position of reactive intermediates in a reaction pathway

4.1.2 General characteristics and importance in organic reactions

Reactive intermediates are characterised by their instability, high reactivity, and transient
existence. They often have incomplete octets, unpaired electrons, or unusual bonding
arrangements. Despite their fleeting nature, they are essential for explaining how reactions
proceed, predicting products, and designing new synthetic routes.

Fill in the blank: Reactive intermediates often have incomplete or unpaired electrons,
making them highly reactive.
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REACTIVE INTREMODATES IN ORGANIC CHEMISTRY:
Carbocations, Carbanions & Free Radicals
Structure, Bonding & Electron Configuration
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KEY TAKEAWAY: These intermediates differ in their central carbon’s charge, electro

and hybrdizization, dictating their reativity in organic reactions

Figure 4.2 Examples of common reactive intermediates

4.1.3 Methods of detection and study

Since reactive intermediates are short-lived, they cannot usually be isolated. Chemists study
them using indirect methods such as spectroscopy, trapping experiments, and computational
modelling. Techniques like nuclear magnetic resonance (NMR), electron spin resonance (ESR),
and laser flash photolysis provide evidence of their existence and properties. These methods help
us understand their role in reaction mechanisms and improve synthetic strategies.

Fill in the blank: Electron spin resonance (ESR) is a technique used to study reactive
intermediates with electrons.

-
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SPECTOSROPY FOR REACTIVE INTERMEDIATES:
Visualizing Ultuasff Chemisty

Plate 4.1 Techniques for studying reactive intermediates

Pilot questions 4.1

Define reactive intermediates and give two examples.

State two general characteristics of reactive intermediates.

Explain whyreactive intermediates are important in organic reactions.
Mention one technique used to study reactive intermediates.

What property of reactive intermediates makes them difficult to isolate?

vk wn e

4.2 Carbocations And Carbanions

4.2.1 Structure and stability of carbocations

Carbocations are positively charged carbon species formed when a carbon atom loses an
electron or bond, leaving it with only six valence electrons. They are highly reactive
intermediates in organic reactions. The stability of carbocations depends on factors such as the

-
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degree of substitution (tertiary carbocations are more stable than secondary and primary),
resonance stabilisation, and hyperconjugation.

Fill in the blank: A carbocation is a carbon species with a charge and only six valence
electrons.

CARBACTION STABILITY: PRIMARY, SECONDAY, & TERTERY

VISUALZING INDUCTIVE EFFECTS & HYPEIRONUGATION

1 —_— =
1. PRIMARY 2. SECONDARY 3. TERTRIAY
CARBOCATION CARBOCATION CARBOCATION

R | R
H R !‘
H R H R
“ Gp S . [ S
Increasing Increasing
- C+ bonded to 1 R group T « C+ bonded to 2 R group 1z Most stable
(least substiuited) Stability (ntermeaite stsibited) Stability (most substiuted)
* Inductive effect from 1 * Inductive effect from 3 « Lower effect from
1 alkyl group alkyl group bonds formed
|

/'

ORGANIC CHEMISTRY: REACTON DNAMICS VISALIZATION &~

Figure 4.3 Relative stability of carbocations

4.2.2 Structure and stability of carbanions

Carbanions are negatively charged carbon species formed when a carbon atom gains an extra
electrony giving it a lone pair and a negative charge. They are also reactive intermediates, but
their stability trends differ from carbocations. Carbanions are stabilised by electron-withdrawing
groups and destabilised by electron-donating groups. Resonance stabilisation also plays a key
role, as seen in allylic and benzylic carbanions.

Fill in the blank: A carbanion is a carbon species with a charge and a lone pair of
electrons:
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ALLYLIC & BENZYLIC CARBANIONS: Resoince Stablization

Electron Deloaization in Anaonic Systems

1. ALLYLIC CARBANION 2. BENZYLIC CARBANION
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KEY TAKEWAY: Both alleylic and benzylic carbanions are stablized by resoance, where

negative charge and electron lone pair are deloliizazed over multiple atoms, |ncreasmg
their stablity compared to simple akyl carbanions.

Figure 4.4 Resonance stabilisation of carbanions

4.2.3 Reactions involving carbocations and carbanions

Carbocations are key intermediates in reactions such as electrophilic substitution and
rearrangements. For example, in the alkylation of benzene, a carbocation acts as the
electrophile. Carbanions; on the other hand, are central to nucleophilic substitution and
elimination reactions, where they act as nucleophiles attacking electrophilic centres. Both
intermediates are crucial for understanding organic reaction mechanisms and predicting
products.

Fill in the blank: Carbocations act as in electrophilic substitution reactions, while
carbanions act as nucleophiles.
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REACTIVE INTERMEIDATES: Carbraction
Carboction & Carbanion Mechanisms
Visualizing Formation & Reativity in Organic Reactions

Che — (0

Step 0

= Protonation & Leaving
Group Departure

S

OH
- | |
OH,4 N 2. Proton Abstrction
0

& Rearomatization

3. Electriphic Attack « Nucleical Attack
(Alkyation) Proterid in

(Adol tires, OLEDs)

ION GENEATION — REACTIVITY — NEW BONDS

Figure 4.5 Reactions involving carbocations and carbanions

Pilot questions 4.2

Define a carbocation and state one factor that stabilises it.

Define a carbanion and state one factor that stabilises it.

Explain why tertiary carbocations are more stable than primary carbocations.
Give one example of resonance stabilisation in carbanions.

State one reaction in which carbocations act as intermediates.

State one reaction in which carbanions act as intermediates.

Sgr PN =

4.3 Free Radicals And Carbenes

4.3.1 Formation and properties of free radicals

-
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Free radicals are chemical species that contain an unpaired electron. They are formed through
processes such as homolytic bond cleavage, where a bond breaks evenly and each atom retains
one electron. Free radicals are highly reactive due to the presence of the unpaired electron, and
they play a significant role in chain reactions such as halogenation of alkanes.

Fill in the blank: Free radicals are formed when a bond undergoes cleavage, producing
species with unpaired electrons.

HOMOLYTIC BOND CLEVAGE:

FREE RADICAL FORMATION

VISUALIZING SYMMERTCAL FISSION

1. INTITIAL STATE 2. PRODUCT: FREE RADICALS

QO—=e—C0
o N X ) o)

= Covalant bond with two shared electrons
= Energy input (heat/light) initiates

fission
= Symnemcal breaking of bond

Two unstable free radicals formed
Each radical has one unipared electron
Highly reactive species

Initiaites radical reactions

LI I )

ORGANIC CHEMISTRY: REACTION MECHAMIMS VISUALIZATION

Figure 4.6 Formation of free radicals by homolytic bond cleavage

4.3.2 Stability and reactivity of free radicals

The stability of free radicals depends on the degree of substitution, resonance, and delocalisation
of the unpaired electron. Tertiary radicals are more stable than secondary and primary radicals
due to hyperconjugation. Allylic and benzylic radicals are especially stable because of resonance
stabilisation. Despite this, free radicals remain highly reactive and often participate in chain
propagation steps in radical reactions.

Fill in the blank: Allylic and benzylic radicals are stabilised by , which delocalises the
unpaired electron.

-
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ALLYLIC & BENZYLIC RADICALS: Resoiwnce Stablization

Electron Deloaization in Anaonic Systems

1. ALLYLIC CARBANION 2. BENZYLIC CARBANION
C3Hs- Cg55CH,-
(6] 0]
Con, or, 2 2 s S A
C I ¢ Y
HO—C—CH, = HO—C—CH, Cily: = CH,
| D) | b) Ho Ho
CH, CH, e
— o = 0 )
CH, OH,
| ) ¢l ) ° °
HO—-(IZ—CHZ Ho—(l:—CH2 CH, oh CH,
B) Ho 0 Ho
CH, CH, ¢l ¢l
Delocazed Pi-Electrons Resonnce Stabliszed Multiple Resorance Multiple Resorance
Contributors High Stability

KEY TAKEWAY: Both alleylic and benzylic carbanions are stablized by resoance, where

negative chartron is electrond umozeated deloliizazed over multiple atoms, increasing
their stablity compared to simple akyl carbanions. <

Figure 4.7 Resonance stabilisation of free radicals

4.3.3 Structure and reactivity of carbenes

Carbenes are neutral species that contain a divalent carbon atom with two nonbonded electrons.
They can exist in two forms: singlet carbenes, where the two electrons are paired in one orbital,
and triplet carbenes, where the electrons are unpaired in separate orbitals. Carbenes are highly
reactive and can insert into C—H bonds or add to double bonds, making them useful
intermediates in synthetic chemistry.

Fill in'the blank: Carbenes are neutral species with a divalent carbon atom and
nonbonded electrons.

-
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CARBENE ELECTRON CONFIGURATIONS
Visulazing Singlet & Carbaan States
Visualizing Formlet Ston States of a Organic Reactions
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Figure 4.8 Singlet and triplet carbene structures

Pilot questions 4.3

Define free radicals and state how they are formed.

Explain why tertiary radicals are more stable than primary radicals.
Give one example/of resonance stabilisation in free radicals.
Define carbenesand state their two electronic forms.

Mention one type of reaction in which carbenes participate.

D wnN e

4.4 Nitrenes And Arynes

4.4.1 Formation and properties of nitrenes

Nitrenes are neutral reactive intermediates containing a nitrogen atom with six valence
electrons, making them electron-deficient and highly reactive. They are typically formed by the
decomposition of azides or by photolysis of isocyanates. Nitrenes can exist in two electronic
states: singlet nitrenes, where the two nonbonded electrons are paired, and triplet nitrenes, where

-
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the electrons are unpaired. Their reactivity includes insertion into C—H bonds and addition to
double bonds.

Fill in the blank: Nitrenes are usually formed by the decomposition of or by photolysis of
isocyanates.

NITRENE ELECTRON CONFIGURATIONS:

SINGLET VS. TRIPLET STATES

VISUALIZING SYMMERTCAL FISSION

1. SINGLET NITRENE 2. TRIPLET: FREE RADICALS
R ® t R ® I
E - == . R
0 Energy Input 0
R e e R e e
Homoloytic
Fission
= Electron spins are paired = Two unstale fre raricals parmed
* Occupies one ortbal * Each radical hase unipared electron
More selective, less stable (usually) More reactive, less stable (usually)
* Reacts as a electhroofiile * Reacts as a diradical

ORGANIC CHEMISTRY: REACTION MECHAMATES & SPILIZATION

Figure 4.9 Singlet and triplet nitrene structures

4.4.2 Structure and reactivity of arynes

Arynes are highly reactive intermediates derived from aromatic compounds, characterised by a
strained triple bond within the aromatic ring. The most common example is benzyne, formed by
elimination reactions in substituted benzenes. Arynes are unstable due to the distortion of the
aromatic system, but they readily undergo addition reactions with nucleophiles, making them
useful in synthetic organic chemistry.

Fill in the blank: The most common aryne intermediate is , which is derived from
benzene.
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BENZYNE: A HIGHLY REACTIVE INTERMEDIATE
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Figure 4.10 Structure of benzyne, the simplest aryne

4.4.3 Applications of nitrenes and arynes in synthesis

Nitrenes and arynes are valuable tools in organic synthesis. Nitrenes are used in the preparation
of heterocycles and in the functionalisation of hydrocarbons through insertion reactions. Arynes,
particularly benzyne, are exploited in the synthesis of substituted aromatic compounds, providing
pathways to complex molecules that are otherwise difficult to access. Their reactivity makes
them indispensable in advanced synthetic strategies.

Fill in the blank: Arynes are especially useful in the synthesis of substituted compounds.
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REACTIVE INTERMEDTATES:

Sonthetic Applications of Nitenes & Arynes
Visualizing Key Reactions for Hetercycles & Substidted Aromatics
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Plate 4.2 Applications of nitrenes and arynes in organic synthesis

Pilot questions 4.4
1. Define'nitrenesand state how they are formed.
2. Distinguish between singlet and triplet nitrenes.
3. _Define arynes and give one example.
4./ Explain why arynes are highly reactive.
5. State one synthetic application of nitrenes or arynes.

Series Summary

This Series has focused on the study of reactive intermediates, which are short-lived species that
play a central role in organic reaction mechanisms. The purpose has been to highlight their

-
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structures, properties, and importance in determining how reactions proceed, thereby equipping
you with the knowledge needed to predict products and design synthetic pathways.

We began by introducing reactive intermediates, defining them, outlining their general
characteristics, and noting methods of detection. We then examined carbocations and carbanions;
considering their structures, stabilities, and roles in reactions. Following that, we explored free
radicals and carbenes, highlighting their formation, stability, and reactivity. Finally, we studied
nitrenes and arynes, focusing on their structures and synthetic applications. In line with the
Series Learning Outcomes, you should now be able to define and explain the nature of reactive
intermediates, analyse their structures and stabilities, and evaluate their roles and applications in
organic synthesis.

Concept Check Questions [Series 4]

Objective Questions

N

Noukw

Define reactive intermediates. (Linked to SLO 4.1)

State one reason why reactive intermediates areimportant in.organic reactions. (Linked to SLO
4.2)

Identify one method used to detect reactive intermediates. (Linked to SLO 4.3)

Name the most stable type of carbocation. (Linked to.SLO 4.4)

State the charge carried by a carbanion. (Linked to SLO 4.5)

Identify the electronic state in which carbene electrons are paired. (Linked to SLO 4.9)

Name the most common aryne/intermediate. (Linked to SLO 4.11)

Short-Answer Questions

8. Explain how resonance stabilises carbanions. (Linked to SLO 4.5)

9. Describe the role of carbocations in electrophilic substitution reactions. (Linked to SLO 4.6)
10. Compare the stability of tertiary and primary free radicals. (Linked to SLO 4.8)

11. Distinguish between singlet and triplet carbenes. (Linked to SLO 4.9)

12. Explain why arynes are highly reactive intermediates. (Linked to SLO 4.11)

Long-Answer Questions
13. Analyse the general ¢haracteristics of reactive intermediates and explain why they are
difficult to isolate. (Linked to SLOs 4.1, 4.2)

14.

Basic response: Based on Series-only knowledge.
Value-added response: For outstanding learners who go beyond the basics.

Discuss the structure and stability of carbocations and carbanions, giving examples of factors

that.influence their reactivity. (Linked to SLOs 4.4, 4.5, 4.6)

-

Basic response: Based on Series-only knowledge.
Value-added response: For outstanding learners who go beyond the basics.
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15.

Evaluate the importance of free radicals and carbenes in organic synthesis, highlighting their

formation and typical reactions. (Linked to SLOs 4.7, 4.8, 4.9)

16.

Basic response: Based on Series-only knowledge.

Value-added response: For outstanding learners who go beyond the basics.

Assess the applications of nitrenes and arynes in organic synthesis, with reference to their

structures and reactivity. (Linked to SLOs 4.10, 4.11, 4.12)

Basic response: Based on Series-only knowledge.
Value-added response: For outstanding learners who go beyond the basics.

Answers to Concept Check Questions [Series 4]

Objective Questions

NouswNeE

Reactive intermediates are short-lived, high-energy species formed during chemical reactions.
They are important because they determine reaction mechanisms and products.
Spectroscopic methods such as electron spin resonance (ESR) are used.

Tertiary carbocations are the most stable.

A carbanion carries a negative charge.

In singlet carbenes, the electrons are paired.

Benzyne is the most common aryne intermediate.

Short-Answer Questions

8. Resonance stabilises.carbanions by delocalising the negative charge across multiple atoms.
9. Carbocations act as electrophiles,attacking aromatic rings in electrophilic substitution.

10. Tertiary free radicals are more stable than primary radicals due to hyperconjugation.

11. Singlet carbenes have paired electrons in one orbital, while triplet carbenes have unpaired
electrons in separate orbitals.

12. Arynes are highly reactive because the triple bond distorts the aromatic system, creating

strain/

Long-Answer Questions
13. Basic response: Reactive intermediates are unstable, short-lived species with incomplete
octets or unpaired electrons, making them difficult to isolate.

Value-added response: Learners may add details about modern detection methods such as laser
flash photolysis and computational modelling, and explain how intermediates influence synthetic
design.

14. Basic response: Carbocations are stabilised by substitution, resonance, and
hyperconjugation, while carbanions are stabilised by electron-withdrawing groups and
resonance.

-
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Value-added response: Learners may add examples such as allylic carbocations and benzylic
carbanions, and discuss their roles in rearrangements and nucleophilic substitution.

15. Basic response: Free radicals are formed by homolytic cleavage and participate in chain
reactions, while carbenes are neutral species that insert into C—H bonds or add to double bonds:
Value-added response: Learners may add discussion of radical polymerisation, carbene
chemistry in cyclopropanation, and their synthetic applications in pharmaceuticals.

16. Basic response: Nitrenes are used in heterocycle synthesis and hydrocarbon
functionalisation, while arynes are exploited in the synthesis of substituted aromatics.:
Value-added response: Learners may add examples of nitrene insertion reactions, aryne
chemistry in complex molecule construction, and their importance in advanced synthetic
strategies.

Answers to Pilot Questions [Series 4]

Part 4.1 Introduction to Reactive Intermediates

1. Reactive intermediates are short-lived, high-energy species formed during chemical reactions,
such as carbocations and free radicals.

2. They are unstable, highly reactive,and often have incomplete octets or unpaired electrons.

3. They are important because they explain how reactions proceed and help predict products.

4. Techniques such as spectroscopy, trapping experiments, and computational modelling are used
to study them.

5. Their instability and transient existence make them difficult to isolate.

Part 4.2 Carbocations and Carbanions

1. Acarbocation is a positively charged carbon species stabilised by substitution, resonance, or
hyperconjugation.

2. A carbanion is a negatively charged carbon species stabilised by electron-withdrawing groups or
resonance.

3. Tertiary carbocations are more stable than primary carbocations because of greater
hyperconjugation and inductive stabilisation.

4. Allylic and benzylic carbanions are stabilised by resonance.

Carbocations act as intermediates in electrophilic substitution reactions.

6. Carbanions act as intermediates in nucleophilic substitution and elimination reactions.

o

Part 4.3 Free Radicals and Carbenes

Free radicals are species with unpaired electrons, formed by homolytic bond cleavage.
Tertiary radicals are more stable than primary radicals due to hyperconjugation.

Allylic and benzylic radicals are stabilised by resonance.

Carbenes are neutral species with a divalent carbon atom and two nonbonded electrons,
existing as singlet or triplet forms.

5. Carbenes participate in reactions such as insertion into C—H bonds and addition to double
bonds.

e =
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Part 4.4 Nitrenes and Arynes

1.

Nitrenes are neutral intermediates formed by decomposition of azides or photolysis of
isocyanates.

Singlet nitrenes have paired electrons, while triplet nitrenes have unpaired electrons.

Arynes are reactive intermediates with a strained triple bond in the aromatic ring, such as
benzyne.

Arynes are highly reactive because the triple bond distorts the aromatic system, creating strain.
Nitrenes are used in heterocycle synthesis, while arynes are exploited in the synthesis of
substituted aromatic compounds.

Series 5: Selected Rearrangement Reactions
and Forensic Applications

Part 1 Introduction to Rearrangement Reactions

5.1.1 Definition and general features of rearrangements
5.1.2 Importance of rearrangements in organic synthesis
5.1.3 Classification of rearrangement reactions

Part 2 Selected Rearrangement Reactions

5.2.1 Pinacol-pinacolone rearrangement
5.2.2 Beckmann rearrangement

5.2.3 Hofmann rearrangement

5.2.4 Curtius rearrangement

Part 3 Forensic Applications of Rearrangement Reactions

5.3.1 Role of rearrangements in forensic chemistry
5.3.2 Case studies: drug analysis and explosive detection
5.3.3 Analytical techniques used in forensic applications

Part 4 Integration and Relevance

-

5.4.1 Linking rearrangements to synthetic design
5.4.2 Practical importance in forensic investigations
5.4.3 Future directions and challenges
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Introduction

In the last Series, we examined reactive intermediates such as carbocations, carbanions, free
radicals, carbenes, nitrenes, and arynes, noting their structures, stabilities, and roles in organic
reactions. Building on that foundation, we now turn our attention to rearrangement reactions,
which are transformations where atoms or groups within a molecule shift to new positions, often
leading to more stable or useful products. These reactions are not only central to synthetic
organic chemistry but also have significant relevance in forensic science, where chemical
transformations can provide crucial evidence in investigations.

The aim of this Series is to introduce you to selected rearrangement reactions and to demonstrate
their practical importance, particularly in forensic applications. By the end, you should be able to
explain the mechanisms of key rearrangements and evaluate their role in both synthesis and
forensic analysis.

We shall commence this Series by defining rearrangement reactions, outlining their general
features, and noting their importance in organic synthesis. Next, we will study selected named
rearrangements such as the pinacol-pinacolone, Beckmann, Hofmann, and Curtius reactions,
considering their mechanisms and applications. Following that, we will move on to forensic
applications, where we will explore how rearrangements are used in drug analysis, explosive
detection, and other investigative contexts. Finally, we will wrap up by integrating these
reactions into broader synthetic design and forensic practice, highlighting their relevance and
future directions.

Series Learning Qutcomes

Upon completing this Series, you should be able to:

o define rearrangement reactions and describe their general features,

« [ explain the importance of rearrangement reactions in organic synthesis,

o classify rearrangement reactions based on their mechanisms,

e describe the mechanism of the pinacol-pinacolone rearrangement,

o explain the mechanism of the Beckmann rearrangement,

o analyse the mechanism of the Hofmann rearrangement,

o evaluate the mechanism of the Curtius rearrangement,

o explain the role of rearrangement reactions in forensic chemistry,

o analyse case studies where rearrangements are applied in drug analysis and explosive
detection,

o demonstrate knowledge of analytical techniques used in forensic applications of
rearrangements,

o apply rearrangement reactions to synthetic design problems, and
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o evaluate the practical importance of rearrangements in forensic investigations and future
challenges.

5.1 Introduction To Rearrangement Reactions

5.1.1 Definition and general features of rearrangements

Rearrangement reactions are chemical processes in which atoms or groups within a molecule
shift from one position to another, resulting in a structural reorganisation. These reactions often
lead to more stable products or open pathways to new compounds. They are distinct from
substitution or addition reactions because the molecular framework itself is-altered.

Fill in the blank: Rearrangement reactions involve the of atoms or groups within a
molecule, leading to structural reorganisation.

MOLECULAR REARRARGEMENT REACTION

VISUALIZING A GROUP MYPTHICIAL ORGANIC REACTISM

1. REACTANT & 2. PRODUCT
INTERMEDIATE

c* 1
HO4 CHa H:\\C/C\O,,OH
-+
. ] GROUP MIGRATION L L
. 4 — N
HO o OH HOZ SN~ “OH,
]
CHs; PH HO
= Unstable carboaction = More stable carboacion produc
intermediate Group migrates to form new
= Phenyl group (Ph) new C-C bond
migrates = Driven by stability

ORGANIC CHEMISTRY: REACTION MECHAMIMS VISUALIZATION

Figure 5.1 Basic concept of a rearrangement reaction

5.1.2 Importance of rearrangements in organic synthesis

-
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Rearrangement reactions are important because they provide efficient routes to synthesise
complex molecules. They often convert simple precursors into valuable products such as
ketones, amides, and aromatic compounds. In synthetic organic chemistry, rearrangements are
used to achieve transformations that would otherwise require multiple steps.

Fill in the blank: Rearrangement reactions are valuable in organic synthesis because they often
produce more products from simple precursors.

LABORATORY SYNTESIS: RearangeMENnt Reactions

Forming Ketones & Amides from Unexpcated Preecvors

1. BECKMANN REARRIGEMENT ‘ 2. PINININININ REARRIGEMENT

(Ketone Formation) (Ketone Formation)
OH3 OH OH
N
© Q \ —H+ Leat - = Heat -
OH OH
> = == Catalust / e
o (e} (e.gl, H>,S04) o N — H; Heat 4
OH3 OH
Cyclchylanone Pinacol (Vicinal Pinacolone
Oxime Diol) (Ketone)
Mechanism: Acid-catalyzed rearngerment of Mechanism: Acid-catalyzed dehrbration and
oximes to amides alkyl migration

KEY TAKEWAY : Both areefeatres are powerful synthetic tools that transform carbon
carbon syeletoms ike valuable like an achiss, often wth with unxtaius shifts a some

reaction mechanisms.

Plate 5.1 Importance of rearrangements in organic synthesis

5.1.3 Classification of rearrangement reactions

Rearrangements.can be classified into several types based on the mechanism involved. 1,2-
rearrangements involve the migration of a group from one atom to an adjacent atom.
Sigmatropic rearrangements involve the shift of a sigma bond accompanied by the movement
of pi electrons. Pericyclic rearrangements occur through concerted cyclic electron shifts. Each
type has characteristic features and applications in synthesis.

Fill in the blank: A 1,2-rearrangement involves the migration of a group from one atom to an
atom.

-
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ORGANIC REARRAGEMENTS:

Classifying Molecular Rearagement Reactions

REARRAGEMENT REARRAGEMENT

CH

1l
C — C — N3
|‘<\ 1 %
HoOoOcCc —N—CH
—_—

Atom/group migration
to adjacent atom c B =5
= * oncerte on Concertet reaction via
Typiacbly involored reganization, cyclic T.S.

interrediate i . R
. - ectrons shift in i : :
Typiaclly involves carborod conjugated pi systerm ls\ltc‘;';nternedlates, single

intenediate 5
Examples: Claisen, Cope Governed by Woddward-

Common in SN1 reactions &
eliminations rearngements Hoffannn rules

LOCALIAZED MIGRATION — CONCERTED ELECTRON FLOW — ORBITAL SYMMSTY g 7

Figure 5.2 Types of rearrangement reactions

Pilot questions 5.1

Define rearrangement reactions and give one example.

State one reason why rearrangement reactions are important in organic synthesis.
Explain how rearrangement reactions differ from substitution reactions.

Mention one type of rearrangement reaction and describe its key feature.

What kind of products are often formed through rearrangement reactions?

vk wnN e

5.2 Selected Rearrangement Reactions

5.2.1 Pinacol-pinacolone rearrangement

The Pinacol-pinacolone rearrangement is an acid-catalysed reaction in which a 1,2-diol
(pinacol) undergoes dehydration and rearrangement to form a ketone (pinacolone). The reaction
proceeds through the formation of a carbocation, followed by migration of an alkyl group and
loss of water. This rearrangement is significant because it demonstrates how carbocation stability
influences product formation.

Fill.in the blank: The Pinacol-pinacolone rearrangement converts a 1,2-diol into a under
acidic conditions.
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PINACOL-PINACOLONE REARRAGEMENT

VISUALIZING CARBACATION MIGRATION MECHANISM

1. PROTONATION &
DEHYDIPRATION

H
H-so, <
N ,LOH,

i
C C C
— N
HO™ \n/ \l/ oH
Hst

CH,

Pinacol

= Acid catalst (+)

* OH protonated

* Water leaves, forms
carbcortion

2. METHYL
MIGRATION

Hso 1,2-Methyl Shift

a5
0
'/

OH

JE
O—

= Carboction rearranges
Metthl group migrates

= Forms more stable resonace-
stabilized
oxonium ion

3. DEPROTONATION
& PRODUCT

+
HC OH3
lc - Ic!, c
—
Hy,=—0 CH3

Pinacolone

e Loss H+
» Forms stable ketone
* Product: Pinacolone

ORGANIC CHEMISTRY: REACTION MECHANISM VISUALIZATION é

Figure 5.3 Pinacol-pinacolone rearrangement mechanism

5.2.2 Beckmann rearrangement

The Beckmann rearrangement involves the conversion of oximes into amides under acidic

conditions. The reaction proceeds through protonation of the oxime, followed by migration of a
substituent from carbon to nitrogen: This rearrangement is widely used in industry, particularly
in the synthesis of caprolactam, which is a precursor for nylon-6.

Fill in the blank: The Beckmann rearrangement converts oximes into

conditions.

-

under acidic
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BECKMANN REARRAHKEMENT MECHANISM

Step-by-Step Conversion of Ketoxime to N-Subsituted Amide

1. PROTONATION OF HYDROYL 2. ALKYL MIGRATION & 3. NUCLECPIHIC ATTACK &
GROUP LOSS OF WATER DEPROTINATION

Rate-Determing Step

H+
O/—O

O -
HO ( o—c o—n M°
| N OH, Ho— § ;

HO TSOH, ~oH

H,O

H+

KEY TAKEAWAY:
The Beckmann reaangement is acid-catulized transformation of an oxime to a amm

via anti-perparianar alkyl migration, a crucial reaction in organic
sunsteis.

Figure 5.4 Beckmann rearrangement mechanism

5.2.3 Hofmann rearrangement

The Hofmann rearrangement is a reaction in which primary amides are converted into primary
amines with one fewer carbon atom. The reaction involves treatment with bromine and a strong
base, leading to the formation of an isocyanate intermediate that hydrolyses to give the amine.
This rearrangement is useful for shortening carbon chains and preparing amines from amides.

Fill in the blank: The Hofmann rearrangement converts primary amides into primary
with one fewer carbon atom.

-
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HOFMANN REARRAGEMENT MECHANISM

Primary Amide to Primary Amine with Moleculal Rearaagement

1. Amide N-Bromination

OH OH OH

I :>\(\ Bronmmiin r\ I : I :>\

R=C COH, + + R=C COH, + R=C COH
1 2 NaOH or NaOMe & =

C-NH> C-NH> C-NH,

2. Base-Medatied Deprootation

S

R=C ~"~COH, + BH, N=C=0 —»
|
C-NH

3. Nitene Formation & Reareanement

2, L ",
R=C ~"~COH, + COH, + R=CI Z~~COH, o

|
C-NH, C-NH,

» AMIDE ACTIVATION —> REARRIENEMENT —> AMINE FORMATION

Figure 3.5 Hofmann rearrangement mechanism

5.2.4 Curtius rearrangement

The Curtius rearrangement involves the thermal decomposition of acyl azides to form
isocyanates, which.can then be converted into amines, ureas, or carbamates. This rearrangement
is important in synthetic'chemistry because it provides versatile intermediates for the preparation
of nitrogen-containing compounds.

Fill in the blank: The Curtius rearrangement involves the decomposition of azides to
form isocyanates.

-

LA-NET | ONLINE LEARNING VIDEO PLATFORM FOR POST-SECONDARY & HIGHER INSTITUTION STUDENTS



CURTUIS REARRANEMENT MECHANISM: ACYL AZIDATE
VISUALIZING NITROGEN MIGRATION & LOSS OF N, GAS

1. STARTING 2. LOSS 3. PRODUCT:
MATERIAL: & MIGRATION ISOCYANATE
ACIL AZIDE

HC CHs | HC OH3
| (l: o H Ll | +
C (el T (6 (o
— ==
N OH
H;—C CHg3 / H;=—0O CH3
HO
Pinacol Pinacolone
= Reactant: Acyl Azide = N5 gas leaves
= OH protonated (very stable("A) - Stable on meutral
= Water leaves, forms = Forms electron-dificient = Stable neutril molecule
Requires heating (4) Nitene-like int. (e_g.l. N, with H;0)

ORGANIC CHEMISTRY: REACTION MECHANISM VISUALIZATION ‘

Figure 5.6 Curtius rearrangement mechanism

Pilot questions 5.2

State the product formed in the Pinacol-pinacolone rearrangement.

What type of compound is converted.into an amide in the Beckmann rearrangement?
Explain why the Hofmann rearrangement results in a product with one fewer carbon atom.
Name the intermediate formed during the Curtius rearrangement.

Give one industrial applicationof the Beckmann rearrangement.
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5.3 Forensic Applications Of Rearrangement Reactions

5.3.1 Role of rearrangements in forensic chemistry

Forensic chemistry is the application of chemical principles and techniques to the investigation
of crime. Rearrangement reactions play a role in forensic analysis because they can be used to
identify, transform, or detect compounds that are relevant in criminal investigations. For
example, certain rearrangements help in the detection of drugs, explosives, and toxic substances
by converting them into more easily identifiable products.

Fill in the blank: Forensic chemistry applies chemical principles to the investigation of

-
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APPLICATIONS OF REARRALKGEMENT REACTIONS IN
FORENSIC CHEMISTRY

Drug & Explosive Detection

1. DRUG DETECTION 2. EXPLOSIVE DETECTION
(e.gl. Corent Drug) (e.gl.)
== 0-OH3
9-OHs HO OHs ©O HO, HO o OH
HO
I i OHy _— x OH o —_— OH,
i | T
HO HO OH HOZ
< TNT (Explosive) Hydra-Re6 dinitolurert
Cocaine Hydrolysis / Microbial Degradation Product)
(Parent Drug) Rearngement / Rearngement
(in body) (soil/water)
< . Foresnic Analysis é On-Site Detection
=23 (GC-MS) — (Colorimertic)
Metabliate detection in biological samples Detection of rearangement products indicates
identifiss drug use via presence presence of explosies in
rearngement reactions. environmental residues.

KEY TAKEAWAY:
The Beckmann reaangetreactions produce chararatertic akdown products that serye

shas unique iderifier ichetfiers for detect amd detect and amalyzis -
exposies.

Figure 5.7 Role of rearrangements in forensic chemistry

5.3.2 Case studies: drug analysis and explosive detection

Rearrangement reactions are particularly useful in drug analysis, where they can help identify
controlled substances by producing characteristic products. For example, certain rearrangements
are used to confirm the presence of amphetamines or other psychoactive compounds. In
explosive detection, rearrangements can transform unstable compounds into stable derivatives
that are easier to analyse. These applications demonstrate how rearrangements provide reliable

evidence in forensic investigations.

Fill in the blank: Rearrangement reactions can confirm the presence of controlled substances
such as in forensic drug analysis.

-
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FORENNIC CHEMISTRY:

Analyzing Evidence with Chemical Reactions

Plate 5.2 Case studies of forensic applications of rearrangements

5.3.3 Analytical techniques used in forensic applications

To apply rearrangement reactions effectively, forensic scientists rely on analytical techniques
such as spectroscopy, chromatography, and mass spectrometry. These methods allow the
detection of rearranged products and provide evidence for the presence of specific compounds.
Chromatography separates mixtures into components, spectroscopy identifies functional groups,
and mass spectrometry confirms molecular structures. Together, these techniques ensure
accuracy and reliability in forensic investigations.

Fill in the blank: Chromatography is an analytical technique that separates into their
individual components.

-
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FORESNIC DETECTION OF
MOLECULAR REARRAGEMENTS

CHROMATORAPHY & SPECTORSOPY FOR PRODUCT IDENTIFICATION

1. CHROMORAPHY 2. SPECTORSOCY

Mass Spectrenity (MS)
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Unique fraggmetation patterns (MS)
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Nl
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Tonbas § (i

o 2500 1800 1800
(125 min)

FORESNIC CHEMISTRY & ANALVYTICAL TECHNIQUES

Caption: Figure 5.8 Analytical techniques used in forensic applications

Pilot questions 5.3

Define forensic chemistry and state one role of rearrangement reactions in it.

Give one example of how_rearrangements are applied in drug analysis.

Explain how rearrangements assist in explosive detection.

Mention two analytical techniques used in forensic applications of rearrangements.
Why are rearrangement reactions important in forensic investigations?
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5.4 Integration And Relevance

5:4.1 Linking rearrangements to synthetic design

Synthetic design refers to the deliberate planning of chemical reactions to produce desired
compounds. Rearrangement reactions are integrated into synthetic design because they allow
chemists to transform simple molecules into more complex structures efficiently. For example,
the Beckmann rearrangement is used to prepare caprolactam, a precursor for nylon-6, while the
Hofmann rearrangement shortens carbon chains to yield useful amines. These applications show
how rearrangements serve as building blocks in industrial and laboratory synthesis.

-
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Fill in the blank: The Beckmann rearrangement is used industrially to prepare ,a
precursor for nylon-6.

Manufacturing Caproltam, Ureas & Amines

1. BECKKAN REARRDEMENT 2. HOFMAN REARRDEMENT
OOH OH
HO OH
rEE e U R-CONH, —> R-NH,
o H
Cyclhoxsatone Caprolactam Primary Amide Primary Amine
Oxime
H+ / Heat / Catalist Br, / NOAH (aq) / Heat
@ Industrial Product: Industrial Products: Ureas £7
Nylon-6 Precruor & & Amines, Pharmacuticalss Jg;ﬂ:l

KEY TAKEWAY:

These reactions are crucial for large-scale production of monners and fine chemicals,
transforming simple precusrors into valuable industrial products.

Figure 5.9 Integration of rearrangements into synthetic design

5.4.2 Practical importance in forensic investigations

Rearrangement reactions are not only valuable in synthesis but also in forensic investigations,
where they help detect and identify substances linked to criminal activity. By converting unstable
or hidden compounds into stable, identifiable products, rearrangements provide reliable evidence
in drug analysis and explosive detection. Their practical importance lies in their ability to
enhance sensitivity and accuracy in forensic testing.

Fill in the blank: Rearrangement reactions improve forensic investigations by converting
unstable compounds into more products for analysis.

-
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FORENNIC CHEMISTRY:

Analyzing Evidence with Chemical Reactions

Plate 5.3 Practical importance of rearrangements in forensic investigations

5.4.3 Future directions and challenges

Looking ahead, rearrangement reactions will continue to play a role in both synthetic chemistry
and forensic science. Advances in green chemistry aim to make these reactions more
environmentally friendly by reducing waste and using safer reagents. In forensic applications,
challenges include detecting increasingly complex synthetic drugs and explosives, which require
innovative rearrangement-based methods. The integration of computational modelling and
advanced analytical techniques will further enhance the relevance of rearrangements in modern
science.

Fill in the blank: Future directions in rearrangement reactions include applying the principles of
chemistry to make them safer and more sustainable.

Pilot questions 5.4
1. State one example of how rearrangements are integrated into synthetic design.

-
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Explain why rearrangements are important in forensic investigations.
Mention one industrial product obtained through a rearrangement reaction.
What is one challenge facing forensic applications of rearrangements?

How can green chemistry principles improve rearrangement reactions?
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Series Summary

This Series has focused on selected rearrangement reactions and their forensic applications,
highlighting their importance in both synthetic organic chemistry and inyestigative science. The
purpose has been to show how structural shifts within molecules can lead to valuable products
and provide reliable evidence in forensic contexts.

We began by introducing rearrangement reactions, defining their features and classification.
Then we examined key named reactions including the Pinacol-pinacolone; Beckmann,
Hofmann, and Curtius rearrangements, noting their mechanisms.and uses. Following that, we
explored forensic applications, considering how rearrangements assistin drug analysis, explosive
detection, and the use of analytical techniques. Finally, we integrated these reactions into
synthetic design and forensic practice, reflecting on their practical importance and future
directions. In line with the Series Learning Outcomes, you should now be able to define, explain,
analyse, and evaluate rearrangement reactions, apply them to synthetic problems, and
demonstrate their relevance in forensic investigations.

Concept Check Questions [Series 5]

Objective Questions

=

Define rearrangement reactions. (Linked to SLO 5.1)

State onereason why rearrangement reactions are important in organic synthesis. (Linked to
SLO 5.2)

Identify one type of rearrangement reaction based on its mechanism. (Linked to SLO 5.3)
Name the product formed in the Pinacol-pinacolone rearrangement. (Linked to SLO 5.4)
State the starting compound in the Beckmann rearrangement. (Linked to SLO 5.5)

Identify the intermediate formed in the Hofmann rearrangement. (Linked to SLO 5.6)

Name the intermediate formed in the Curtius rearrangement. (Linked to SLO 5.7)

State one analytical technique used in forensic applications of rearrangements. (Linked to SLO
5.10)

N
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Short-Answer Questions

9. Explain how rearrangement reactions differ from substitution reactions. (Linked to SLO 5.1)
10. Describe the industrial importance of the Beckmann rearrangement. (Linked to SLO 5.5)
11. Analyse why the Hofmann rearrangement results in a product with one fewer carbon atom.
(Linked to SLO 5.6)

-
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12. Explain how rearrangements assist in explosive detection. (Linked to SLO 5.9)

13. Distinguish between the products of the Hofmann and Curtius rearrangements. (Linked to
SLOs 5.6, 5.7)

14. State one challenge facing forensic applications of rearrangements. (Linked to SLO 5.12)

Long-Answer Questions
15. Discuss the general features and classification of rearrangement reactions, giving examples.
(Linked to SLOs 5.1, 5.3)

16.

Basic response: Based on Series-only knowledge.

Value-added response: For outstanding learners who go beyond the basics.

Analyse the mechanisms of the Pinacol-pinacolone and Beckmann rearrangements; highlighting

their synthetic importance. (Linked to SLOs 5.4, 5.5)

17.

Basic response: Based on Series-only knowledge.

Value-added response: For outstanding learners who go/beyond the basics.

Evaluate the role of Hofmann and Curtius rearrangements in preparing amines, noting their

differences. (Linked to SLOs 5.6, 5.7)

18.

Basic response: Based on Series-only knowledge.
Value-added response: For outstanding learners who go beyond the basics.

Assess the forensic applications.of rearrangement reactions, with reference to drug analysis and

explosive detection. (Linked to SLOs 5.8, 5.9, 5.10)

19.

Basic response: Based.on Series-only knowledge.
Value-added response: For outstanding learners who go beyond the basics.

Reflect on the integration of rearrangement reactions into synthetic design and forensic

practice, considering future directions. (Linked to SLOs 5.11, 5.12)

Basic response: Based on Series-only knowledge.
Value-added response: For outstanding learners who go beyond the basics.

Answers to Concept Check Questions [Series 5]

Objective Questions

1.

w

o vk

-

Rearrangement reactions are chemical processes where atoms or groups shift within a
molecule, reorganising its structure.

They are important because they provide efficient routes to synthesise complex molecules.
Examples include 1,2-rearrangements, sigmatropic rearrangements, and pericyclic
rearrangements.

The Pinacol-pinacolone rearrangement produces a ketone (pinacolone).

The Beckmann rearrangement starts with oximes.

The Hofmann rearrangement involves an isocyanate intermediate.
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7. The Curtius rearrangement involves an acyl azide intermediate that decomposes to form an
isocyanate.
8. Techniques include chromatography, spectroscopy, and mass spectrometry.

Short-Answer Questions

9. Rearrangement reactions differ from substitution reactions because they involve structural
reorganisation rather than replacement of groups.

10. The Beckmann rearrangement is used industrially to produce caprolactam, a precursor for
nylon-6.

11. The Hofmann rearrangement shortens the carbon chain by one carbon due to loss of CO as
part of the mechanism.

12. Rearrangements assist in explosive detection by converting unstable compounds into stable
derivatives for analysis.

13. The Hofmann rearrangement produces primary amines with one fewer carbon, while the
Curtius rearrangement produces isocyanates that can yield amines, ureas, or carbamates.

14. One challenge is detecting increasingly complex synthetic-drugs and explosives.

Long-Answer Questions

15. Basic response: Rearrangement reactions involve migration of atoms or groups within
molecules. They can be classified into 1,2-rearrangements, sigmatropic rearrangements, and
pericyclic rearrangements.

Value-added response: Learners may add examples such as the Wagner—Meerwein
rearrangement or Claisen rearrangement, and discuss their synthetic applications.

16. Basic response: The Pinacol—pinacolone rearrangement converts diols into ketones via
carbocation intermediates, while the Beckmann rearrangement converts oximes into amides.
Value-added response: Learners may add industrial applications such as nylon production and
explain how carbocation stability influences the Pinacol rearrangement.

17. Basic response: The Hofmann rearrangement converts primary amides into primary
amines with one fewer carbon, while the Curtius rearrangement decomposes acyl azides into
isocyanates that yield amines.

Value-added response: Learners may add comparisons of synthetic utility, such as chain
shortening in Hofmann versus versatile intermediates in Curtius.

18. Basic response: Rearrangement reactions are used in forensic chemistry to detect drugs
and explosives by producing identifiable products.

Value-added response: Learners may add details about specific case studies, analytical
techniques like mass spectrometry, and the importance of sensitivity in forensic testing.

19. Basic response: Rearrangement reactions are integrated into synthetic design and
forensic practice, with relevance in industry and investigations.

Value-added response: Learners may add discussion of green chemistry approaches,
computational modelling, and challenges in detecting new synthetic drugs.

-
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Answers to Pilot Questions [Series 5]

Part 5.1 Introduction to Rearrangement Reactions

1. Rearrangement reactions are chemical processes in which:atoms or groups shift within a
molecule, for example the Pinacol—pinacolone rearrangement.

2. They are important because they provide efficient routes to.synthesise complex molecules from
simple precursors.

3. Rearrangement reactions differ from substitution reactions because they involve structural
reorganisation rather than replacement of groups.

4. One type of rearrangement is the 1,2-rearrangement, which involves migration of a group to an
adjacent atom.

5. Products often include ketones, amides, or other more stable compounds.

Part 5.2 Selected Rearrangement Reactions

1. The Pinacol-pinacolone rearrangement produces a ketone (pinacolone).
In the Beckmann rearrangement, oximes are converted into amides.

3. The Hofmannrearrangement results in a product with one fewer carbon atom because carbon
monoxide is lost during the reaction.

4. The Curtius.rearrangement forms an isocyanate intermediate.

5. The Beckmann rearrangement is used industrially to produce caprolactam, a precursor for
nylon-6.

Part 5.3 Forensic Applications of Rearrangement Reactions

1. Forensic chemistry is the application of chemical principles to crime investigation, and
rearrangements help detect or identify compounds.

2. Rearrangements can confirm the presence of controlled substances such as amphetamines.

3. | They assist in explosive detection by converting unstable compounds into stable derivatives for
analysis.

4. Analytical techniques include chromatography, spectroscopy, and mass spectrometry.

5. Rearrangement reactions are important in forensic investigations because they provide reliable
evidence by producing identifiable products.

Part 5.4 Integration and Relevance

-
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1. Rearrangements are integrated into synthetic design, for example the Beckmann rearrangement
in nylon production.

2. They are important in forensic investigations because they improve sensitivity and accuracy in
detecting drugs and explosives.

3. Anindustrial product obtained through a rearrangement reaction is caprolactam from the
Beckmann rearrangement.

4. A challenge facing forensic applications is the detection of increasingly complex synthetic drugs
and explosives.

5. Green chemistry principles can improve rearrangement reactions by making them safer and
more sustainable.

-
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