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BLOCK 01 FREE RADICAL REACTION AND ELIMINATION 

REACTION 

Unit:1 Free Radical Reactions 

STRUCTURE 

1.1 Introduction: 

1.2 Objectives: 

1.2 Formation of free radicals  

1.3 Nature and classification of free radicals 

1.4 Formation of free radicals  

1.5 Stability of free radicals 

1.6 Mechanism of Free Radical Reactions 

1.7 Factors affecting free radical reactions 

1.8  Applications of free radical chemistry  

1.9  Detection and analysis of free radicals 

.1.10 Summary 

1.11 Exercise 

1.12 Reference and Suggested Readings 

 

1.1 Introduction 

Free radical reactions form a foundational concept in organic chemistry 

and extend their significance into industrial, biological, and atmospheric 

processes. Any atom or molecule with at least one unpaired electron—

typically in a p-orbital—is considered a free radical.  The species is very 

reactive and frequently short-lived due to this unpaired electron. Free 

radicals' reactivity enables them to take part in fast-propagating chain 

reactions that, depending on the situation, might be advantageous or 

harmful.  For example, free radical damage in biological systems is 

associated with aging and disease, while free radical halogenation is 

widely used in chemical synthesis. The characteristics and categorization 

of free radicals The homolytic breakage of covalent bonds, in which each 
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atom keeps one of the bonding electrons, produces free radicals, which are 

typically neutral entities.  

1.2 Objectives: 

 To  Understand the Mechanism and Steps 

· To Analyze Factors Affecting Radical Stability and Reactivity 

· To study the structural and electronic factors influencing the formation, 

·   1.3 Nature and classification of free radicals 

Free radicals are generally neutral species and are formed by homolytic 

cleavage of covalent bonds, where each atom retains one of the bonding 

electrons. This kind of bond cleavage can be initiated by heat, light, or 

certain initiator compounds. The simplest free radical is the hydrogen atom 

(H•), which has one proton and one unpaired electron. Carbon-centered 

radicals, such as the methyl radical (CH₃•), are the most widely studied 

due to their relevance in organic chemistry. 

Free radicals can be classified based on the atom that bears the unpaired 

electron. These include carbon-centered radicals (e.g., CH₃•), oxygen-

centered radicals (e.g., OH•, RO•), nitrogen-centered radicals (e.g., NO•), 

and radicals centered on halogens like Cl• or Br•. Additionally, radicals 

may exist as primary, secondary, or tertiary depending on the carbon to 

which they are attached. Tertiary carbon radicals are more stable due to 

electron-donating alkyl groups that provide hyperconjugation and 

inductive effects, thereby dispersing the radical character. 

1.4 Formation of free radicals  

Free radicals may be generated in many different ways. 

The most widespread is thermal or photochemical homolysis, in which a 

bond between two atoms is cleaved equally by heat or 

ultraviolet radiation. 

For example, chlorine gas (Cl) may be subjected to photolytic cleavage 

under the action of UV light to yield two chlorine radicals Cl 2 
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Cl• Frequent process is by redox reactions, especially in biological and 

environmental systems. 

A good example is the Fenton reaction where ferrous ions are reacted with 

hydrogen peroxide to produce the hydroxyl radicals Fe² + HO Fe³ + OH + 

OH• Chemical initiators like benzoyl peroxide and azobisisobutyronitrile 

(AIBN) are commonly used in polymer chemistry. 

These compounds readily decompose to form radicals to catalyze chain 

polymerization reactions. 

Lastly, radiolysis, or ionizing radiation utilization, can similarly yield free 

radicals, particularly in solid or gaseous states. 

1.5 Stability of free radicals 

 While free radicals are generally reactive, their relative 

stability may be quite different depending upon a wide range 

of electronic considerations. 

The order of stability is Tertiary > Secondary > Primary > Methyl, 

which is in accordance with the increase in the number of alkyl groups 

stabilizing the radical center. 

This stabilizing effect is primarily due to hyperconjugation, 

where the adjacent C–H or C–C bonds donate the electron density to the 

half-filled orbital of the radical center. 

Although free radicals are inherently reactive, their relative stability can 

vary widely based on several electronic factors. The general order of 

stability is: 

Tertiary > Secondary > Primary > Methyl, which reflects the increasing 

number of alkyl groups stabilizing the radical center. This stabilization is 

primarily due to hyperconjugation, where adjacent C–H or C–C bonds 

donate electron density to the half-filled orbital of the radical center. 

In addition to hyperconjugation, resonance is a crucial stabilizing factor. 

Radicals such as the allyl radical (CH₂=CH–CH₂•) and the benzyl radical 

(C₆H₅–CH₂•) are especially stable due to the delocalization of the single 

electron over a π-system. This delocalization distributes the radical 
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character over multiple atoms, lowering energy overall and increasing 

stability. 

There are steric effects as well; radicals at the vicinity of bulky groups can 

be stabilized since they are less reactive towards neighboring molecules. 

1.6 Mechanism of Free Radical Reactions 

Free radical reactions are likely to have a chain mechanism comprising 

three various steps initiation, propagation, and termination. 

Initiation is the start of free radical formation from a non-radical starting 

material. 

This is usually achieved by heat or UV radiation. 

For example, during chlorination of methane Cl2Cl• (UV light) 

Propagation is the process where radicals attack stable molecules to create 

new radicals and thereby propagate the reaction. 

For example Cl• + CH CH• + HCl CH• + Cl CHCl + Cl• Overall, it leads 

to the reduction of methane and chlorine to methyl chloride and hydrogen 

chloride, and the regeneration of the Cl• radical continues the cycle. 

Termination occurs by the union of two radicals to form a stable product, 

thereby removing radicals from the system and terminating the chain 

reaction. 

 

Examples include: 

Cl• + Cl• → Cl₂ 

CH₃• + Cl• → CH₃Cl 

CH₃• + CH₃• → C₂H₆ 

Termination steps are especially important in controlling the extent of the 

reaction and avoiding runaway conditions, particularly in industrial 

settings. 
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One of the classic examples of a free radical reaction is the halogenation 

of alkanes, particularly chlorination and bromination. While both follow 

the same mechanism, bromination is more selective, favoring substitution 

at tertiary carbons due to the greater activation energy required, making it 

more sensitive to radical stability. 

Another prominent application is in polymerization reactions, particularly 

the production of plastics like polyethylene and polystyrene. These 

reactions are initiated by radicals generated from initiators, which then add 

to monomers (e.g., ethene) in a chain-growth process. 

Autoxidation is another significant free radical process, especially relevant 

in food spoilage and biological degradation. Organic compounds (RH) 

react with oxygen (O₂) to form peroxyl radicals, which can give to the 

formation of hydroperoxides and further radicals: 

RH + O₂ → R• + HO₂• 

 

1.7 Factors affecting free radical reactions 

Several external and internal factors influence the efficiency and direction 

of free radical reactions. Temperature is a critical factor; higher 

temperatures provide the energy necessary for bond homolysis. Similarly, 

photochemical conditions, such as UV or visible light, can initiate radical 

reactions in light-sensitive compounds. 

The solvent used can also affect radical stability. Polar solvents tend to 

stabilize ionic intermediates but may not stabilize radicals, while non-polar 

solvents may be more suitable for radical reactions. The presence of 

inhibitors like BHT (butylated hydroxytoluene), quinones, or oxygen can 

quench radical chain reactions by reacting with radicals to form stable, 

non-propagating species. These inhibitors find most effectiveness in the 

prevention of un-desired polymerization during transport and storage. 

1.8  Applications of free radical chemistry  
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Free radical reactions have broad applications in organic synthesis, in 

which they are employed for the functionalization of alkanes, 

rearrangement reactions, and selective oxidation reactions. 

Their use in the polymer industry is tremendous, being the basis for the 

manufacture of polymers, plastics, and resins. 

Free radicals such as reactive oxygen species (ROS) are both beneficial in 

biochemistry. 

Though needed in trace amounts for immune defense and signaling, 

overproduction creates oxidative stress and is responsible for the 

devastation of DNA, proteins, and lipids. 

Antioxidants like vitamins C and E, and enzymes like superoxide 

dismutase, are utilized to scavenge these radicals. 

In atmospheric chemistry, radicals like Cl• in chlorofluorocarbons (CFCs) 

are responsible for destructive ozone layer depletion, permitting greater 

ultraviolet radiation to reach the Earth's surface. 

1.9  Detection and analysis of free radicals 

 Free radicals are difficult to detect because of their transient existence. 

One of the most valuable methods of their determination is Electron Spin 

Resonance (ESR) spectroscopy, which detects free electrons by their 

magnetic response. 

Spin trapping is another technique that involves the reaction of radicals 

with specially prepared molecules in order to produce more stable product 

to be examined. 

.1.10 Summary 

Free radical reactions are a powerful and versatile tool in chemistry, with 

widespread implications in both scientific research and practical 

applications. From organic synthesis to materials science, and from 

biological systems to atmospheric chemistry, radicals play a crucial and 
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dynamic role. A deep understanding of their generation, stability, and 

mechanism allows chemists to harness their reactivity efficiently and 

safely, advancing both technology and scientific knowledge. 

1.11 Exercise 

Multiple Choice Questions  

1. Which of the following is the first step in a free radical reaction 

mechanism? 

A) Propagation 

B) Termination 

C) Initiation 

D) Substitution 

Answer: C) Initiation 

2. Free radicals are generally: 

A) Positively charged species 

B) Negatively charged species 

C) Neutral species with an unpaired electron 

D) Stable ions 

Answer: C) Neutral species with an unpaired electron 

3. Which of the following conditions most commonly favors free radical 

reactions? 

A) Low temperature and presence of acid 

B) High temperature or UV light 

C) Presence of strong base 

D) Aqueous medium 

Answer: B) High temperature or UV light 

4. In the chlorination of methane by free radical mechanism, which step 

produces the methyl radical? 

A) Cl₂ → 2Cl• 

B) Cl• + CH₄ → HCl + CH₃• 

C) CH₃• + Cl₂ → CH₃Cl + Cl• 

D) 2CH₃• → C₂H₆ 

Answer: B) Cl• + CH₄ → HCl + CH₃• 

5. Which of the following statements about free radical halogenation is 

correct? 

A) Fluorination is highly explosive and difficult to control 

B) Bromination is the least selective halogenation reaction 



 

8 

MATS Centre for Distance and Online Education, MATS University 

 

ORGANIC 

CHEMISTRY  

II 

C) Chlorination is more selective than bromination 

D) Iodination occurs easily by free radical mechanism 

Answer: A) Fluorination is highly explosive and difficult to control 

Short Questions 

Q.1.What is a free radical? 

Q.2.Name one method of generating free radicals. 

Q.3.In free radical chlorination of methane, what is the initiating species? 

Q.4.Why are free radical reactions generally carried out in the presence of 

UV light? 

Q.5.Which halogen shows the highest selectivity in free radical 

halogenation? 

 

 

Short Answer Questions  

Q.1.Explain the mechanism of free radical halogenation of 

methane with suitable equations. 

Q.2.Discuss the factors affecting the stability of free radicals with 

examples. 

Q.3.Differentiate between initiation, propagation, and termination 

steps in a free radical reaction. 

Q.4.Compare the selectivity of chlorination and bromination in 

free radical substitution, giving reasons. 

Q.5.Write a detailed note on the industrial and synthetic 

importance of free radical reactions. 

 

1.12. Reference and Suggested Readings 

Organic Chemistry by Jonathan Clayden, Nick Greeves & Stuart Warren 

Oxford University Press, Oxford. (2022).,
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J. March’s Advanced Organic Chemistry: Reactions, Mechanisms, and 

Structure by Jerry March (and later editions by Michael B. Smith),  (2007).,  

  
Wiley Publication House, Hoboken, New Jersey.
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Unit: 2 Hydrogen Bonding Interactions 

Structure 

2.1 Introduction: 

2.2 Objectives: 

2.3 Nature And Types Of Hydrogen Bonds  

2.4 Strength And Directionality Of Hydrogen Bonds 

2.5 Effect Of Hydrogen Bonding On Physical Properties 

2.6 Hydrogen Bonding In Biological Systems 

2.7 Hydrogen Bonding In Materials And Solids 

2.8 Summary 

2.9 Exercise 

2.10Reference and Suggested Readings 

 

2.1 Introduction 

Hydrogen bonding is one of the most critical non-covalent 

interactions in chemistry, biology, and material science. It plays an 

essential role in determining the physical properties of compounds, the 

structure of biomolecules like DNA and proteins, and the behavior of 

solvents like water. A hydrogen bond (H-bond) is an intermolecular 

attractive force that arises when a hydrogen atom covalently bonded to an 

electronegative atom such as nitrogen (N), oxygen (O), or fluorine (F) 

comes near another electronegative atom with an unshared electron pair. 

While not as powerful as covalent bonds, hydrogen bonds are 

significantly more powerful than van der Waals forces and thus are 

important contributors to the stability of molecules and molecular 

assemblies. 
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Hydrogen bonding has very profound implications in an extremely 

broad variety of applications, ranging from the boiling points of liquids to 

the crystal structure of ice, from protein folding to nucleic acid base 

pairing. 

Directionality and partial covalence of hydrogen bonds impart them 

certain characteristics that distinguish them from the remaining 

intermolecular forces. 

The study of hydrogen bonding thus forms the foundation of chemical and 

biological reactivity and interactions. 

2.2 Objectives: 

To explain the origin, characteristics, and types of hydrogen bonding 

(intra- and intermolecular) and how they influence molecular structure and 

physical properties. 

To study how hydrogen bonding affects molecular recognition, stability of 

biomolecules (like proteins and DNA), and properties of solvents and 

supramolecular assemblies. 

·  2.3 Nature And Types Of Hydrogen Bonds  

A typical hydrogen bond is made up of three atoms a hydrogen atom (H), 

a donor atom such as O, N, or F to which the hydrogen is covalently 

bonded, and an acceptor atom with a lone pair of electrons. 

The general structure is D–H···A, where D represents the donor atom and 

A the acceptor. 

Hydrogen bonds can be classified into two broad types intermolecular and 

intramolecular. 

1. Intermolecular Hydrogen Bonding 

This occurs between hydrogen donors and acceptors located on different 

molecules.  
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For example: 

• In water (H₂O), each molecule can form up to four hydrogen bonds 

(two as donor and two as acceptor), creating an extensive 

hydrogen-bonded network. 

• In alcohols, such as ethanol, hydrogen bonding leads to association 

in the liquid phase, raising their boiling points compared to 

hydrocarbons of similar molecular weight. 

2. Intramolecular Hydrogen Bonding 

This type of bonding occurs within the same molecule when a 

hydrogen donor and acceptor are properly positioned. Intramolecular 

hydrogen bonding often trys to the making of five- or six-membered ring 

structures and affects molecular conformation, reactivity, and spectral 

properties. 

A good example is ortho-hydroxybenzaldehyde, in which the –OH and –

CHO groups are involved in intramolecular hydrogen bonding, stabilizing 

a specific conformation. 

2.4 Strength And Directionality Of Hydrogen Bonds 

  Hydrogen bonds are weaker than covalent bonds but stronger than 

van der Waals interactions. 

Their energy level is usually within the range of 5 to 40 kJ/mol, depending 

on the nature of the donor and acceptor atoms, their separation, and the 

surroundings (gas, solution, or crystalline state). 

One of the most defining features of hydrogen bonding is the direction 

wise. 

The strongest hydrogen bonds are nearly linear with the D–H···A angle 

very close to 180°. 
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Deviation from linearity reduces interaction.The length of the hydrogen 

bond is usually longer than a covalent bond but shorter than the 

VanderWaals  contact distance between the atoms. 

Hydrogen bonding can also exhibit partial covalent character, especially in 

strong hydrogen bonds. This is evident in cases like HF dimers and low-

barrier hydrogen bonds, where the proton appears to be shared between 

two electro negative atoms. 

2.5 Effect Of Hydrogen Bonding On Physical Properties 

Hydrogen bonding has a great influence on boiling point, melting 

point, solubility, density, and viscosity of compounds. 

The most prevalent is water, with unusually high melting and boiling 

points for a molecule of its dimensions due to extensive intermolecular 

hydrogen bonding. 

Solid ice or water is less dense than liquid water due to the reason that in 

ice, the hydrogen bonds are structured in an open hexagonal lattice that 

leads to expansion during the process of freezing. 

Hydrogen bonding controls solubility in polar solvents in organic 

compounds. 

These molecules have the ability to form hydrogen bonding such as 

alcohols, carboxylic acids, and amines and thus are more soluble in water 

than the molecules that cannot. 

Furthermore, hydrogen bonding affects volatility; molecules like glycerol, 

which contain several –OH groups, form low vapor pressures due to 

extensive hydrogen bonding. 

Hydrogen bonds also affect infrared (IR) spectroscopy, NMR chemical 

shifts, and UV-Vis spectra and are therefore great probes in analytical 

techniques. 
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For example, stretching frequency of O–H in the IR spectra becomes 

reduced in terms of wavenumber and widened if it is participating in 

hydrogen bonding. 

2.6 Hydrogen Bonding In Biological Systems 

  Hydrogen bonds are a critical part of biological molecule structure 

and function. They stabilize secondary and tertiary structures in proteins, 

enable base pairing in nucleic acids, and play a key role in enzymatic 

catalysis and substrate binding. 

1. Proteins 

Proteins depends  on hydrogen bonding for maintaining their secondary 

structure, particularly in α-helices and β-sheets. In α-helices, the carbonyl 

oxygen of one amino acid forms a hydrogen bond with the amide hydrogen 

of another residue four positions ahead. In β-sheets, hydrogen bonds form 

between strands aligned side by side, either parallel or antiparallel. 

2. Nucleic Acids 

In DNA, hydrogen bonds are responsible for the specificity of base pairing: 

adenine (A) pairs with thymine (T) through two hydrogen bonds, while 

cytosine (C) pairs with guanine (G) through three hydrogen bonds. These 

interactions hold the two strands of the DNA double helix together and 

ensure accurate replication and transcription. 

3. Enzyme-Substrate Interactions 

Enzymes use hydrogen bonding to recognize substrates, stabilize transition 

states, and orient functional groups for catalysis. For instance, the active 

site of serine proteases involves a catalytic triad (Ser, His, Asp) where 

hydrogen bonds help in proton transfer during peptide bond cleavage. 

2.7 Hydrogen Bonding In Materials And Solids 

Hydrogen bonds also play a vital role in the structure and properties of 

crystalline solids, supramolecular assemblies, and polymeric materials. 



 

15 

MATS Centre for Distance and Online Education, MATS University 

 

ORGANIC 

CHEMISTRY  

II 

In crystals, hydrogen bonds determine packing arrangements and lattice 

stability. For example, in ice, the open hydrogen-bonded network explains 

its lower density compared to liquid water. In organic crystals, hydrogen 

bonding directs the formation of one-dimensional chains, two-dimensional 

sheets, or three-dimensional networks, which influence melting point, 

solubility, and mechanical properties. 

In polymers, such as nylons and polyurethanes, hydrogen bonding between 

chains increases tensile strength, thermal resistance, and crystallinity. 

Moreover, hydrogels, which are used in drug delivery and tissue 

engineering, rely on hydrogen bonding to maintain their three-dimensional 

water-swollen structure. 

Hydrogen bonding is also integral to molecular recognition, crystal 

engineering, and host-guest chemistry. Supramolecular chemists use 

hydrogen bonding to design receptors, sensors, and nanostructures with 

specific shapes and functions. 

Special Cases and Extended Concepts 

There are several special types of hydrogen bonds worth mentioning: 

• Bifurcated Hydrogen Bonds: In which a single hydrogen atom 

interacts with two acceptors. 

• Symmetric Hydrogen Bonds: Extremely strong bonds where the 

hydrogen is shared equally between two identical atoms (common 

in low-temperature solid phases). 

• Blue-Shifting Hydrogen Bonds: Unusual cases where the 

stretching frequency of the donor X–H bond increases (shifts to 

higher frequency) upon hydrogen bonding—contrary to the typical 

red-shift. 

• Low-Barrier Hydrogen Bonds (LBHBs): Extremely strong and 

short hydrogen bonds, often seen in enzyme active sites, where the 
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proton is delocalized between donor and acceptor, potentially 

lowering the energy barrier for reactions. 

These extended concepts show the diversity and complexity of hydrogen 

bonding beyond classical definitions and continue to be areas of active 

research. 

2.8 Summary 

Hydrogen bonding interactions are a fundamental aspect of molecular 

chemistry, governing everything from the properties of simple liquids to 

the architecture of complex biological systems. Their directional nature, 

varying strengths, and specificity allow for intricate molecular recognition, 

self-assembly, and stabilization of macromolecular structures. 

Understanding hydrogen bonding is crucial for disciplines ranging from 

physical and organic chemistry to pharmacology, biochemistry, and 

materials science. 

Advancements in spectroscopy, crystallography, and computational 

chemistry have significantly deepened our understanding of hydrogen 

bonds, revealing their nuances and expanding their applications. Whether 

in the hydrogen-bonded network of water, the double helix of DNA, or the 

design of molecular machines, hydrogen bonds continue to be one of the 

most versatile and essential tools in nature’s and chemists' toolkit. 

2.9 Exercise 

Multiple Choice Questions  

1. Hydrogen bonding occurs due to: 

A) Electrostatic attraction between oppositely charged ions 

B) Interaction between a hydrogen atom and a highly electronegative atom 

C) Van der Waals forces only 

D) Metallic bonding 

Answer: B) Interaction between a hydrogen atom and a highly 

electronegative atom 

2. Which of the following molecules exhibits hydrogen bonding? 

A) CH₄ 
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B) HCl 

C) NH₃ 

D) CO₂ 

Answer: C) NH₃ 

3. Which type of hydrogen bonding is stronger? 

A) Intermolecular 

B) Intramolecular 

C) Both are equally strong 

D) Neither 

Answer: A) Intermolecular 

4. Which of the following explains the abnormally high boiling point of 

water? 

A) Ionic bonding 

B) Metallic bonding 

C) Hydrogen bonding 

D) Dispersion forces 

Answer: C) Hydrogen bonding 

5. Ice is less dense than water because of: 

A) Covalent bonding 

B) Hydrogen bonding creating an open lattice structure 

C) Ionic bonding 

D) Weak van der Waals forces 

Answer: B) Hydrogen bonding creating an open lattice structure 

Short Questions  

Q.1.Define hydrogen bonding with an example. 

Q.2.Distinguish between intermolecular and intramolecular hydrogen 

bonding. 

Q.3.Why is hydrogen bonding stronger in HF than in H₂O? 

Q.4.State one biological significance of hydrogen bonding. 

Q.5.Explain why alcohols have higher boiling points than alkanes of 

similar molecular weight. 

Long Answer Questions 
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Q.1.Discuss the nature, types, and conditions required for hydrogen 

bonding with examples. 

Q.2.Explain how hydrogen bonding affects physical properties like boiling 

point, solubility, and viscosity of compounds. 

Q.3.Differentiate between intermolecular and intramolecular hydrogen 

bonding with suitable examples and diagrams. 

Q.4.Write a detailed note on the role of hydrogen bonding in biological 

systems (proteins, DNA structure). 

Q.5.Explain the anomalous properties of water on the basis of hydrogen 

bonding. 

2.10 Reference and Suggested Readings 

In Structural Chemistry and Biology by Gautam R. Desiraju & Thomas 

Steiner (2001),    Oxford University Press, Oxford.  

Theoretical and Experimental Views by Sławomir J. Grabowski (2020). 

The Royal Society of Chemistry, Cambridge, UK  
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Unit 3 Elimination Reaction 

Structure 
3.1 Introduction 

3.2 Objectives: 

3.3 Classification Of Elimination Reactions 

3.4 Mechanistic And Stereochemical Considerations 

3.5 Factors Influencing Elimination Reactions 

3.6 Applications of Elimination Reactions 

3.7 Special Elimination Reactions 

3.8 Summary 

3.9 Exercise 

3.10Reference and Suggested Readings 

 

3.1 Introduction 

Elimination reactions are fundamental organic transformations in which 

two atoms or any two groups  are removed from a molecule, leading to the 

formation of a multiple bond, typically a double bond. These reactions are 

crucial in synthetic organic chemistry for the preparation of alkenes and 

alkynes and are also involved in many metabolic and industrial processes. 

Elimination reactions often compete with substitution reactions and are 

strongly influenced by reaction conditions, substrate structure, and the 

nature of the base or reagent used. 

In a typical elimination reaction, a proton (usually β to a leaving group) 

and a leaving group are removed from adjacent carbon atoms, resulting in 

the formation of a π bond. The most same types of elimination reactions 

include E1 (unimolecular elimination), E2 (bimolecular elimination), and 

E1cB (elimination via conjugate base) mechanisms. Understanding the 

mechanistic pathway and stereochemical outcomes of these reactions is 

essential for predicting products and designing synthetic routes. 

3.2 Objectives: 
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•  To understand the mechanism and distinguishing features of E1, E2, 

and E1cB elimination reactions. 

•  To study how substrate structure, base strength, solvent, and 

temperature influence elimination pathways and product distribution. 

•  To apply elimination principles in predicting alkene formation and 

designing synthetic routes in organic chemistry. 

  

3.3 Classification Of Elimination Reactions 

Elimination reactions are broadly classified based on their kinetics and 

mechanisms. The two most widely studied mechanisms are E1 and E2 

reactions. 

1. E1 Reaction (Unimolecular Elimination) 

The E1 reaction proceeds through a two-step mechanism. In the first step, 

the leaving group departs, forming a carbocation intermediate. In the 

second step, a base abstracts a β-hydrogen, resulting in the formation of 

the double bond.  

The rate-determining step involves only the substrate, and hence the rate 

law is first-order: 

Rate = k[substrate] 

Key features of E1: 

• Favored in tertiary carbons (due to carbocation stability). 

• Often occurs under acidic conditions with heat. 

• Competes with the SN1 reaction (both involve carbocation 

intermediates). 

 

• Rearrangements are common due to carbocation intermediates. 
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• Not stereospecific; Saytzeff’s rule often applies (formation of more 

substituted alkene). 

2. E2 Reaction (Bimolecular Elimination) 

The Elimination bimolecular mechanism is a single-step concerted 

reaction in which, the base abstracts a proton while the departed  group 

departs simultaneously, leading directly to the alkene. The rate depends on 

both the substrate as well as on  the base: 

Rate = k[substrate][base] 

Key features of E2: 

• Strong base required. 

• Common for secondary and tertiary halides. 

• Stereospecific: requires anti-periplanar geometry (proton and 

leaving group opposite each other). 

• Less likely to rearrange since there is no carbocation intermediate. 

• Can follow Zaitsev’s or Hofmann’s rule depending on base and 

substrate. 

3. E1cB Reaction (Elimination via Conjugate Base) 

The Elimination conjugate base mechanism involves the generation  of a 

carbanion intermediate. This occurs when a proton is removed first 

(usually one that is acidic due to electron-withdrawing groups), followed 

by the expulsion of the leaving group. 

It is most common in compounds with poor leaving groups and stabilized 

carbanions. 

3.4 Mechanistic And Stereochemical Considerations 

Stereochemistry of Elimination bimolecular  Reactions 

One of the distinguishing features of E2 reactions is their stereospecificity. 

For efficient orbital overlap during π bond formation, the β-hydrogen and 
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the leaving group must be anti-periplanar (in the same plane but opposite 

directions). This requirement often governs the outcome of elimination, 

especially in cyclic systems like cyclohexanes, where elimination only 

occurs when both the β-hydrogen and leaving group are in axial positions 

(trans-diaxial). 

This constraint explains why some E2 reactions may not occur unless the 

molecule adopts the correct conformation. Moreover, in acyclic systems, 

the E (trans) product is generally favored over the Z (cis) product due to 

steric reasons. 

Regioselectivity: Sayetzeff’s vs. Hofmann’s Rule 

• Sayetzeff’sRule: In most elimination reactions, the more 

substituted alkene is the major product, as it is more stable. This is 

known as the Zaitsev product. 

• Hofmann's Rule: In cases involving bulky bases (like tert-

butoxide), the less substituted alkene may be favored due to steric 

hindrance. This leads to the Hofmann product. 

The choice of base, solvent, and leaving group can shift the preference 

between these two outcomes. 

3.5 Factors Influencing Elimination Reactions 

Several factors affect the pathway and outcome of elimination reactions: 

1. Substrate Structure 

• Primary halides: Favor E2 over E1 (E1 is rare due to unstable 

carbocations). 

• Secondary halides: Can undergo both E1 and E2; reaction 

conditions determine the pathway. 

• Tertiary halides: Can undergo E1 (under weak base, polar protic 

conditions) or E2 (under strong base). 

2. Nature of Base 
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• Strong bases (e.g., OH⁻, OR⁻): Promote E2. 

• Weak bases (e.g., H₂O, ROH): Favor E1, especially with heat and 

polar solvents. 

• Bulky bases: Increase Hofmann product due to steric hindrance. 

3. Leaving Group(strong or poor) 

• A good or strong  leaving group stabilizes the transition state and 

facilitates elimination. 

• Common  strong leaving groups include halides (Br⁻, Cl⁻, I⁻) and 

sulfonates (tosylates, mesylates). 

• Poor leaving groups hinder both E1 and E2. 

4. Solvent 

• Polar protic(having protons) solvents stabilize carbocations and 

favor E1. 

• Aprotic (lack of proton)solvents are often used for E2 reactions 

with strong bases. 

5. Temperature 

• Elimination reactions are favored at high temperatures, especially 

when in competition with substitution reactions. 

Table : Comparison of E1 and E2 Mechanisms 

Factor E1 E2 

Mechanism Two-step One-step 

Intermediate Carbocation None 

Rate law First-order (substrate) 
Second-order (substrate + 

base) 

Base strength Weak base sufficient Requires strong base 

Stereochemistry Not stereospecific 
Requires anti-periplanar 

geometry 

Rearrangements 
Possible (via 

carbocation) 
Unlikely 
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Factor E1 E2 

Common 

substrate 
Tertiary > Secondary Primary, Secondary, Tertiary 

Temperature Higher temps favor E1 Mild to high temps 

 

3.6 Applications of Elimination Reactions 

Elimination reactions are widely used in organic synthesis and biological 

systems: 

1. Synthesis of Alkenes 

Alkenes are valuable synthetic intermediates and are commonly prepared 

via E2 reactions from alkyl halides using strong bases. 

Example: 

CH₃CH₂Br + NaOEt → CH₂=CH₂ + EtOH + NaBr 

2. Pharmaceutical Synthesis 

Many drug molecules or their intermediates contain alkenes or aromatic 

systems formed via elimination. Elimination steps are used to install 

double bonds critical for biological activity. 

3. Biological Reactions 

In biochemistry, elimination mechanisms are seen in enzyme-catalyzed 

reactions, such as the dehydration of alcohols (removal of H₂O) or 

dehydrohalogenation. 

4. Polymers and Materials 

Elimination reactions are used to produce monomers like ethylene and 

propylene, which are polymerized to form plastics like polyethylene and 

polypropylene. 

3.7 Special Elimination Reactions 

Apart from E1, E2, and E1cB, several other elimination types are 

noteworthy: 
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• Thermal or Pyrolytic Eliminations: Like the Chugaev and Cope 

eliminations, which occur at high temperatures and involve cyclic 

transition states. 
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• Dehydration of Alcohols: Acid-catalyzed removal of water to form 

alkenes. Follows E1 for secondary/tertiary alcohols and E2 for 

primary ones. 

• Dehydrohalogenation: Removal of HX from haloalkanes using 

strong base to give alkenes. 

Each of these specialized eliminations provides unique methods for 

introducing double bonds under specific conditions. 

3.8 Summary 

Elimination reactions are central to organic chemistry, providing access to 

unsaturated compounds such as alkenes and alkynes. The choice between 

E1 and E2 pathways depends on the nature of the substrate, the base, 

solvent, and reaction conditions. Mastery of these reactions involves 

understanding mechanistic details, stereochemical outcomes, and 

regiochemical preferences. 

These reactions not only underpin laboratory synthesis but also operate in 

biological and industrial processes, making them indispensable in both 

academic and applied chemistry. A clear grasp of elimination reactions aids 

in predicting reaction outcomes, designing synthetic strategies, and 

solving mechanistic problems in organic chemistry. 

SUMMARY 

Free radical reactions involve species with unpaired electrons and 

proceed through chain mechanisms: initiation, propagation, and 

termination. 

These reactions are typically initiated by heat or light, which homolytically 

cleave bonds to form radicals. 

Common examples include halogenation of alkanes (e.g., chlorination of 

methane). 

Free radicals are highly reactive due to the presence of an unpaired electron, 

making these reactions often less selective. 
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Stabilization of free radicals occurs through resonance or 

hyperconjugation, influencing product distribution. 

Elimination reactions involve the removal of atoms or groups from 

adjacent carbon atoms, forming double or triple bonds. 

The two main types are E1 (unimolecular) and E2 (bimolecular) 

mechanisms. 

E1 involves a carbocation intermediate and proceeds in two steps, favoring 

tertiary substrates and weak bases. 

E2 is a one-step concerted mechanism requiring a strong base and 

antiperiplanar geometry. 

Elimination reactions are important in forming alkenes and alkynes and 

are used in synthetic strategies to introduce unsaturation. 

3.9 Exercise 

 

Long Questions on Free Radical Reactions 

Q.1.Describe the mechanism of free radical halogenation of alkanes. 

Explain the initiation, propagation, and termination steps with suitable 

examples. Discuss the factors affecting the reactivity and selectivity of 

halogenation reactions. 

Q.2.What are free radicals? Describe their formation and stability. Explain 

the role of free radicals in polymerization and autoxidation reactions with 

appropriate mechanisms and examples. 

Q.3.Discuss the factors affecting the stability of free radicals. Compare the 

reactivity of different types of radicals (primary, secondary, tertiary, allylic, 

benzylic). How does this influence product distribution in radical reactions? 

Q.4.Write a detailed note on the industrial and biological significance of 

free radical reactions. Include the role of radical initiators and inhibitors in 

these processes. 
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Q.5, Explain the mechanism of photochemical chlorination and 

bromination of alkanes. Compare the reactivity and selectivity of chlorine 

and bromine in radical reactions. What is the role of activation energy and 

transition state stability? 

3.10. Reference and Suggested Readings 

•  Organic Chemistry by Jonathan Clayden, Nick Greeves & Stuart Warren 

 

 

 

 

 

 

 

  

(2002)., Oxford university press, Oxford

J. March’s Advanced Organic Chemistry: Reactions, Mechanisms 

and Structure by Jerry March (and later editions by Michael B. Smith), 

  (2007)., 

 

  
Wiley Publication House, Hoboken, New Jersey.

•
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BLOCK 2 

ADDITION TO CARBON CARBON MULTIPLE BONDS 

Unit 4 Stereochemical Aspects Of Addition Reactions 

Structure 
4.1 Introduction 

4.2 Objectives: 

4.3 Types Of Addition Reactions And Their Stereochemical Nature 

4.4 Electrophilic Addition to Alkenes 

4.5 Syn and Anti Addition 

4.6 Asymmetric and Stereoselective Addition Reactions 

4.7 Stereochemical Outcomes In Addition To Alkynes 

4.8 Stereochemical Control In Biological Systems 

4.9 Summary 

4.10 Exercise 

4.11Reference and Suggested Readings 

 

4.1 Introduction 

Addition reactions are a measure  class of transformations in organic 

chemistry where two atoms or groups are added across a double or triple 

bond, specifically in alkenes and alkynes. The stereochemical aspects of 

these reactions are of immense importance, as they determine the three-

dimensional arrangement of atoms in the product molecules. The 

stereochemistry plays a crucial and measure  role in the biological activity, 

physical properties, and further reactivity of the molecules formed as an 

adduct. 

Unlike substitution or elimination reactions, where the focus is often on 

regiochemistry or leaving group behavior, addition reactions demand 

careful analysis of how new bonds are formed in space. Whether this 

addition occurs in a syn or anti manner, whether it leads to racemates or 

enantiomerically pure products, or whether the attack is from the top or 

bottom face of a planar molecule—these are all questions of 
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stereochemistry that influence reaction outcomes significantly. This 

chapter explores the underlying principles and various examples that 

highlight the stereochemical features of addition reactions. 

4.2 Objectives: 

To study how addition reactions (electrophilic, nucleophilic, and 

free radical) influence the spatial arrangement of atoms and the 

formation of stereoisomers. 

To analyze the mechanistic pathways leading to syn and anti 

addition and understand how reagent type and reaction conditions 

control stereochemistry. 

To predict the stereochemical configuration of products in addition 

reactions involving alkenes and alkynes using concepts such as 

stereospecificity and stereoselectivity. 

 

4.3 Types Of Addition Reactions And Their Stereochemical Nature 

The nature of addition reactions varies depending on the reagents and the 

unsaturated system involved (typically alkenes or alkynes). Based on the 

type of reactants and mechanisms, we can classify these reactions into 

several categories, each with characteristic stereochemical outcomes. 

4.4 Electrophilic Addition to Alkenes 

Electrophilic addition is one of the most fundamental types of addition 

reactions. Here, an electrophile (such as H⁺ or Br⁺) attacks the electron-

sufficient  double bond of an alkene. 

Stereochemistry of Halogen Addition (e.g., Br₂ or Cl₂) 

When a halogen molecule like Br₂ adds to an alkene, the reaction proceeds 

through a cyclic halonium ion intermediate. This intermediate forces the 
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nucleophile (Br⁻) to attack from the opposite face (anti-addition), leading 

to trans (anti) stereochemistry in the final product. 

For example, the addition of Br₂ to cis-2-butene results in (2R,3R)-2,3-

dibromobutane and (2S,3S)-2,3-dibromobutane, forming a racemic 

mixture. This stereospecific anti-addition is characteristic of halogen 

additions due to the steric hindrance and electronic stability of the 

halonium ion. 

 

Stereochemistry in Hydrohalogenation (e.g., HBr, HCl) 

In simple hydrohalogenation, the addition of HX to alkenes generally 

follows Markovnikov's rule (H⁺ adds to the carbon with more hydrogen, 

X⁻ to the carbon with fewer hydrogens). However, this reaction is not 

stereospecific because it involves a planar(same plane) carbocation 

intermediate. Attack by the nucleophile can occur from either (any)face, 

leading to racemization in chiral centers. 

4.5 Syn and Anti Addition 

The terms syn and anti addition refer to the relative orientation in which 

atoms or groups add to the double or triple bond. 

• Syn (same)Addition: Both groups add to the same face of the π 

bond. 

• Anti(opposite) Addition: The groups add to opposite faces of the π 

bond. 

Examples: 

Hydrogenation of alkenes using metal catalysts (e.g., Pt, Pd) occurs via 

syn addition. The alkene is adsorbed on the catalyst surface and both the 

hydrogen atoms are provided from the same direction. 
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Alkenes are brominated by Br via anti addition due to the formation of a 

bromonium ion. 

 

 

This stereochemical feature is significant in synthesizing stereodefined 

alkane and cyclic systems. 

Stereochemistry of Hydrogenation-Oxidation, Hydroboration-oxidation is 

a two-step process in which an alkene is oxidized to an alcohol. 
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In the first step, borane (BH) is added across the double bond, and then it 

is oxidized with HO/NaOH. 

The hydroboration reaction is syn (same)stereospecific, i.e., hydrogen and 

boron both add to the same face of the alkene. 

• The overall stereochemical result is the formation of an anti-

Markovnikov alcohol with syn addition retained throughout. 

This method is extremely useful in synthesizing enantiomerically pure 

alcohols when chiral alkenes or borane derivatives are used. 

 

4.6 Asymmetric and Stereoselective Addition Reactions 

In modern organic synthesis, controlling the formation of one stereoisomer 

over others is highly desirable. This has led to the development of 

stereoselective and stereospecific addition reactions. 

• Stereoselective reactions produce one stereoisomer in preference 

over others. 
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• Stereospecific reactions always give a specific stereoisomer based 

on the mechanism and the stereochemistry of the starting material. 

Chiral Catalysts in Asymmetric Addition 

The use of chiral catalysts or reagents enables asymmetric induction, 

where one enantiomer is formed preferentially. For example: 

• The Sharpless asymmetric dihydroxylation uses OsO₄ with chiral 

ligands to produce diols with high enantioselectivity. 

 

 

• Asymmetric hydrogenation using chiral Rh or Ru complexes adds 

hydrogen to prochiral alkenes to give optically active products. 

These methods are central to pharmaceutical synthesis where optical purity 

is critical. 

4.7 Stereochemical Outcomes In Addition To Alkynes 
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Alkynes, which contain triple bonds, can also undergo addition reactions. 

However, the stereochemical consequences differ due to the linear 

geometry of the starting material. 

1. Hydrogenation of Alkynes 

• Partial hydrogenation using Lindlar's catalyst results in cis (Z) 

alkenes via syn addition. 

 

• Dissolving metal reduction (e.g., Na/NH₃) leads to trans (E) 

alkenes via anti addition. 
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These reactions are exploited in synthetic strategies to selectively form 

either cis or trans alkenes from alkynes. 

2. Electrophilic Addition of Halogens or Hydrogen Halides 

• Addition of halogens (e.g., Br₂) to alkynes also proceeds via anti 

addition, yielding trans-dihalides. 

• Two equivalents of HX can be added across the triple bond, leading 

to geminal dihalides. Here, the stereochemical outcome is less 

predictable due to intermediate carbocation rearrangements. 

EXAMPLES IN CYCLIC SYSTEMS 

Stereochemical aspects are even more pronounced in cyclic alkenes, where 

the ring limits rotation and enforces specific conformations. 

For example: 

• Bromination of cis-cyclohexene results in trans-1,2-

dibromocyclohexane, due to anti-addition. 

 

• In hydroboration, the syn addition leads to cis-1,2-cyclohexanol 

derivatives, especially when the ring size restricts conformational 

freedom. 

Cyclic systems are valuable in stereochemical studies because they 

provide rigid frameworks that prevent random rotations, making 

stereochemical analysis more straightforward. 
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4.8 Stereochemical Control In Biological Systems 

Nature provides elegant examples of stereochemical control in addition 

reactions through the action of enzymes. Enzymes often catalyze reactions 

in a highly stereospecific manner, due to their chiral active sites. 

For example: 

• Enzymatic hydrogenation of unsaturated fatty acids produces only 

cis-double bonds, which affects membrane fluidity and biological 

activity. 

• Enzymes that catalyze epoxide ring-opening reactions control the 

face of nucleophilic attack, leading to stereospecific formation of 

alcohols. 

These natural models inspire chemists to design artificial catalysts and 

reagents that mimic enzyme precision. 

4.9 Summary 

The stereochemical aspects of addition reactions form a cornerstone of 

organic chemistry, influencing both synthetic strategy and product 

behavior. From simple halogen additions to complex asymmetric 

hydrogenations, understanding how groups add to double and triple 

bonds—on which face, in what orientation, and with what selectivity—is 

critical for controlling reactivity and achieving desired outcomes. 

A comprehensive understanding of syn vs. anti addition, stereoselectivity 

vs. stereospecificity, and the influence of ring structures or catalysts allows 

chemists to build complex molecules with precision. Whether in academic 

research, industrial applications, or pharmaceutical development, the 

stereochemical insights into addition reactions remain a powerful tool for 

modern chemistry. 
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4.10 Exercise 

Multiple Choice Questions  

Q.1. In the addition of halogens (Br₂, Cl₂) to alkenes, the stereochemical 

outcome is generally: 

A) Syn addition 

B) Anti addition 

C) Random addition 

D) No stereospecificity 

Answer: B) Anti addition 

Q.2. Hydroboration-oxidation of alkenes follows: 

A) Markovnikov’s rule, syn addition 

B) Anti-Markovnikov’s rule, anti addition 

C) Anti-Markovnikov’s rule, syn addition 

D) Random stereochemistry 

Answer: C) Anti-Markovnikov’s rule, syn addition 

Q.3. Catalytic hydrogenation of alkenes generally proceeds via: 

A) Anti addition 

B) Syn addition 

C) Free radical mechanism 

D) Carbocation intermediate 

Answer: B) Syn addition 

Q.4. In the oxymercuration-demercuration reaction of alkenes, the 

addition of water follows: 

A) Markovnikov’s rule without rearrangement 

B) Anti-Markovnikov’s rule with rearrangement 
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C) Free radical pathway 

D) Non-stereospecific pathway 

Answer: A) Markovnikov’s rule without rearrangement 

Q.5. Addition of HBr in the presence of peroxide proceeds through: 

A) Carbocation intermediate, syn addition 

B) Free radical pathway, anti-Markovnikov addition 

C) Carbocation intermediate, Markovnikov addition 

D) Concerted syn addition 

Answer: B) Free radical pathway, anti-Markovnikov addition 

Short Answer Questions 

Q.1.What is meant by syn and anti addition in stereochemistry? 

Q.2.Why does halogen addition to alkenes generally lead to anti products? 

Q.3.Differentiate between Markovnikov and Anti-Markovnikov addition 

with examples. 

Q.4.Explain the stereochemistry of catalytic hydrogenation of alkenes. 

Q.5.What is the stereochemical outcome of hydroboration-oxidation 

reaction? 

Long Answer Questions 

Q.1.Explain with mechanisms the stereochemistry of halogen addition to 

alkenes. 

Q.2.Discuss the stereochemical aspects of syn and anti addition with 

suitable examples. 

Q.3.Describe the mechanism and stereochemical features of 

hydroboration–oxidation of alkenes. 

Q.4.Compare the stereochemistry of hydrogenation, halogenation, and 

halohydrin formation. 

Q.5.Write a detailed note on Markovnikov vs Anti-Markovnikov additions 

with stereochemical implications. 
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Unit 5 Addition To Cyclopropane Ring, Hydrogenation Reactions, 

And Related Processes 
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5.1 Introduction 

5.2 Objectives: 

5.3 Addition to Cyclopropane Ring 

5.4 Electrophilic Addition 

5.5 Hydrogenation Reactions 

5.6 Stereochemistry of Hydrogenation 
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5.9 Related Reductive Processes 

5.10Applications in Organic Synthesis 
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5.12 Excercises 

5.13 Reference and Suggested Readings 

 

5.1 Introduction 

The field of organic chemistry comprises a vast array of addition reactions, 

many of which involve strained or unsaturated systems such as 

cyclopropane rings and multiple bonds. The reactivity and stereochemical 

outcomes of the reactions are governed by the structure, ring strain, and 

nature of the reactants involved. Among the  reactions , the addition to 

cyclopropane rings and hydrogenation reactions are particularly notable 

for their  purpose  of utility in organic synthesis and mechanistic 

understanding. 

Cyclopropane, though saturated in the classical sense, possesses high ring 

strain due to angle and torsional strain, making it behave more like an 

alkene in certain reactions. Similarly, hydrogenation reactions, which 

involve the addition of hydrogen (H₂) across multiple bonds, serve as 

essential tools for reducing unsaturated compounds such as alkenes, 

alkynes, and aromatics. These reactions are widely employed in both 



 

42 

MATS Centre for Distance and Online Education, MATS University 

 

ORGANIC 

CHEMISTRY  

II 

laboratory synthesis and industrial processes such as petroleum refining 

and food processing. 

This chapter aims to provide a comprehensive exploration of the chemical 

behavior of cyclopropanes during addition reactions, the mechanistic 

pathways and stereochemistry of hydrogenation, and their related 

processes, including catalytic reduction, heterogeneous and homogeneous 

catalysis, and selective hydrogenation. 

5.2 Objectives: 

To study the unique strain and bonding characteristics of the cyclopropane 

ring that make it susceptible to addition and ring-opening reactions. 

To understand the catalytic hydrogenation process, its stereochemical 

outcomes (syn addition), and the influence of catalysts on reaction 

pathways. 

To relate the structural features of small-ring compounds and unsaturated 

systems to their reactivity in addition and hydrogenation processes, and 

explore their significance in synthetic and industrial chemistry. 

  

 

5.3Addition to Cyclopropane Ring 

Structure and Reactivity of Cyclopropane 

 

Although cyclopropane is a saturated hydrocarbon (C₃H₆), its ring strain—

arising from the 60° bond angles (compared to the ideal tetrahedral angle 
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of 109.5°)—makes it exceptionally reactive. Additionally, the bonding in 

cyclopropane is described by bent or banana bonds, which are more 

reactive than regular sigma bonds. These features impart cyclopropane 

with alkene-like reactivity, allowing it to undergo reactions typically 

associated with double bonds. 

5.4 Electrophilic Addition 

Cyclopropanes can undergo electrophilic addition reactions similar to 

alkenes. For example, treatment of cyclopropanes with halogens such as 

Br₂ or with hydrogen halides like HBr leads to ring opening and formation 

of open-chain halogenated products. 

Cyclopropane + Br₂ → 1,3-dibromopropane 

The mechanism involves the generation of a carbocationic intermediate, 

followed by nucleophilic attack by the halide ion. In substituted 

cyclopropanes, regioselectivity and stereoselectivity become significant, 

depending on the substituents attached to the ring and their ability to 

stabilize the carbocation. 

Nucleophilic Ring Opening 

Cyclopropanes activated by electron-withdrawing groups can also undergo 

nucleophilic attack. For example, donor–acceptor substituted 

cyclopropanes (having one electron-donating and one electron-

withdrawing group) are prone to attack by nucleophiles, leading to ring-

opening reactions that form functionalized open-chain products. 

This kind of chemistry is commonly used in synthesis, particularly in 

forming 1,3-difunctional compounds, which are otherwise challenging to 

construct through traditional methods. 

5.5 Hydrogenation Reactions 

Fundamentals of Hydrogenation 

Hydrogenation is the process of adding molecular hydrogen (H₂) across 

multiple bonds, typically catalyzed by metals such as palladium (Pd), 
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platinum (Pt), nickel (Ni), or rhodium (Rh). The reaction is exothermic and 

is widely used to convert alkenes to alkanes and alkynes to alkenes or 

alkanes, depending on the conditions. 

The mechanism of catalytic hydrogenation generally involves: 

1. Adsorption of hydrogen and the unsaturated compound on the 

catalyst surface. 

2. Dissociation of molecular hydrogen into atomic hydrogen. 

3. Migration of hydrogen atoms to the substrate. 

4. Desorption of the reduced product. 

5.6 Stereochemistry of Hydrogenation 

Hydrogenation reactions typically proceed via syn addition, meaning both 

hydrogen atoms add to the same face of the double or triple bond. This 

stereochemical aspect is particularly important when dealing with cyclic 

compounds or chiral centers, where cis-stereoisomers are predominantly 

formed. 

For example: 

Cis-cyclohexene + H₂ (Pd/C) → Cyclohexane 

This reaction retains the ring configuration and introduces hydrogen from 

the same side, giving a predictable and stereoselective outcome. 

 

5.7 Selective and Partial Hydrogenation 

In cases where partial hydrogenation is desired, such as the conversion of 

an alkyne to a cis-alkene, poisoned catalysts like Lindlar’s catalyst (Pd on 

CaCO₃ with Pb or quinoline) are used. This allows for cis (Z) alkene 

formation without proceeding to the fully saturated alkane. 

RC≡CR' + H₂ (Lindlar's Catalyst) → cis-RCH=CHR' 
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In contrast, dissolving metal reductions (e.g., Na/NH₃) lead to trans (E) 

alkenes, due to an anti-addition mechanism involving radical 

intermediates. The selection of reduction method thus allows for 

stereocontrol in product formation. 

5.8 Hydrogenation of Aromatic Compounds and Special Cases 

Hydrogenation can also be extended to aromatic systems, though it 

typically requires high temperature and pressure and is slower due to the 

resonance stabilization of aromatic rings. Catalysts such as rhodium, 

ruthenium, or Raney nickel are often employed for these reactions. 

For example: 

Benzene + 3H₂ → Cyclohexane (with Ni catalyst at high pressure) 

Partial hydrogenation of polycyclic aromatics (e.g., naphthalene to 

tetralin) is of industrial significance, especially in petrochemical and 

pharmaceutical industries. 

 

5.9 Related Reductive Processes 

Homogeneous Hydrogenation 

Apart from traditional heterogeneous catalysts, hydrogenation can also be 

carried out using homogeneous catalysis, where metal complexes like 

Wilkinson’s catalyst (RhCl(PPh₃)₃) are used. 

These offer several advantages: 
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• Better regio- and stereoselectivity. 

• Possibility of chiral induction using chiral ligands. 

• Use in asymmetric synthesis to produce optically active 

compounds. 

Homogeneous hydrogenation has become a cornerstone in fine chemical 

and pharmaceutical manufacturing, where high purity and controlled 

stereochemistry are essential. 

Transfer Hydrogenation 

This is a variant of hydrogenation where hydrogen donors like formic acid, 

isopropanol, or cyclohexene are used instead of molecular hydrogen. 

Catalysts such as Ru or Ir complexes facilitate the transfer of hydrogen 

from these sources to the substrate. This technique is particularly useful in 

labs where handling gaseous hydrogen may be undesirable. 

 

5.10Applications in Organic Synthesis 

Both cyclopropane ring openings and hydrogenation reactions are 

extensively employed in synthetic organic chemistry. Cyclopropane 

intermediates are used in ring-expansion reactions, construction of natural 

product scaffolds, and as bioisosteres in drug design. Hydrogenation 

reactions are vital in: 

• Reducing C=C and C≡C bonds. 

• Saturating fatty acids and vegetable oils. 

• Reducing functional groups such as nitriles, imines, and ketones 

under specific conditions. 

The stereochemical control offered by hydrogenation reactions is also 

invaluable in the synthesis of chiral drugs and fine chemicals. 

5.11 Summary 
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The chemistry of cyclopropane ring additions and hydrogenation reactions 

demonstrates the delicate interplay between structure, reactivity, and 

stereochemistry in organic transformations. Cyclopropanes, despite being 

saturated, behave similarly to alkenes due to inherent ring strain, allowing 

them to undergo useful electrophilic and nucleophilic addition reactions. 

On the other hand, hydrogenation reactions serve as a robust tool for the 

reduction of unsaturated compounds and can be finely tuned for 

stereoselectivity and chemoselectivity using a wide variety of catalysts. 

Together, these processes form a fundamental part of the organic chemist's 

toolbox, enabling the construction and modification of complex molecules 

with precision and efficiency. With ongoing advances in catalysis and 

green chemistry, these reactions continue to evolve, offering cleaner, safer, 

and more selective options for both academic and industrial applications. 

5.12 Excercises 

 

 

MULTIPLE CHOICE QUESTIONS 

1. The cyclopropane ring undergoes addition reactions because: 

A) It behaves like an aromatic ring 

B) It has high ring strain due to angle compression 

C) It is stabilized by resonance 

D) It undergoes elimination preferentially 

Answer: B) It has high ring strain due to angle compression 

2. The addition of halogens (Cl₂, Br₂) to cyclopropane proceeds through: 

A) Carbocation intermediate 

B) Free radical intermediate 

C) Ring-opening mechanism 

D) Syn addition 

Answer: C) Ring-opening mechanism 

3. Catalytic hydrogenation of alkenes usually involves: 

A) Syn addition of hydrogen on a metal surface 

B) Anti addition of hydrogen atoms 
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C) Radical chain mechanism 

D) Nucleophilic substitution 

Answer: A) Syn addition of hydrogen on a metal surface 

4. Which catalyst is commonly used in hydrogenation reactions? 

A) FeCl₃ 

B) Pd, Pt, or Ni 

C) AlCl₃ 

D) KMnO₄ 

Answer: B) Pd, Pt, or Ni 

5. Which statement is correct regarding cyclopropane? 

A) It is stable like benzene 

B) It undergoes substitution more easily than addition 

C) It behaves like an alkene in many reactions 

D) It does not undergo hydrogenation 

Answer: C) It behaves like an alkene in many reactions 

SHORT ANSWER QUESTIONS 

Q.1.Why is cyclopropane considered to behave like an alkene in chemical 

reactions? 

Q.2.Write a reaction showing the addition of chlorine to cyclopropane. 

Q.3.Explain the stereochemistry of catalytic hydrogenation. 

Q.4.Name two common catalysts used in hydrogenation reactions. 

Q.5.Why is hydrogenation of alkenes considered a syn addition process? 

LONG ANSWER QUESTIONS 

Q.1.Discuss the reactivity of cyclopropane and its addition reactions with 

halogens and hydrogen. 

Q.2.Explain the mechanism of hydrogenation reactions, including the role 

of metal catalysts. 

Q.3.Describe how ring strain in cyclopropane influences its chemical 

behavior compared to larger cycloalkanes. 

Q.4.Write notes on the stereochemical aspects of hydrogenation reactions 

with suitable examples. 
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Q.5.Compare the addition reactions of cyclopropane with those of simple 

alkenes. 

5.13 Reference and Suggested Readings 
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 Wiley & Sons,
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Handbook of Heterogeneous Catalytic Hydrogenation for Organic 
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Unit 6  Regio  And Chemo Selectivity In Addition Reactions 

Structure 

6.1 Introduction 

6.2 Objectives: 

6.3 Regioselectivity: Definition and Importance 

6.4 Mechanistic Basis For Regioselectivity 

6.5 Chemoselectivity: Definition And Relevance 

6.6 Factors Affecting Regio- and Chemoselectivity 

6.7 Applications In Organic Synthesis 

6.8 Summary 

6.9 Excercises 

6.10 Reference and Suggested Readings 

 

6.1 Introduction 

Addition reactions are one of the most fundamental transformations in 

organic chemistry, enabling the incorporation of new functional groups 

across unsaturated bonds such as alkenes, alkynes, and carbonyls. 

However, the complexity of organic molecules, especially those with 

multiple reactive sites, necessitates selectivity in chemical 

transformations. Two critical aspects of selectivity in addition reactions are 

regioselectivity and chemoselectivity. These principles govern where and 

to which functional group a reaction occurs when more than one possibility 

is available. A clear understanding of regio- and chemoselectivity is 

essential for efficient organic synthesis, particularly in the design of drugs, 

natural products, and materials, where precise molecular modifications are 

required without affecting other parts of the molecule. 

6.2 Objectives: 

 To understand how electronic and steric factors determine the 

regioselective and chemoselective outcome of addition reactions. 

  To apply these principles to predict the major product in electrophilic, 

nucleophilic, and radical additions to unsaturated systems.  
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6.3 Regioselectivity: Definition and Importance 

Regioselectivity refers to the preferential formation of one constitutional 

isomer over another when a reaction can produce multiple isomeric 

products. In other words, it defines which position on the molecule the new 

bond will form during an addition reaction. This is particularly relevant in 

molecules where the reactive site is not symmetrical, such as in alkenes or 

alkynes with different substituents on each carbon atom of the double or 

triple bond. 

Examples in Electrophilic Addition to Alkenes 

A classic example of regioselectivity is found in the electrophilic addition 

of hydrogen halides (HX) to unsymmetrical alkenes. According to 

Markovnikov’s rule, the hydrogen atom is added to the carbon with more 

hydrogen substituents, and the halide goes to the more substituted carbon: 

CH3–CH=CH2 + HBr → CH3–CHBr–CH3 (major) + CH3–CH2–CH2Br 

(minor) 

Here, the major product is 2-bromopropane, where Br adds to the more 

substituted carbon, stabilizing the carbocation intermediate through 

hyperconjugation and inductive effects. 

In contrast, anti-Markovnikov addition is observed under radical 

conditions, such as the addition of HBr in the presence of peroxides. This 

reversal occurs due to the different mechanism involving radical 

intermediates that stabilize differently than carbocations. 

 

6.4 Mechanistic Basis For Regioselectivity 

The outcome of regioselective reactions can be rationalized by 

understanding reaction mechanisms, particularly the stability of 

intermediates formed during the process. For example: 
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• Carbocation intermediates in electrophilic additions favor the most 

stable (usually more substituted) carbocation, influencing where 

the next part of the reagent adds. 

• In hydroboration-oxidation, boron adds to the less hindered carbon 

due to steric effects and concerted transition states, leading to anti-

Markovnikov alcohols after oxidation. 

Additionally, resonance effects and inductive effects play a role. In 

conjugated systems like dienes, 1,2- and 1,4-addition products are both 

possible, and the major product depends on conditions like temperature 

(kinetic vs. thermodynamic control). 

6.5 Chemoselectivity: Definition And Relevance 

Chemoselectivity refers to the preferential reaction of a reagent with one 

functional group over others in a molecule containing multiple reactive 

centers. Chemoselective reactions allow selective transformation of one 

group without altering others, which is vital when synthesizing complex 

molecules. 

For instance, a molecule might contain both an alkene and an alkyne, or a 

ketone and an ester. Choosing conditions and reagents that specifically 

target one of these groups is essential for achieving the desired 

transformation without side reactions. 

Examples of Chemoselectivity 

1. Selective Reduction: 

o Sodium borohydride (NaBH₄) selectively reduces 

aldehydes and ketones but not esters or carboxylic acids, 

making it chemoselective. 

o Lithium aluminium hydride (LiAlH₄), on the other hand, is 

more reactive and reduces a wider range of carbonyl 

compounds, requiring more controlled conditions. 

2. Selective Hydrogenation: 
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o In a compound with both a double bond and a nitro group, 

catalytic hydrogenation using Lindlar’s catalyst may 

reduce the double bond without touching the nitro group. 

o Similarly, chemoselective oxidants like PCC oxidize 

alcohols to aldehydes without further oxidation to acids, 

unlike stronger oxidants like KMnO₄. 

3. Functional Group Protection: 

o When chemoselectivity cannot be achieved directly, 

chemists often use protecting groups to mask certain 

functionalities temporarily during multistep synthesis. 

6.6 Factors Affecting Regio- and Chemoselectivity 

Electronic Effects 

Electron-rich and electron-deficient centers in a molecule influence how 

and where a reagent will react. Electrophiles are attracted to electron-rich 

regions, while nucleophiles seek electron-poor regions. This basic 

principle of reactivity underlies many regio- and chemoselective 

outcomes. 

For example, in epoxide ring-opening reactions, a nucleophile under acidic 

conditions attacks the more substituted carbon due to carbocation-like 

transition states, while under basic conditions, it attacks the less hindered 

carbon due to SN2-type mechanism. 

Steric Effects 

Bulky groups around a reactive center can hinder access to certain sites, 

making other positions more favorable for attack. Steric hindrance thus 

affects both regioselectivity and chemoselectivity. 

In hydroboration, the boron atom adds to the less hindered carbon of an 

alkene, which is less sterically congested. This selectivity is driven by both 

steric and electronic considerations. 
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Solvent and Temperature 

Solvent polarity and temperature can alter the reaction pathway and 

intermediate stability, which in turn influences selectivity. For instance, in 

conjugated diene addition: 

• Low temperature favors kinetic control (1,2-addition). 

• High temperature favors thermodynamic control (1,4-addition). 

Similarly, polar protic vs. aprotic solvents can stabilize different 

intermediates or transition states, modifying regio- and chemoselectivity. 

Catalyst Choice 

The use of specific catalysts is central to achieving high selectivity. 

Transition metal catalysts, enzymes, and organocatalysts are often chosen 

for their ability to selectively activate certain bonds or groups in complex 

molecular environments. 

For example, Sharpless asymmetric epoxidation uses a chiral catalyst to 

selectively epoxidize allylic alcohols while leaving other alkenes 

untouched, demonstrating both chemo- and enantioselectivity. 

6.7 Applications In Organic Synthesis 

Selectivity is essential in synthetic chemistry, especially in multi-step 

syntheses of complex natural products, pharmaceuticals, and advanced 

materials. Failure to control selectivity can lead to: 

• Formation of undesired isomers or side products. 

• Need for extensive purification steps. 

• Reduced overall yield and efficiency. 

Regio- and chemoselective strategies are employed in: 

• Synthesis of pharmaceuticals: to install or modify functional 

groups without disturbing sensitive moieties. 
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• Total synthesis of natural products: where multiple functional 

groups are present in close proximity. 

• Polymer chemistry: where selective monomer modifications are 

required. 

• Green chemistry: where minimizing steps and avoiding protecting 

groups leads to more sustainable processes. 

In combinatorial synthesis, where many different molecules are 

synthesized in parallel, selectivity ensures product uniformity and 

reliability. 

Challenges and Modern Approaches 

While regio- and chemoselectivity are well understood in many simple 

systems, challenges remain in: 

• Molecules with multiple similar functional groups. 

• Reactions on densely functionalized scaffolds. 

• Intermolecular vs. intramolecular selectivity conflicts. 

Modern techniques to address these challenges include: 

• Computational modeling to predict reactivity and selectivity. 

• Machine learning algorithms trained on large datasets of reaction 

outcomes. 

• Directed evolution in biocatalysis to improve enzyme selectivity. 

• Photoredox and electrochemical methods that offer new modes of 

activation and control. 

The integration of selectivity principles with sustainability is also 

becoming a priority, ensuring minimal waste and high atom economy in 

chemical processes. 

Regio and chemoselectivity are foundational concepts in organic 

chemistry that enable precision in molecular transformations. 
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Regioselectivity determines where a reaction takes place in molecules with 

multiple possible reactive sites, while chemoselectivity governs which type 

of functional group will react when more than one is present. Mastery of 

these concepts allows chemists to navigate complex synthetic challenges, 

minimize side reactions, and design efficient, high-yielding pathways 

toward desired molecules. 

Understanding the mechanistic underpinnings, including electronic and 

steric factors, intermediate stability, and catalyst effects, is crucial to 

predicting and controlling selectivity. With advancements in catalysis, 

computational chemistry, and green methodologies, the ability to achieve 

exquisite selectivity continues to expand, paving the way for more 

sophisticated, sustainable, and tailored synthetic strategies. 

 

6.8 Summary 

Addition reactions to carbon–carbon multiple bonds involve the breaking 

of π-bonds and formation of new σ-bonds. 

These reactions typically occur in alkenes and alkynes due to the high 

reactivity of their double or triple bonds. 

Electrophilic addition is the most common mechanism, where an 

electrophile attacks the electron-rich π-bond. 

Markovnikov’s rule governs regioselectivity: the electrophile adds to the 

carbon with more hydrogen atoms. 

In the presence of peroxides, anti-Markovnikov addition occurs (e.g., in 

HBr addition). 

Hydrogenation reactions involve the addition of hydrogen across double 

or triple bonds using metal catalysts. 

Halogenation adds halogen atoms (like Br₂ or Cl₂) to unsaturated 

compounds, often giving vicinal dihalides. 

Hydrohalogenation and hydration add HX or H–OH across the double 

bond. 

Alkynes undergo similar additions, often in two steps leading to di-

substituted products. 
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These reactions are widely used in synthetic organic chemistry for 

converting unsaturated compounds into functionalized saturated products. 

6.9 Excercises 

Multiple Choice Questions 

Q.1.Which of the following types of bond is broken during an addition 

reaction to a carbon–carbon multiple bond? 

A. Sigma bond 

B. Pi bond 

C. Both sigma and pi bonds 

D. No bond is broken 

Answer: B. Pi bond 

Q.2.In electrophilic addition to alkenes, the initial attacking species is 

typically a: 

A. Nucleophile 

B. Electrophile 

C. Radical 

D. Carbocation 

Answer: B. Electrophile 

Q.3.According to Markovnikov’s rule, in the addition of HX to an 

alkene, the hydrogen attaches to the carbon: 

A. Bearing more alkyl groups 

B. With more electronegative atoms 

C. Bearing fewer hydrogen atoms 

D. Bearing more hydrogen atoms 

Answer: D. Bearing more hydrogen atoms 

Q.4.Which reagent would lead to anti-Markovnikov addition of HBr 

to an alkene? 

A. HBr in presence of light 

B. HBr with peroxide (ROOR) 

C. HBr in water 

D. HBr in acid 

Answer: B. HBr with peroxide (ROOR) 

Q.5.Hydrogenation of alkenes requires which of the following? 

A. Acid catalyst 

B. UV light 

C. Metal catalyst like Pd, Pt, or Ni 

D. Base 

Answer: C. Metal catalyst like Pd, Pt, or Ni 

Q.6.What is the product of alkene halogenation with Br₂ in an inert 

solvent? 
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A. Alkyl bromide 

B. Alcohol 

C. Vicinal dibromide 

D. Ketone 

Answer: C. Vicinal dibromide 

Q.7.Which intermediate is typically formed in the electrophilic 

addition of HX to an alkene? 

A. Carbanion 

B. Radical 

C. Carbocation 

D. None of the above 

Answer: C. Carbocation 

Q.8.What is the main product when ethene reacts with cold, dilute 

KMnO₄? 

A. Diol 

B. Ketone 

C. Alkane 

D. Carboxylic acid 

Answer: A. Diol 

Q.9.Which type of addition reaction does alkyne undergo with excess 

H₂ in presence of Pd/C? 

A. Partial hydrogenation to alkene 

B. Formation of geminal dihalides 

C. Complete hydrogenation to alkane 

D. Aromatization 

Answer: C. Complete hydrogenation to alkane 

Q.10.Which of the following reactions gives syn-addition products? 

A. Halogenation 

B. Hydrogenation 

C. Hydrohalogenation 

D. Ozonolysis 

Answer: B. Hydrogenation 

Long Questions on Addition to Carbon–Carbon Multiple 

Bonds 

Q.1.Describe the general mechanism of electrophilic addition to alkenes. 

Discuss the Markovnikov's rule and its mechanistic basis using suitable 

examples. How is regioselectivity controlled in such reactions? 

Q.2.Explain the mechanism of hydrohalogenation, hydration, and 

halogenation of alkenes. Provide examples and discuss the stereochemical 

and regioselective outcomes of these reactions. 
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Q.3.What is anti-Markovnikov addition? Explain the mechanism of 

hydroboration-oxidation of alkenes and how it leads to anti-Markovnikov 

alcohol formation. Compare it with acid-catalyzed hydration. 

Q.4.Write a detailed note on the addition reactions of alkynes. How do the 

reactivity and product outcome differ from those of alkenes? Discuss 

hydration, halogenation, and hydrogenation reactions of alkynes with 

examples. 
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7.1 Introduction 

Reduction reactions are indispensable tools in organic chemistry, 

especially for the transformation of carbonyl-containing functional groups 

into their corresponding alcohols or hydrocarbons. Among the various 

reducing agents, metal hydrides play a crucial role due to their efficiency, 

selectivity, and controllability. Metal hydrides such as sodium borohydride 

(NaBH₄) and lithium aluminium hydride (LiAlH₄) are extensively used to 

reduce carbonyl compounds—including aldehydes, ketones, esters, 

carboxylic acids, acid chlorides, and amides—into corresponding alcohols 

or amines. The choice of metal hydride, solvent, temperature, and 

functional group characteristics determines the course and success of the 

reduction. 
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This chapter explores the mechanisms, scope, limitations, and synthetic 

utility of metal hydride reduction processes, focusing on how these 

reagents are employed to selectively reduce a broad range of carbonyl 

compounds and related functionalities. 

7.2 Objectives: 

To understand how metal hydride reagents (e.g., LiAlH₄, NaBH₄) effect 

the reduction of carbonyl-containing functional groups, including 

aldehydes, ketones, esters, acids and nitriles, via hydride transfer to the 

electrophilic carbon. 

To analyse the factors affecting chemoselectivity, stereochemistry and 

reactivity in metal hydride reductions (such as reagent strength, functional-

group tolerance, substrates (saturated vs unsaturated), solvent/medium). 

To apply metal hydride reduction knowledge in synthetic planning — 

choosing appropriate hydride reagents for target reductions and 

understanding limitations (e.g., what functional groups can or cannot be 

reduced under given conditions).  

7.3 Mechanism of Metal Hydride Reduction 

Metal hydride reductions proceed through nucleophilic attack of a hydride 

ion (H⁻) delivered from the reducing agent onto the electrophilic carbon of 

the carbonyl group. The high polarity of the C=O bond due to the 

electronegativity difference between carbon and oxygen renders the 

carbon center susceptible to nucleophilic attack. 

General Mechanism: 

1. Hydride Delivery: The metal hydride transfers a hydride ion to the 

carbonyl carbon. 

2. Formation of Alkoxide Intermediate: The nucleophilic addition 

results in a negatively charged oxygen species (alkoxide). 
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3. Protonation Step: Upon work-up (typically with water or dilute 

acid), the alkoxide is protonated to yield the corresponding alcohol. 

Example: RCHO + NaBH₄ → RCH₂OH 

In this reaction, the aldehyde is reduced to a primary alcohol. Ketones are 

reduced similarly to secondary alcohols. The mechanisms for esters, 

carboxylic acids, and other derivatives follow similar paths but often 

involve multiple hydride transfers or intermediate breakdown steps. 

7.4 Types of Metal Hydride Reducing Agents 

1. Sodium Borohydride (NaBH₄) 

Sodium borohydride is a mild, selective reducing agent commonly used in 

protic solvents such as methanol or ethanol. It is stable in water and 

selectively reduces: 

• Aldehydes 

• Ketones 

It does not significantly reduce esters, carboxylic acids, amides, or nitriles 

under normal conditions, making it useful for chemoselective reductions 

in multifunctional molecules. 

2. Lithium Aluminium Hydride (LiAlH₄) 

LiAlH₄ is a much stronger and more reactive reducing agent. It is reactive 

toward: 

• Aldehydes and ketones → alcohols 

• Esters and acids → primary alcohols 

• Acid chlorides → alcohols or aldehydes (depending on conditions) 

• Amides and nitriles → amines 

Because it reacts violently with water and alcohols, LiAlH₄ reductions are 

performed in dry ether solvents (diethyl ether or THF) under anhydrous 

conditions. 
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3. Diisobutylaluminium Hydride (DIBAL-H) 

DIBAL-H is a selective hydride donor, especially useful for partial 

reductions. For instance: 

• Esters to aldehydes (at low temperature) 

• Nitriles to aldehydes 

This selectivity is advantageous in stepwise syntheses, where over-

reduction must be avoided. 

4. Red-Al (Sodium bis(2-methoxyethoxy)aluminium hydride) 

Red-Al is an alternative to LiAlH₄, with similar reactivity but better 

solubility and safer handling. It is especially useful for: 

• Amide and nitrile reductions 

• Sulfoxide to sulfide transformations 

7.5 Reduction of aldehydes and ketones 

Aldehydes and ketones are easily reduced to their respective primary and 

secondary alcohols. The choice of reducing agent depends on the presence 

of other functional groups and the desired selectivity. 

Example: 

• Butanal + NaBH₄ → Butanol 

• Cyclohexanone + LiAlH₄ → Cyclohexanol 

These reactions are generally fast and proceed under mild conditions. The 

simplicity of this transformation makes it a routine method in labs and 

industries for synthesizing alcohols. 

Stereochemistry Considerations 

In cyclic or chiral ketones, hydride attack can occur from either face of the 

planar carbonyl, leading to diastereomeric alcohols. The stereoselectivity 

can be influenced by: 
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• Steric hindrance 

• Chiral auxiliaries or catalysts 

• Reaction conditions 

This aspect is crucial in asymmetric synthesis, especially in 

pharmaceutical chemistry, where the stereochemistry of the product often 

determines biological activity. 

7.6 Reduction of esters and carboxylic acids 

Esters 

Esters are less reactive than aldehydes and ketones due to resonance 

stabilization and steric hindrance. They typically require LiAlH₄ for 

reduction, yielding two alcohols—one derived from the carbonyl carbon 

and the other from the alkoxy group. 

Example: 

RCOOR' + 4[H] → RCH₂OH + R'OH 

DIBAL-H allows for partial reduction of esters to aldehydes under cold 

conditions (e.g., –78°C), which is synthetically valuable. 

Carboxylic Acids 

Carboxylic acids are even more stable and resistant to nucleophilic attack. 

LiAlH₄ effectively reduces them to primary alcohols, though NaBH₄ 

cannot. These reactions are exothermic and must be carefully controlled. 

Example: 

RCOOH + 4[H] → RCH₂OH + H₂O 

These transformations are useful in converting natural or bio-derived acids 

into alcohols for further functionalization. 

7.7 Reduction of acid chlorides and anhydrides 

Acid Chlorides 
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Acid chlorides are highly reactive and can be reduced with both LiAlH₄ 

and NaBH₄. With NaBH₄, the reduction typically stops at the alcohol stage, 

while LiAlH₄ gives complete reduction. When desired, partial reduction to 

aldehydes can be achieved using DIBAL-H or Rosenmund hydrogenation. 

Acid Anhydrides 

Anhydrides react similarly, and the reduction yields two alcohols, one from 

each acyl group. Selectivity may be harder to control due to symmetrical 

or mixed anhydride forms. 

7.8 Reduction of amides and nitriles 

Amides 

Amides are significantly less reactive due to strong resonance stabilization 

between the nitrogen lone pair and the carbonyl. However, LiAlH₄ can 

reduce them to amines: 

Example: 

RCONH₂ + 4[H] → RCH₂NH₂ 

The reduction often proceeds via an iminium intermediate, followed by 

hydride attack. 

Nitriles 

LiAlH₄ can also reduce nitriles to primary amines, a useful method in the 

synthesis of aliphatic amines. DIBAL-H, as mentioned, can reduce nitriles 

to aldehydes at low temperatures. 

Functional Group Compatibility and Selectivity 

Metal hydride reductions are widely appreciated for their functional group 

tolerance and selectivity. For instance: 

• NaBH₄ can reduce aldehydes and ketones in the presence of esters 

and acids. 
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• DIBAL-H selectively reduces esters and nitriles to aldehydes 

without affecting alkenes or aromatic rings. 

• LiAlH₄, though reactive, can be tuned with solvents or additives 

for selective reductions. 

In multi-functional molecules, this selectivity is crucial for achieving 

targeted transformations without protecting groups. 

Applications in Organic Synthesis 

The reduction of carbonyl groups is pivotal in: 

• Natural product synthesis 

• Drug design and development 

• Fragrance and flavor industries 

• Polymer and material synthesis 

For example, in the synthesis of antibiotics, steroids, and vitamins, precise 

reduction steps are necessary to yield biologically active compounds. 

Metal hydride reductions also serve in modifying natural oils and fats, 

producing fatty alcohols for industrial applications. 

In green chemistry, metal hydride reductions are evolving with milder and 

safer variants, recyclable reagents, and solvent-free conditions. 

 

Limitations and Safety Concerns 

Despite their usefulness, metal hydride reagents present several 

challenges: 

• Reactivity with water and alcohols (especially LiAlH₄), which 

requires dry, inert atmospheres. 

• Exothermicity of reactions, necessitating slow addition and 

temperature control. 
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• Handling hazards, including flammability and causticity. 

Moreover, over-reduction or lack of selectivity can be problematic in 

sensitive molecules, leading to unwanted side products. This highlights the 

importance of choosing the right reducing agent and conditions. 

7.9  Summary 

Metal hydride reductions are foundational in organic chemistry, providing 

powerful tools for transforming carbonyl-containing compounds into 

alcohols, aldehydes, or amines. From the mild selectivity of NaBH₄ to the 

robust reactivity of LiAlH₄ and the fine control offered by DIBAL-H, 

chemists can tailor reduction strategies to meet specific synthetic goals. 

An understanding of the mechanisms, reactivity trends, and compatibility 

of different metal hydrides ensures success in complex molecule synthesis, 

both in academic research and industrial applications. As modern 

chemistry progresses toward safer and greener methodologies, new 

generations of hydride reagents and catalytic alternatives continue to 

expand the scope of these essential reactions. 

7.10 Excercises 

Multiple Choice Questions 

Q.1.Which of the following reagents is most commonly used for the 

reduction of aldehydes and ketones to alcohols? 

a) NaBH₄ 

b) LiAlH₄ 

c) H₂/Pd 

d) Zn/HCl 

Answer: a and b (NaBH₄ or LiAlH₄) 

Q.2.Lithium aluminium hydride (LiAlH₄) can reduce which of the 

following functional groups? 

a) Carboxylic acids 

b) Esters 
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c) Amides 

d) All of the above 

Answer: d) All of the above 

Q.3.Which hydride donor is mild enough to reduce aldehydes and ketones 

but not esters or carboxylic acids? 

a) LiAlH₄ 

b) NaBH₄ 

c) DIBAL-H 

d) Red-Al 

Answer: b) NaBH₄ 

Q.4.Reduction of an ester with DIBAL-H at low temperature (−78 °C) 

gives: 

a) Primary alcohol 

b) Aldehyde 

c) Ketone 

d) Carboxylic acid 

Answer: b) Aldehyde 

Q.5.Which of the following is NOT true about NaBH₄? 

a) It is stable in protic solvents. 

b) It reduces aldehydes faster than ketones. 

c) It reduces carboxylic acids directly. 

d) It can be used in aqueous or alcoholic medium. 

Answer: c) It reduces carboxylic acids directly. 

Short Questions 

1. Differentiate between NaBH₄ and LiAlH₄ in terms of reactivity and 

selectivity. 

2. Why is DIBAL-H preferred for partial reduction of esters to aldehydes? 

3. Explain why NaBH₄ cannot reduce carboxylic acids. 
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8.6 Summary 

8.7 Exercises 
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8.1 Introduction 

The Wittig Reaction, discovered by German chemist Georg Wittig in 1953, 

is one of the most celebrated and powerful tools in organic synthesis for 

the formation of carbon–carbon double bonds (alkenes). It involves the 

reaction of a phosphonium ylide with an aldehyde or ketone, leading to the 

formation of an alkene and a by-product called triphenylphosphine oxide. 

This transformation is highly significant because it provides a method to 

construct alkenes with defined stereochemistry (E/Z) in a predictable and 

controlled manner. The reaction has widespread applications in natural 

product synthesis, pharmaceuticals, and materials science due to its mild 

reaction conditions and high selectivity. 

Formation of the Ylide 

The key reagent in the Wittig reaction is the ylide (or phosphorane), a 

compound that has both nucleophilic and electrophilic character. It is 

typically prepared in two steps: 

1. Synthesis of Phosphonium Salt: 

A triphenylphosphine reacts with an alkyl halide (usually a primary 

halide) via an SN2 reaction to form a phosphonium salt. 

Example: 
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Ph₃P + R–CH₂–Br → [Ph₃P⁺–CH₂R]Br⁻ 

2. Deprotonation to form the ylide: 

A strong base such as n-butyllithium (n-BuLi) or sodium hydride 

(NaH) deprotonates the phosphonium salt to generate the ylide. 

[Ph₃P⁺–CH₂R] + base → Ph₃P=CHR (Ylide) 

There are two types of ylides: 

• Stabilized ylides: Contain electron-withdrawing groups (like 

carbonyls) adjacent to the ylide carbon. These usually give E-

alkenes. 

• Unstabilized ylides: Do not have such groups and tend to give Z-

alkenes. 

Mechanism of the Wittig Reaction 

The Wittig reaction mechanism consists of the following key steps: 

1. Nucleophilic Attack: 

The negatively charged carbon atom of the ylide attacks the electrophilic 

carbonyl carbon of the aldehyde or ketone. This leads to the formation of 

a betaine intermediate (a zwitterionic species). 

2. Formation of Oxaphosphetane: 

The betaine intermediate rapidly cyclizes to form a four-membered ring 

intermediate known as oxaphosphetane. 

3. Decomposition of Oxaphosphetane: 

This intermediate decomposes to yield the alkene product and 

triphenylphosphine oxide (Ph₃P=O). The driving force for this reaction is 

the formation of the strong P=O bond. 

Overall Reaction: 

R₂C=O + Ph₃P=CHR' → R₂C=CHR' + Ph₃P=O 
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This reaction is stereospecific, and the geometry of the alkene formed (E 

or Z) often depends on the type of ylide used and reaction conditions. 

8.2 Objectives  

To understand how a phosphonium ylide reacts with an aldehyde or ketone 

to form an alkene and triphenylphosphine oxide, and to write the reaction 

scheme and mechanism. 

 To analyse factors influencing stereochemistry (E/Z selectivity), reagent 

(ylide) structure, and functional-group compatibility in the Wittig reaction.  

 8.3 Types of wittig reactions 

The Wittig reaction is broadly classified based on the nature of the ylide: 

1. Classical (Unstabilized) Wittig Reaction 

• Uses non-stabilized ylides. 

• Tends to give Z-alkenes. 

• Ideal for simple and small alkyl chains. 

2. Stabilized Wittig Reaction 

• Uses ylides with electron-withdrawing groups (e.g., carbonyl 

groups). 

• Favours E-alkene formation. 

• Offers better control over regioselectivity and stereochemistry. 

3. Semi-Stabilized Wittig Reaction 

• Involves ylides where the substituent is not as strongly electron-

withdrawing (like phenyl groups). 

• Product stereochemistry may vary depending on temperature and 

solvent. 

Stereoselectivity and Regioselectivity 
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Stereoselectivity in the Wittig reaction is a major concern, especially in 

complex molecule synthesis. The Z/E ratio can be influenced by: 

• Nature of ylide (stabilized vs. unstabilized) 

• Steric effects of substituents 

• Reaction temperature 

• Solvent polarity 

General Trends: 

• Unstabilized ylides → Prefer Z-alkenes 

• Stabilized ylides → Prefer E-alkenes 

The Horner–Wadsworth–Emmons (HWE) reaction is a variant of the 

Wittig reaction that improves E-selectivity using phosphonate-stabilized 

carbanions instead of ylides. 

8.4 Scope of wittig reaction 

The Wittig reaction works effectively with a wide range of aldehydes and 

ketones, though aldehydes are more reactive. Substituents on the carbonyl 

compound can affect the reaction rate and selectivity. 

Aldehydes: 

• React faster than ketones. 

• Provide higher yields and better stereocontrol. 

Ketones: 

• Less reactive. 

• Sometimes require elevated temperatures or stronger ylides. 

Functional Group Tolerance: 

The Wittig reaction is mild and selective, meaning that other functional 

groups like alcohols, ethers, or esters generally remain untouched. This 
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makes it an excellent tool in multi-step synthesis where functional group 

compatibility is crucial. 

8.5 Applications in organic synthesis 

The Wittig reaction is a cornerstone in the synthesis of natural products, 

drugs, and complex organic molecules. Its ability to introduce alkenes with 

precise stereochemistry makes it indispensable. 

Examples: 

1. Vitamin A synthesis: The final step in the industrial synthesis of 

Vitamin A involves a Wittig reaction to install a long conjugated 

alkene chain. 

2. Synthesis of pheromones and fragrances: Many compounds with 

double bonds in precise locations are synthesized via the Wittig 

reaction. 

3. Pharmaceutical Intermediates: Key structural motifs in antibiotics, 

anticancer agents, and other bioactives often rely on Wittig 

transformations for the installation of alkenes. 

Limitations of Wittig Reaction 

Despite its advantages, the Wittig reaction has some limitations: 

• Low atom economy: Triphenylphosphine oxide is a significant by-

product that is not easily recyclable and can complicate 

purification. 

• Reactivity of ketones: As mentioned, ketones are less reactive than 

aldehydes. 

• Moisture sensitivity: Ylides, especially unstabilized ones, are 

sensitive to moisture and must be handled under dry conditions. 

• Stoichiometric waste: One equivalent of phosphorus compound is 

consumed for every alkene formed. 



 

76 

MATS Centre for Distance and Online Education, MATS University 

 

ORGANIC 

CHEMISTRY  

II 

These limitations have spurred the development of modified Wittig 

protocols and catalytic alternatives, including the Horner–Wadsworth–

Emmons reaction and Peterson olefination. 

COMPARISON WITH RELATED REACTIONS 

Reaction Reagent Product 
Alkene 

Geometry 
Notes 

Wittig Ph₃P=CHR 
Alkene + 

Ph₃P=O 

Z (unstabilized), 

E (stabilized) 

Versatile, but 

P=O by-

product 

HWE 
Phosphonate 

ester 

Alkene + 

PO(OR)₃ 
E (mostly) 

Cleaner by-

product 

Peterson 

Olefination 

Si-based 

carbanion 
Alkene Variable 

Eliminates as 

silanol 

 

3.2.5 RECENT ADVANCES 

Contemporary research aims to improve the green chemistry aspect of the 

Wittig reaction. Key advances include: 

• Catalytic Wittig reactions: Using phosphine oxide recycling 

strategies. 

• Solvent-free conditions: For more sustainable synthesis. 

• Microwave-assisted reactions: For faster rates and higher yields. 

• Flow chemistry: Adapting the Wittig reaction to continuous 

synthesis for industrial use. 

These modern adaptations help mitigate the environmental footprint and 

improve scalability for commercial applications. 

8.6 Summary 
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The Wittig Reaction is a foundational transformation in organic chemistry, 

offering an elegant and robust method for constructing carbon–carbon 

double bonds with stereocontrol. Its high chemoselectivity, versatility, and 

adaptability make it an essential tool for organic chemists in both academic 

and industrial settings. Despite limitations like stoichiometric waste and 

moisture sensitivity, the reaction remains highly valuable, with modern 

improvements continuing to expand its scope and sustainability. 

By mastering the mechanisms, types of ylides, and stereochemical 

principles, chemists can effectively employ the Wittig reaction in the 

synthesis of complex molecules, enabling breakthroughs in 

pharmaceuticals, materials, and natural product chemistry. 

8.7 Exercises 

Multiple Choice Questions 

Q.1.The Wittig reaction is primarily used for the synthesis of: 

a) Alcohols 

b) Alkenes 

c) Aldehydes 

d) Ketones 

Answer: b) Alkenes 

Q.2.The reactive species in the Wittig reaction is: 

a) Carbanion 

b) Ylide 

c) Carbocation 

d) Radical 

Answer: b) Ylide 

Q.3.Which of the following is formed as a by-product in the Wittig 

reaction? 

a) CO₂ 

b) Triphenylphosphine oxide (Ph₃P=O) 
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c) Water 

d) Methane 

Answer: b) Triphenylphosphine oxide (Ph₃P=O) 

Q.4.The stereochemistry of the alkene formed in the Wittig reaction 

depends on: 

a) Solvent 

b) Reaction temperature 

c) Type of ylide (stabilized vs unstabilized) 

d) Type of carbonyl compound 

Answer: c) Type of ylide (stabilized vs unstabilized) 

Q.5.Which of the following carbonyl compounds generally reacts faster in 

the Wittig reaction? 

a) Aldehydes 

b) Ketones 

c) Esters 

d) Carboxylic acids 

Answer: a) Aldehydes 

SHORT QUESTIONS 

 What is a phosphorus ylide? How is it prepared? 

 Write the general reaction of the Wittig reaction with an aldehyde. 

 Why does Wittig reaction usually give poor yields with ketones? 

 Explain the role of triphenylphosphine in the Wittig reaction. 

 Differentiate between stabilized and unstabilized ylides. 

LONG QUESTIONS 

Q.1.Describe the mechanism of the Wittig reaction with neat diagrams. 

Explain the formation of betaine and oxaphosphetane intermediates. 
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Q.2.Discuss the effect of stabilized vs unstabilized ylides on the 

stereochemistry (E/Z) of alkenes formed in Wittig reactions. Provide 

examples. 

Q.3.Write notes on the synthetic applications of the Wittig reaction in 

organic chemistry, highlighting its role in alkene synthesis. 

Q.4.Compare and contrast the Wittig reaction with the Horner–

Wadsworth–Emmons (HWE) modification. 

Q.5.Explain the factors influencing the reactivity of carbonyl compounds 

in the Wittig reaction. Why are aldehydes more reactive than ketones? 

8.9 Reference and Suggested Readings 
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9.1 Introduction 

Enolate-based condensation reactions represent a cornerstone in synthetic 

organic chemistry, particularly in the formation of carbon–carbon bonds. 

These reactions rely on the generation and reactivity of enolates, which are 

nucleophilic species formed by the deprotonation of carbonyl compounds 

(commonly aldehydes or ketones) at the alpha-carbon. The negative charge 

on the alpha-carbon is delocalized via resonance with the carbonyl group, 

making enolates highly reactive intermediates. Enolate chemistry 

underpins many classic carbon–carbon bond-forming reactions such as the 

aldol condensation, Claisen condensation, Dieckmann condensation, and 

Michael addition. Understanding the detailed mechanistic pathways of 

these transformations is essential for controlling reaction outcomes in both 

academic and industrial settings. 

 

9.2 Objectives: 
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 To understand how enolate ions, formed by deprotonation of α-carbonyl 

hydrogens, serve as nucleophiles in various condensation reactions (such 

as Aldol condensation, Claisen condensation and Michael addition) and to 

trace the mechanistic steps of C-C bond-formation.  

To analyse the key factors (base strength, substrate structure, enolate 

geometry, reaction conditions) that influence pathway selection (addition 

vs substitution vs dehydration) and control product outcomes in enolate-

based condensations.  

 9.3 Formation and Structure of Enolates 

The enolate ion is typically formed when a carbonyl compound is treated 

with a base, such as sodium ethoxide (EtONa), lithium diisopropylamide 

(LDA), or potassium tert-butoxide. The base abstracts an alpha-hydrogen, 

forming an enolate anion which exists in resonance between two canonical 

forms—one with a negative charge on the carbon (nucleophilic form) and 

the other with a negative charge on the oxygen (basic form). 

CH3–C(=O)–CH2R + Base → CH2=–C(–O⁻)–CH2R ↔ CH3–C(–

O⁻)=CHR 

The reactivity of the enolate can be tuned by choice of base and solvent. 

Strong, bulky bases like LDA in aprotic solvents (e.g., THF) favor kinetic 

enolate formation, while weaker bases and protic solvents tend to form 

thermodynamic enolates. The formation of enolates can also be reversible 

or irreversible depending on reaction conditions. 

 

9.4 Aldol Condensation Mechanism 

Stepwise Mechanism: 

The aldol condensation is a fundamental enolate-based reaction that occurs 

between two carbonyl compounds (aldehydes or ketones) to form β-
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hydroxy carbonyl compounds (aldols), which can further dehydrate to 

form α,β-unsaturated carbonyl compounds. 

1. Enolate Formation: A base deprotonates the alpha-carbon of a 

carbonyl compound to generate an enolate ion. 

2. Nucleophilic Addition: The enolate attacks the carbonyl carbon of 

a second molecule of aldehyde or ketone, forming a tetrahedral 

alkoxide intermediate. 

3. Protonation: The alkoxide is protonated by the solvent or conjugate 

acid to give the β-hydroxy compound (aldol). 

4. Dehydration (optional): Under heat or acid/base catalysis, the aldol 

undergoes elimination of water to form an α,β-unsaturated product. 

The aldol condensation can be either crossed (between different carbonyl 

compounds) or intramolecular (within a single molecule), the latter being 

especially useful in ring-forming reactions. 

 

9.5 Claisen and Dieckmann Condensations 

In contrast to the aldol reaction, which involves aldehydes or ketones, 

Claisen condensation involves two esters or one ester and one ketone 

reacting via enolate formation. 

Mechanism of Claisen Condensation: 

1. Enolate Formation: A strong base (usually the alkoxide 

corresponding to the ester) removes the alpha hydrogen. 

2. Nucleophilic Attack: The enolate attacks the carbonyl carbon of 

another ester molecule. 

3. Tetrahedral Intermediate Collapse: This intermediate eliminates an 

alkoxide ion to form a β-keto ester. 
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4. Proton Transfer: The β-keto ester undergoes proton transfer to form 

an enolate, which is then protonated in the work-up step to give the 

neutral product. 

The Dieckmann condensation is an intramolecular variant of the Claisen 

condensation, typically used to form five- or six-membered cyclic β-keto 

esters. This method is especially useful in natural product and drug 

synthesis where ring construction is vital. 

 

9.6 Michael Addition and Robinson Annulation 

Michael Addition Mechanism: 

The Michael addition is a conjugate addition of an enolate to an α,β-

unsaturated carbonyl compound. It proceeds via a 1,4-addition pathway, 

distinct from the 1,2-addition typical of nucleophilic attack on carbonyl 

groups. 

1. Enolate Generation: The base deprotonates the donor compound 

(typically a β-dicarbonyl compound), forming the enolate. 

2. Conjugate Addition: The enolate attacks the β-carbon of the 

acceptor (usually an enone), leading to bond formation at a position 

away from the carbonyl group. 

3. Protonation and Tautomerization: The intermediate is protonated, 

and keto-enol tautomerism may occur to yield the final product. 

Michael addition reactions are often used as the first step in more complex 

reaction sequences, such as the Robinson annulation, which combines 

Michael addition and intramolecular aldol condensation to form six-

membered rings. 

 

9.7  Mechanistic Nuances and Stereochemical Aspects 

The stereochemistry of enolate reactions is influenced by several factors: 
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1. Base Strength and Bulk: Bulky bases like LDA favor kinetic 

enolate formation (less substituted), while smaller bases favor 

thermodynamic enolates (more substituted, stable). 

2. Solvent Effects: Aprotic solvents (e.g., THF, DME) stabilize 

charged species and favor enolate formation; protic solvents may 

lead to enol formation instead. 

3. Metal Enolates: Lithium, sodium, and potassium enolates have 

different aggregation states and reactivity. Lithium enolates, for 

example, can form dimers or tetramers that affect reactivity. 

4. Chiral Enolates: Asymmetric enolate reactions, especially using 

chiral auxiliaries or catalysts, are widely used for enantioselective 

synthesis of chiral centers. 

The E/Z geometry of the enolate also plays a role in determining the 

stereochemistry of the product, particularly in aldol and Michael reactions. 

 

9.8 Synthetic Applications and Strategy 

Enolate-based condensation reactions are key in constructing polyketide 

backbones, natural products, pharmaceutical intermediates, and 

macrocycles. Their modularity and versatility allow chemists to design 

routes to a vast array of target molecules. 

For example: 

• In the synthesis of flavonoids, aldol condensation reactions are 

used to link aromatic aldehydes with ketones. 

• Claisen condensations are vital in the synthesis of barbiturates, a 

class of drugs with central nervous system activity. 

• Michael additions are used in the synthesis of warfarin and other 

anticoagulants, where selective 1,4-addition is critical. 
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Moreover, tandem and cascade reactions involving enolate intermediates 

increase synthetic efficiency by enabling multi-bond formation in a single 

pot, reducing steps and purification efforts. 

 

9.9 Recent Advances and Green Chemistry Approaches 

Recent research in enolate chemistry has focused on enhancing selectivity, 

efficiency, and environmental sustainability. Some key developments 

include: 

1. Organocatalysis: The use of small organic molecules (like proline) 

to generate enolates in situ has enabled highly enantioselective 

aldol and Michael reactions without the need for metal catalysts. 

2. Flow Chemistry: Enolate condensations are being adapted for 

continuous-flow systems to increase reaction speed, yield, and 

scalability. 

3. Biocatalysis: Enzyme-mediated condensation reactions using 

ketoacid enolates are explored in biosynthetic pathways, 

mimicking nature’s strategies. 

4. Solvent-Free Conditions: Mechanochemical methods and solid-

phase synthesis have been developed for aldol and Claisen 

condensations, minimizing the use of hazardous solvents. 

These advances demonstrate the enduring relevance of enolate chemistry 

in both classical and modern synthetic paradigms. 

 

9.10 Summary 

Enolate-based condensation reactions serve as powerful and versatile tools 

for the formation of C–C bonds, enabling the construction of complex 

organic molecules through diverse mechanistic pathways. From simple 

aldol condensations to intricate Michael additions and Robinson 
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annulations, the underlying chemistry of enolate intermediates allows 

synthetic chemists to design efficient, stereoselective, and functionally rich 

transformations. Continued exploration of enolate chemistry through 

modern catalytic and green methodologies ensures that these reactions will 

remain fundamental components in the synthetic chemist’s toolkit for 

decades to come. 

9.11 Excercises 

 

 

Multiple Choice Questions 

1.Which of the following is the first step in enolate-based 

condensation reactions? 

a) Protonation 

b) Nucleophilic attack 

c) Enolate ion formation 

d) Elimination 

Answer: c) Enolate ion formation 

2.In Aldol condensation, the product obtained after 

dehydration is: 

a) Alcohol 

b) β-hydroxy carbonyl compound 

c) α,β-unsaturated carbonyl compound 

d) Ester 

Answer: c) α,β-unsaturated carbonyl compound 

3.Which base is commonly used to generate enolates in 

Claisen condensation? 

a) NaOH 

b) NaOEt (sodium ethoxide) 

c) NaBH₄ 
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d) LiAlH₄ 

Answer: b) NaOEt 

4.Dieckmann condensation is an intramolecular version of: 

a) Aldol condensation 

b) Claisen condensation 

c) Michael addition 

d) Cannizzaro reaction 

Answer: b) Claisen condensation 

5.Michael addition involves the attack of an enolate on: 

a) Aldehyde 

b) Ketone 

c) Ester 

d) α,β-unsaturated carbonyl compound 

Answer: d) α,β-unsaturated carbonyl compound 

Short Questions 

1. Define enolate ion. How is it formed? 

2. Differentiate between aldol and Claisen condensation. 

3. Write the general mechanism of Aldol condensation. 

4. What is Michael addition? Give an example. 

5. Why is the base used in Claisen condensation generally the same 

alkoxide as the ester group? 

 

Long Questions 

1. Discuss the mechanism of Aldol condensation, explaining the role of 

enolate ion formation, nucleophilic attack, and dehydration. 

2. Explain the Claisen condensation mechanism with an example. How 

is Dieckmann condensation related to it? 
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3. Write notes on Michael addition, explaining the concept of conjugate 

addition and its synthetic importance. 

4. Compare Aldol condensation and Claisen condensation in terms of 

reactants, mechanism, intermediates, and products. 

5. Describe the synthetic applications of enolate chemistry, including 

aldol, Claisen, Dieckmann, and Michael reactions in organic synthesis. 

9.12 Reference and Suggested Readings 

 

Organic Chemistry, (2001)., 

 

 Jonathan Clayden, Nick Greeves & Stuart 

Warren, Oxford University Press, Oxford. 

 

 

  

J. March’s Advanced Organic Chemistry: Reactions, Mechanisms 

and Structure by Jerry March (and later editions by Michael B. Smith), 

  (2007)., 

 

Wiley Publication House, Hoboken, New Jersey.
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BLOCK-04 

Unit10 Pericyclic Reaction 

Structure 

10.1 Introduction 

10.2 Objectives: 

10.3 Fundamental Concepts 

10.4 Types of Pericyclic Reactions 

10.5 Thermal vs Photochemical Conditions 

10.6 Applications in Synthesis 

10.7  Summary 

10.8 Exercises 

10.9 Reference and Suggested Readings 

 

10.1 Introduction 

Pericyclic reactions are a fascinating and highly significant class of organic 

reactions that occur via a concerted mechanism and proceed through a 

cyclic transition state. Unlike stepwise reactions involving intermediates, 

pericyclic reactions proceed in a single step without the formation of ionic 

or radical intermediates. The most distinguishing feature of pericyclic 

reactions is their cyclic redistribution of bonding electrons through a 

transition state where all changes happen simultaneously. These reactions 

are governed by the symmetry of molecular orbitals and are highly 

predictable, thanks to theoretical models like the Woodward–Hoffmann 

rules. Common examples include electrocyclic reactions, cycloadditions, 

sigmatropic rearrangements, and cheletropic reactions. Pericyclic 

reactions are fundamental in both synthetic chemistry and biological 

systems, often providing stereospecific and regioselective pathways to 

complex molecules. 

10.2 Objectives: 
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To study the concerted, cyclic rearrangement mechanisms involving 

delocalized π-electrons and classify them into electrocyclic reactions, 

cycloadditions, sigmatropic rearrangements, and group transfer reactions. 

To use molecular orbital theory and symmetry considerations 

(Woodward–Hoffmann rules) to predict the stereochemical outcomes and 

feasibility of pericyclic reactions. 

10.3 Fundamental Concepts 

Pericyclic reactions occur thermally or photochemically and involve the 

movement of electrons through overlapping orbitals in a closed-loop 

system. The reaction mechanism involves simultaneous bond formation 

and bond breaking, resulting in a cyclic transition state with no ionic or 

radical character. These reactions are characterized by: 

• Concertedness: All bond changes occur in a single step. 

• Cyclic Transition States: Electrons are reorganized in a ring-like 

fashion. 

• Orbital Symmetry Control: Reactivity and stereoselectivity are 

determined by the symmetry of the interacting molecular orbitals. 

• Reversibility: Many pericyclic reactions are reversible and 

equilibrium-driven. 

The theoretical framework to understand and predict these reactions was 

developed by Robert Woodward and Roald Hoffmann, who formulated the 

Woodward–Hoffmann rules. These rules are based on Frontier Molecular 

Orbital (FMO) theory and state that a pericyclic reaction is allowed if it 

proceeds via a transition state with a symmetry-allowed interaction 

between HOMO and LUMO orbitals. 

10.4 Types of Pericyclic Reactions 

1. Electrocyclic Reactions 
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Electrocyclic reactions involve the conversion of a π-bonded system into 

a cyclic σ-bonded product, or vice versa. These reactions typically occur 

in conjugated polyenes and result in ring-opening or ring-closing events. 

• Thermal Ring Closure: For example, 1,3-butadiene can undergo a 

thermal 4π electrocyclic ring closure to form cyclobutene. 

• Photochemical Ring Opening: Light can promote electrons to 

higher energy states, altering the symmetry of the molecular 

orbitals and making the reverse reaction (ring opening) symmetry-

allowed. 

Stereochemistry: The stereochemical outcome (conrotatory or disrotatory 

motion) is governed by the number of π-electrons and whether the reaction 

is thermal or photochemical. 

π-Electrons Thermal Reaction Photochemical Reaction 

4n Conrotatory Disrotatory 

4n + 2 Disrotatory Conrotatory 

 

2. Cycloaddition Reactions 

Cycloaddition reactions involve the formation of a ring through the 

reaction of two or more unsaturated molecules or molecular fragments. 

The most common and classical example is the [4+2] Diels–Alder 

reaction, where a diene reacts with a dienophile. 

• [4+2] Cycloadditions: These involve 4 π-electrons from the diene 

and 2 π-electrons from the dienophile. 

• [2+2] Cycloadditions: Symmetry-forbidden thermally, but allowed 

photochemically. 

• [3+2] Cycloadditions: Common in the formation of five-membered 

heterocycles, e.g., 1,3-dipolar cycloadditions. 
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Cycloadditions are stereospecific, and the relative stereochemistry of the 

reactants is preserved in the product. The Diels–Alder reaction, in 

particular, is widely used in organic synthesis due to its ability to construct 

six-membered rings with high regio- and stereocontrol. 

 

3. Sigmatropic Rearrangements 

Sigmatropic rearrangements are reactions in which a σ-bond adjacent to 

one or more π-systems migrates across the molecule with concurrent shift 

in the π-bonding. The name comes from the σ-bond shifting to a new 

position in the molecule. 

• [1,5]-Hydrogen Shift: A hydrogen atom moves from one carbon to 

another across a conjugated π-system. 

• [3,3]-Rearrangements: Such as the Cope and Claisen 

rearrangements, which involve rearrangement of carbon skeletons 

or introduction of functional groups. 

These reactions are pericyclic because the migration of atoms and 

electrons occurs through a cyclic transition state. The reaction is governed 

by orbital symmetry and typically requires heat to proceed. 

 

4. Cheletropic Reactions 

A cheletropic reaction is a subclass of cycloaddition reactions where a 

single atom (usually sulfur, oxygen, or carbon dioxide) forms two new σ-

bonds with the termini of a π-system. An example is the reaction of sulfur 

dioxide with butadiene to form a sulfolene ring. 

Cheletropic reactions are typically concerted and obey the same symmetry 

rules as other pericyclic reactions. Because the central atom bonds to both 

ends of the π-system, these reactions are very specific and often exhibit 

unique stereochemistry. 
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10.5 Thermal vs Photochemical Conditions 

Whether a pericyclic reaction proceeds thermally or photochemically 

determines the symmetry of the molecular orbitals involved and hence 

whether the reaction is allowed or forbidden. 

• Thermal Reactions: Proceed from the ground state HOMO–LUMO 

interaction. Governed by conservation of orbital symmetry. 

• Photochemical Reactions: Proceed from an excited state HOMO*, 

where an electron is promoted to a higher-energy orbital. The 

symmetry of the orbitals changes, allowing reactions that are 

forbidden thermally. 

This difference accounts for the dramatic variation in reactivity, 

stereoselectivity, and product outcome depending on the reaction 

conditions. 

 

10.6  Applications in Synthesis 

Pericyclic reactions are of immense value in synthetic organic chemistry, 

particularly for their ability to form complex cyclic structures in a 

controlled, stereospecific manner. 

1. Natural Product Synthesis: Pericyclic reactions have been pivotal 

in constructing ring systems found in natural alkaloids, terpenes, 

and steroids. 

2. Diels–Alder in Pharmaceuticals: The Diels–Alder reaction is used 

in the synthesis of prostaglandins, cortisone analogs, and 

antibiotics. 

3. Material Science: Pericyclic reactions are used to synthesize 

conducting polymers, photoresists, and other advanced materials. 



 

94 

MATS Centre for Distance and Online Education, MATS University 

 

ORGANIC 

CHEMISTRY  

II 

Their predictability, mild conditions, and stereochemical control make 

them ideal for designing efficient, environmentally friendly synthetic 

routes. 

Theoretical Models and Woodward–Hoffmann Rules 

The Woodward–Hoffmann rules provide a powerful tool for predicting the 

outcome of pericyclic reactions. These rules use orbital symmetry to 

determine whether a reaction is allowed or forbidden under thermal or 

photochemical conditions. 

The rules can be summarized as: 

• A reaction is thermally allowed if it proceeds through a symmetry-

allowed cyclic transition state. 

• If symmetry-forbidden thermally, it may be photochemically 

allowed, and vice versa. 

By analyzing the FMO (Frontier Molecular Orbital) interaction of the 

reacting species, chemists can predict reaction stereochemistry, feasibility, 

and product orientation with great accuracy. 

10.7 Summary 

Pericyclic reactions, with their elegant cyclic transition states and orbital-

symmetry-governed outcomes, occupy a central role in modern organic 

chemistry. They bridge theory and practice, showing how quantum 

mechanical principles directly influence chemical reactivity. Whether it’s 

forming a six-membered ring in a Diels–Alder reaction or rearranging a 

molecule via a sigmatropic shift, pericyclic reactions enable chemists to 

carry out transformations with remarkable precision, efficiency, and 

control. Their contribution to the synthesis of pharmaceuticals, natural 

products, and materials underscores their continuing importance in both 

academic and industrial research. With further advancements in 

computational chemistry and green chemistry practices, pericyclic 
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reactions are poised to remain at the forefront of sustainable and innovative 

chemical synthesis. 

10.8 Exercises 

 Multiple Choice Questions 

1.Pericyclic reactions proceed through: 

a) Free radicals 

b) Carbocations 

c) Concerted cyclic transition states 

d) Carbene intermediates 

Answer: c) Concerted cyclic transition states 

2.The Diels–Alder reaction is an example of: 

a) Electrocyclic reaction 

b) Cycloaddition 

c) Sigmatropic rearrangement 

d) Ene reaction 

Answer: b) Cycloaddition 

3.Which theory is primarily used to explain stereochemistry 

in pericyclic reactions? 

a) Hammond postulate 

b) Woodward–Hoffmann rules 

c) Huckel’s rule 

d) Transition state theory 

Answer: b) Woodward–Hoffmann rules 

4.In a [3,3]-sigmatropic rearrangement (Claisen 

rearrangement), the shift involves: 

a) One sigma and one pi bond 

b) Two sigma bonds 

c) One sigma bond and two pi bonds 

d) Only pi bonds 

Answer: c) One sigma bond and two pi bonds 

5.Thermal electrocyclic ring closure of hexatriene gives: 

a) Cis-cyclohexene 

b) Trans-cyclohexene 

c) Mixture of cis/trans 

d) Benzene 

Answer: b) Trans-cyclohexene 

Short Questions 

 Define pericyclic reactions and give two examples. 
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 What are the essential features of a pericyclic reaction? 

 Write the mechanism of the Diels–Alder reaction. 

 What are sigmatropic rearrangements? Give one example. 

 Explain the difference between thermal and photochemical 

pericyclic reactions. 

 

Long Questions 

 Discuss the classification of pericyclic reactions with examples: 

electrocyclic, cycloaddition, sigmatropic, and ene reactions. 

 Explain the Woodward–Hoffmann rules and their application in 

predicting stereochemistry of pericyclic reactions. 

 Describe the mechanism and stereochemical outcome of the Diels–

Alder reaction, highlighting its synthetic applications. 

 Explain electrocyclic reactions of conjugated dienes and polyenes 

under thermal vs photochemical conditions. 

 Discuss the importance of pericyclic reactions in organic synthesis, 

with at least three named reactions as examples. 

 

10.9 Reference and Suggested Readings 

 Pericyclic Reactions (1998).,  Ian Fleming,   

 

The Conservation of Orbital Symmetry (2013)., 

 

R. B. Woodward and  

Roald Hoffmann, Academic Press (United States).

  

 

University of Oxford, Oxford.

• Oxford Science Publications, 

•
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Unit 11 Synthetic Applications And Future Perspectives Of 

Pericyclic Reactions 

 

Structure 

11.1 Introduction 

11.2 Objectives: 

11.3 Synthetic Applications in Organic Chemistry 

11.4 Applications in Natural Product Synthesis 

11.5 Industrial and Pharmaceutical Applications 

11.6 Sustainable and Green Chemistry 

11.7 Future Perspectives and Emerging Directions 

11.8 Summary 

11.9 Excercises 

11.10  Reference and Suggested Readings 

11.1 Introduction 

Pericyclic reactions, defined by their concerted and cyclic transition state 

mechanisms, hold a foundational role in organic chemistry. Their 

stereospecificity, regioselectivity, and ability to proceed without the 

formation of reactive intermediates make them exceptionally valuable in 

organic synthesis. From constructing complex molecular frameworks in 

natural products to developing smart materials and pharmaceuticals, 

pericyclic reactions offer chemists a reliable and predictable toolset. 

Moreover, their compatibility with mild conditions and minimal by-

product formation aligns well with green chemistry principles. As the field 

evolves, so do the innovative ways in which these reactions are applied in 

synthetic chemistry and molecular design. 

11.2 Objectives: 
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To understand the role of pericyclic reactions in modern organic synthesis, 

emphasizing their utility in constructing complex, stereospecific, and 

cyclic molecular frameworks efficiently. 

To explore emerging developments and future prospects, such as 

photochemical pericyclic reactions, catalytic control, and applications in 

materials science and drug design. 

11.3 Synthetic Applications in Organic Chemistry 

Pericyclic reactions such as electrocyclic reactions, cycloadditions, 

sigmatropic rearrangements, and cheletropic reactions are all used 

extensively in the synthesis of complex organic molecules. These reactions 

can form multiple bonds and rings in a single step, drastically reducing the 

number of synthetic steps required to reach a target molecule. 

One of the most notable applications is the Diels–Alder reaction, a [4+2] 

cycloaddition, which is used to construct six-membered rings with high 

control over stereochemistry. This reaction has been pivotal in the total 

synthesis of complex natural products such as steroids, terpenes, and 

alkaloids. A prime example is the synthesis of prostanoids, where the 

Diels–Alder reaction is employed to form cyclopentane rings central to the 

molecule's biological activity. 

Electrocyclic reactions are commonly employed to form ring systems from 

conjugated polyenes. They are particularly useful in the synthesis of 

conjugated cyclic compounds, which are important in dyes, sensors, and 

electronic materials. The stereochemical control they offer—determined 

by the number of π electrons and thermal or photochemical conditions—

is critical in achieving the desired isomer in a synthesis. 

Sigmatropic rearrangements, including the Cope and Claisen 

rearrangements, are extremely useful for repositioning substituents or 

introducing new functional groups in a controlled fashion. These 

rearrangements often proceed under thermal conditions and maintain the 
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molecular skeleton while modifying connectivity, making them invaluable 

for scaffold reorganization in total synthesis. 

 

11.4 Applications in Natural Product Synthesis 

One of the most compelling demonstrations of the power of pericyclic 

reactions is their use in natural product synthesis. Natural products, known 

for their structural complexity and biological activity, are often challenging 

targets for synthesis. Pericyclic reactions provide a concise and 

stereoselective means of constructing their complex ring systems. 

For example, the total synthesis of Vitamin D involves a key electrocyclic 

ring-opening reaction that mimics the photochemical transformation that 

occurs in human skin. This shows how pericyclic reactions are not only 

synthetically useful but also reflect biologically relevant processes. 

Another important application is the biosynthesis of steroids and terpenes, 

where sigmatropic rearrangements and cycloadditions play a central role. 

These biosynthetic pathways have inspired synthetic chemists to develop 

biomimetic strategies based on pericyclic logic. The ability of these 

reactions to simultaneously generate multiple stereocenters and create ring 

systems with high precision is indispensable in this domain. 

Moreover, cheletropic reactions are exploited in the construction of sulfur-

containing natural products. The formation of sulfolenes from dienes and 

sulfur dioxide is not only efficient but also reversible, allowing for further 

elaboration of the product in subsequent synthetic steps. 

11.5 Industrial and Pharmaceutical Applications 

Pericyclic reactions have not remained confined to academic or laboratory 

use; they are also extensively employed in industrial and pharmaceutical 

chemistry. Many drug molecules or their intermediates are synthesized 

using pericyclic processes due to their high yields and minimal purification 

requirements. 
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In pharmaceutical development, the Diels–Alder reaction is a favored 

approach for building molecular complexity in a single step. It has been 

used in the synthesis of anti-cancer agents, antibiotics, and anti-

inflammatory drugs. For example, the synthesis of Tamiflu (oseltamivir), 

an antiviral medication, involves a Diels–Alder step to form a six-

membered ring with proper stereochemistry. 

Sigmatropic rearrangements are also harnessed for late-stage 

functionalization of drug-like molecules, enabling the repositioning of 

functional groups without altering the core structure. This is particularly 

beneficial for structure–activity relationship (SAR) studies in drug 

discovery, where subtle changes in molecule structure can significantly 

affect biological activity. 

The predictable nature of pericyclic reactions also aids in combinatorial 

chemistry, where large libraries of molecules are synthesized and screened 

for biological activity. These reactions' efficiency and compatibility with 

automation make them suitable for high-throughput synthetic protocols. 

 

11.6 Sustainable and Green Chemistry 

A key advantage of pericyclic reactions is their atom economy—most of 

the atoms from the reactants are incorporated into the product, leading to 

minimal waste. They also frequently proceed without the need for catalysts 

or reagents, reducing the chemical burden and making them eco-friendly. 

The solvent-free or microwave-assisted versions of pericyclic reactions are 

gaining attention for their alignment with green chemistry principles. 

Reactions like the Diels–Alder can proceed efficiently in water or even 

without solvents, which significantly cuts down on toxic waste and energy 

consumption. 

The photochemical activation of pericyclic reactions also opens up new 

avenues for sustainability. Using light as a clean energy source, 

particularly in the context of photocatalysis, can reduce the need for 
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thermal energy and hazardous initiators. This makes pericyclic reactions 

ideal candidates for sustainable industrial-scale processes. 

As environmental concerns become more pressing, the inherently clean 

and efficient nature of pericyclic reactions will likely ensure their 

expanded adoption in environmentally conscious synthetic strategies. 

 

11.7 Future Perspectives and Emerging Directions 

As organic synthesis becomes increasingly complex and application-

driven, the future of pericyclic reactions lies in their integration with 

modern tools and emerging technologies. 

1. Pericyclic Reactions in Asymmetric Synthesis 

Modern synthetic challenges demand enantioselective methods. Though 

pericyclic reactions are inherently stereospecific, advances in chiral 

auxiliaries, organocatalysts, and chiral Lewis acids have enabled 

asymmetric pericyclic processes. These allow the synthesis of 

enantiomerically pure compounds, crucial for pharmaceutical 

development. 

2. Computational Chemistry and Reaction Prediction 

With the rise of computational chemistry, the prediction and rational 

design of pericyclic reactions have become more precise. Quantum 

chemical calculations and machine learning algorithms are being used to 

predict feasible pericyclic pathways, determine transition state geometries, 

and optimize reaction conditions. This accelerates the development of 

novel synthetic strategies. 

3. Integration with Flow Chemistry 

Pericyclic reactions are increasingly being adapted to continuous-flow 

systems, enhancing safety, scalability, and reaction control. This is 

especially useful for reactions like photochemical cycloadditions, where 

precise light exposure is critical. 
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4. Pericyclic Reactions in Materials Science 

Pericyclic processes are being employed in the design of responsive 

polymers, smart coatings, and molecular switches. The reversibility of 

certain pericyclic reactions (like retro-Diels–Alder) is exploited in creating 

self-healing materials or stimuli-responsive systems. 

5. Biocatalysis and Biomimetic Approaches 

Recent studies are exploring enzyme-catalyzed pericyclic reactions. 

Although rare, some natural enzymes catalyze sigmatropic rearrangements 

and cycloadditions, and synthetic chemists are working to engineer 

enzymes that can catalyze these transformations with high specificity. 

11.8 Summary 

Pericyclic reactions stand as a testament to the power of orbital symmetry 

and concerted reactivity in organic chemistry. Their ability to form 

complex molecular architectures in a controlled and efficient manner has 

revolutionized synthetic approaches across multiple domains—from 

natural product synthesis to pharmaceuticals, materials science, and green 

chemistry. 

Looking ahead, the integration of pericyclic reactions with computational 

tools, sustainable practices, and cutting-edge technologies like flow 

chemistry and photochemistry will continue to expand their applicability. 

As chemists increasingly strive for efficiency, selectivity, and 

environmental responsibility, pericyclic reactions will undoubtedly remain 

at the forefront of innovation and application in organic synthesis. 

11.9 Excercises 

 Multiple Choice Questions 

1.The Diels–Alder reaction is widely used in organic 

synthesis because it: 

a) Produces alkanes directly 

b) Forms six-membered rings with high regio- and stereoselectivity 
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c) Requires free radicals as intermediates 

d) Is only useful under photochemical conditions 

Answer: b) Forms six-membered rings with high regio- and 

stereoselectivity 

2.Which pericyclic reaction is often employed in the synthesis 

of natural products due to its ability to rearrange carbon skeletons? 

a) Electrocyclic reaction 

b) Sigmatropic rearrangement 

c) Ene reaction 

d) Free-radical polymerization 

Answer: b) Sigmatropic rearrangement 

3.Future developments in pericyclic reactions are expected to 

rely heavily on: 

a) Transition-metal catalysis 

b) Computational chemistry and orbital symmetry analysis 

c) Radical chain mechanisms 

d) Carbenoid intermediates 

Answer: b) Computational chemistry and orbital symmetry 

analysis 

4.Which of the following best describes the advantages of 

pericyclic reactions in synthesis? 

a) Multi-step and low selectivity 

b) Concerted, stereospecific, and atom-economical 

c) Requires strong acids and bases 

d) Always photochemical 

Answer: b) Concerted, stereospecific, and atom-economical 

5.In the pharmaceutical industry, pericyclic reactions are 

particularly valuable for: 

a) Large-scale fermentation processes 

b) Building complex heterocyclic and polycyclic scaffolds 
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c) Isolating natural enzymes 

d) Enhancing solubility of salts 

Answer: b) Building complex heterocyclic and polycyclic 

scaffolds 

Short Questions 

1. Mention two advantages of using pericyclic reactions in organic 

synthesis. 

2. How is the Diels–Alder reaction applied in drug and natural 

product synthesis? 

3. Why are pericyclic reactions considered environmentally friendly 

(green chemistry perspective)? 

4. What role does orbital symmetry play in future research of 

pericyclic reactions? 

5. Give an example of a pericyclic reaction used in the synthesis of a 

pharmaceutical compound. 

Long Questions 

1. Discuss the synthetic applications of pericyclic reactions in the 

preparation of natural products, pharmaceuticals, and polymers. 

Provide at least two detailed examples. 

2. Explain the advantages of pericyclic reactions (stereospecificity, 

atom economy, mild conditions) and why they are considered green 

synthetic tools. 

3. Write a detailed note on the Diels–Alder reaction as a 

cornerstone in synthetic organic chemistry. Include modern 

applications in drug design. 

4. Describe the future perspectives of pericyclic reactions, with 

emphasis on photochemical control, computational studies, and 

integration with catalytic systems. 
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5. Compare the traditional use of pericyclic reactions with their 

modern applications in medicinal chemistry and materials science. 

11.10  Reference and Suggested Readings 

  

 Pericyclic Reactions (1998).,  Ian Fleming,   

 

The Conservation of Orbital Symmetry (2013)., 

 

R. B. Woodward and  

Roald Hoffmann, Academic Press (United States).

University of Oxford, Oxford.

• Oxford Science Publications, 

•
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Unit12  Pericyclic Reactions In Biological Systems And Biomimetic 

Chemistry 

Structure 
12.1 Introduction 

12.2 Objectives: 

12.3 Mechanistic Insights and Enzymatic Catalysis 

12.4 Biomimetic chemistry and synthetic applications 

12.5 Challenges and opportunities in research 

12.6 Summary 

12.7 Exercises 

12.8 Reference and Suggested Readings 

 

12.1 Introduction 

Pericyclic reactions, long studied in the context of synthetic organic 

chemistry, also play a critical role in biological systems. These reactions 

occur through a concerted mechanism involving cyclic transition states 

governed by orbital symmetry rules, particularly the Woodward–

Hoffmann rules. In nature, enzymes have evolved to catalyze such 

complex processes with exceptional specificity and efficiency, often under 

physiological conditions. This intersection of pericyclic chemistry and 

biology not only deepens our understanding of natural biosynthetic 

pathways but also inspires biomimetic synthetic strategies in the 

laboratory. Exploring pericyclic reactions in biological systems provides 

insight into the elegance of natural catalysis and opens the door to 

innovative developments in drug design, enzymology, and green 

chemistry. 

 

Examples of Pericyclic Reactions in Nature 

Although once thought to be too complex for biological environments, 

several classes of pericyclic reactions have been discovered to operate 
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naturally, often catalyzed by enzymes or driven by cellular conditions. One 

of the most iconic examples is the Claisen rearrangement, a [3,3]-

sigmatropic rearrangement observed in the biosynthesis of aromatic amino 

acids such as phenylalanine and tyrosine in certain organisms. The 

rearrangement converts chorismate into prephenate via an enzyme-

catalyzed pericyclic pathway. 

Another remarkable example is the Cope rearrangement, which has been 

identified in the biosynthesis of compounds like vitamin K. Although the 

non-enzymatic Cope rearrangement requires high temperatures, nature 

carries it out under mild conditions using specialized enzymes that 

stabilize the transition state, allowing the reaction to proceed at body 

temperature. 

The Diels–Alder reaction, traditionally viewed as a synthetic tool, also 

occurs in biological settings. Diels–Alderase enzymes catalyze the 

formation of cyclohexene rings by a [4+2] cycloaddition, an example 

being the biosynthesis of spinosyn A, an insecticide produced by 

Saccharopolyspora spinosa. These enzymes provide the correct spatial 

orientation and electronic environment to favor cycloaddition, showcasing 

the power of biocatalysis. 

Additionally, electrocyclic reactions are observed in the photoactivation of 

vitamin D. When human skin is exposed to UV light, a 6-electron 

electrocyclic ring-opening occurs, converting 7-dehydrocholesterol into 

pre-vitamin D3, which then undergoes further transformations into active 

vitamin D. This example clearly demonstrates a photochemically driven 

pericyclic reaction in a biological context. 

12.2 Objectives: 

To understand the role of pericyclic reactions in modern organic synthesis, 

emphasizing their utility in constructing complex, stereospecific, and 

cyclic molecular frameworks efficiently. 
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To explore emerging developments and future prospects, such as 

photochemical pericyclic reactions, catalytic control, and applications in 

materials science and drug design. 

12.3 Mechanistic Insights and Enzymatic Catalysis 

Pericyclic reactions in biological systems are often catalyzed by enzymes 

that offer precise control over the stereochemistry and regioselectivity of 

the reaction. These pericyclases function by stabilizing the cyclic transition 

state, often through hydrogen bonding, electrostatic interactions, or 

substrate preorganization. Unlike traditional catalysis involving 

intermediates, these enzymes accelerate concerted reactions by lowering 

activation energy barriers and orienting the substrates in an ideal geometry. 

Enzyme-catalyzed pericyclic reactions do not follow classical acid-base 

catalysis but rely on transition-state stabilization. This stabilization may 

come from the protein environment mimicking the charge distribution of 

the transition state. A prime example is chorismate mutase, which 

facilitates a Claisen rearrangement by binding the substrate in a 

conformation that resembles the transition state, thus reducing the 

activation barrier. 

Another sophisticated example is the enzyme SpnF, which catalyzes an 

intramolecular Diels–Alder reaction in spinosyn biosynthesis. SpnF was 

one of the first identified enzymes that catalyze this reaction, and its 

discovery provided concrete proof that nature uses pericyclic chemistry to 

construct complex natural products. The active site of SpnF promotes the 

required orbital overlap and spatial alignment, ensuring the reaction 

proceeds with high stereoselectivity. 

These findings illustrate how enzyme active sites function as templates 

that enforce pericyclic transition states, guiding the reaction through a 

concerted mechanism that might otherwise be unfavorable under mild 

biological conditions. 

12.4 Biomimetic chemistry and synthetic applications 
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Biomimetic chemistry refers to the design and synthesis of molecules or 

reactions that mimic biological processes. By studying how pericyclic 

reactions occur in nature, chemists have developed laboratory analogs that 

replicate these processes with similar efficiency and selectivity. Such 

biomimetic strategies often aim to achieve sustainable, stereoselective, and 

atom-economical synthesis. 

One successful biomimetic application is the artificial Claisen 

rearrangement, inspired by the enzymatic transformation in aromatic 

amino acid biosynthesis. This has led to the development of chiral 

auxiliaries and Lewis acid catalysts that replicate enzymatic transition-

state control. 

Similarly, the Diels–Alder reaction has been extensively employed in 

synthetic chemistry as a mimic of biological cycloadditions. In many 

natural product syntheses, chemists adopt intramolecular Diels–Alder 

strategies to build complex polycyclic ring systems efficiently. For 

instance, the total synthesis of gibberellins and prostaglandins utilizes 

Diels–Alder steps to mimic the biosynthetic logic found in nature. 

Another area where biomimicry is evident is in the use of foldamers and 

supramolecular catalysts to control pericyclic reactivity. These synthetic 

molecules create confined spaces or “artificial enzymes” that stabilize 

cyclic transition states through hydrogen bonding, π-stacking, or van der 

Waals interactions, much like biological macromolecules do. 

Biomimetic pericyclic chemistry also plays a role in drug design, where 

structural motifs from natural products synthesized via pericyclic 

pathways are replicated or modified to develop therapeutics with improved 

efficacy and stability. 

12.5 Challenges and opportunities in research 

Despite the growing number of known biological pericyclic reactions, the 

identification and mechanistic understanding of these processes remain 

challenging. One major hurdle is the transient nature of pericyclic 
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transition states, which makes them difficult to study using conventional 

spectroscopic techniques. Advanced tools like time-resolved spectroscopy, 

computational modeling, and crystallography of enzyme–substrate 

complexes have provided some insight, but much remains to be explored. 

Furthermore, the design of biomimetic catalysts that match the efficiency 

of natural enzymes is a continuing area of research. While chemists have 

made significant strides, achieving the same level of selectivity and rate 

enhancement as enzymes remains difficult. The exploration of new 

artificial pericyclases, based on peptides, polymers, or metal complexes, is 

a promising area that bridges synthetic and biological chemistry. 

A fascinating frontier is the development of engineered enzymes or 

designer proteins that can catalyze pericyclic reactions. Advances in 

protein engineering, directed evolution, and computational enzyme design 

may soon allow for the creation of customized catalysts that perform 

pericyclic transformations on demand, with applications in biotechnology 

and medicine. 

There is also increasing interest in photoenzymatic catalysis, where light 

is used to drive pericyclic reactions within biological systems. This area 

could open up possibilities for light-activated drugs or molecular machines 

operating through controlled pericyclic events. 

 

12.6 Summary 

Pericyclic reactions, once thought to be confined to synthetic chemistry, 

have firmly established their relevance in biological systems and 

biosynthetic pathways. From Claisen and Cope rearrangements to 

enzymatic Diels–Alder reactions, nature demonstrates an elegant use of 

concerted reactions to construct complex molecules with remarkable 

precision. These discoveries have not only expanded our understanding of 

biochemistry but have also inspired biomimetic strategies that replicate 

biological elegance in the laboratory. 
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The field of pericyclic reactions in biology continues to evolve, with future 

opportunities in enzyme engineering, biomimetic catalyst development, 

and photobiological applications. As our knowledge deepens and 

technology advances, the line between synthetic and biological chemistry 

will continue to blur, guided by the logic and efficiency of pericyclic 

transformations. Through this synergy, chemists aim to develop cleaner, 

smarter, and more sustainable chemical processes, ushering in a new era 

of synthesis deeply rooted in the principles of nature. 

12.7 Excercises 

 Multiple Choice Questions 

1.Which of the following natural products is believed to be 

formed through a Diels–Alder type pericyclic reaction in 

biological systems? 

a) Cholesterol 

b) Vitamin D 

c) Lovastatin 

d) Steroid hormones 

Answer: c) Lovastatin 

2.The enzyme chorismate mutase catalyzes which type of 

pericyclic reaction? 

a) Electrocyclic reaction 

b) Claisen rearrangement ([3,3]-sigmatropic) 

c) Ene reaction 

d) Diels–Alder reaction 

Answer: b) Claisen rearrangement ([3,3]-sigmatropic) 

3.In biomimetic chemistry, pericyclic reactions are often used 

to: 

a) Replace enzymatic processes with acid catalysis 

b) Mimic natural biosynthetic pathways in the laboratory 

c) Create purely inorganic catalysts 
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d) Break down biomolecules 

Answer: b) Mimic natural biosynthetic pathways in the 

laboratory 

4.Which of the following statements about pericyclic 

reactions in biology is NOT true? 

a) They occur via concerted transition states. 

b) Enzymes can accelerate and control their stereochemistry. 

c) They always require photochemical activation. 

d) They can occur spontaneously under physiological conditions. 

Answer: c) They always require photochemical activation. 

5.Which of the following best describes biomimetic 

chemistry? 

a) Artificially reproducing enzymatic strategies for synthesis 

b) Using animals to produce natural products 

c) Breaking down biomolecules into simple precursors 

d) Extracting natural enzymes for laboratory synthesis 

Answer: a) Artificially reproducing enzymatic strategies for 

synthesis 

 

Short Questions 

1. Define pericyclic reactions and mention one example from 

biological systems. 

2. What type of pericyclic mechanism is catalyzed by chorismate 

mutase? 

3. Give an example of a natural product whose biosynthesis involves 

a Diels–Alder type step. 

4. What is meant by biomimetic chemistry? 

5. Why are pericyclic reactions important in biological systems? 

Long Questions 
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1. Discuss the role of pericyclic reactions in biological systems, with 

reference to specific enzymes and natural product biosynthesis. 

2. Explain the mechanism and biological importance of the chorismate 

to prephenate rearrangement as a pericyclic process. 

3. Describe the concept of biomimetic chemistry. How have chemists 

used pericyclic reactions to mimic natural biosynthetic pathways? 

Provide examples. 

4. Compare natural enzymatic pericyclic reactions with their 

laboratory biomimetic counterparts in terms of efficiency, 

stereoselectivity, and conditions. 

5. Write notes on the synthetic applications of biomimetic pericyclic 

chemistry in pharmaceuticals and complex molecule synthesis. 

12.8  Reference and Suggested Readings 
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BLOCK 05 NEWER SYNTHETIC REACTION AND REAGENT 

 

Unit 13 Synthetic Reaction And Reagent 

Structure 

13.1 Introduction 

13.2 Objectives: 

13.3 Types of synthetic reactions 

13.4  Important Reagents in Organic Synthesis 

13.5 Modern Synthetic Reagents and Catalysts 

13.6 Summary 

13.7 Excercises 

13.8 Reference and Suggested Readings 

 

13.1 Introduction 

Synthetic organic chemistry is the discipline that focuses on the 

construction of organic compounds through the systematic use of chemical 

reactions. At the heart of this science are synthetic reactions, which are the 

tools for transforming simple molecules into more complex and valuable 

compounds. These reactions play a vital role in pharmaceuticals, 

agrochemicals, dyes, polymers, and materials science. Synthetic reactions 

involve the making and breaking of covalent bonds, typically through a 

combination of reagents and catalysts under controlled conditions. These 

transformations can be functional group interconversions, carbon-carbon 

bond formation, oxidation-reduction processes, rearrangements, and more. 

Each class of reaction is governed by specific mechanisms, energetics, and 

stereoelectronic considerations. 
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The art of synthesis not only lies in selecting the right reaction but also in 

choosing the right sequence of steps that leads efficiently to the target 

molecule. This planning is known as retrosynthetic analysis, where 

chemists work backward from the product to design the synthetic route. In 

this process, reagents are chosen to carry out specific transformations, and 

their role is often to activate or functionalize a molecule, make or break 

bonds, or selectively protect certain groups. The combination of suitable 

reactions and reagents forms the backbone of synthetic strategy and 

efficiency. 

13.2 Objectives: 

To understand the mechanisms and scope of key organic reactions 

used in synthesis, along with the selection and role of appropriate 

reagents for achieving specific transformations. 

To develop the ability to design synthetic routes by choosing 

suitable reactions and reagents to construct complex organic 

molecules with desired functional groups and stereochemistry. 

13.3 Types of synthetic reactions 

Synthetic reactions are broadly categorized based on the nature of 

chemical transformation. One of the most foundational types is the 

substitution reaction, where one functional group is replaced by another. 

Nucleophilic substitution (SN1 and SN2) and electrophilic substitution 

(common in aromatic compounds) are two major classes. These reactions 

are widely employed for introducing or modifying functional groups in 

organic molecules. 

Another core category is the addition reaction, typically seen in 

compounds with multiple bonds like alkenes and alkynes. In electrophilic 

addition reactions, reagents like halogens (Cl₂, Br₂), hydrogen halides 

(HCl, HBr), or water (in the presence of acids) are added across double or 
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triple bonds. These transformations are central to the synthesis of alcohols, 

alkyl halides, and other derivatives. 

Elimination reactions involve the removal of atoms or groups from a 

molecule, often leading to the formation of a double or triple bond. 

Common examples include the E1 and E2 elimination mechanisms. These 

are critical in creating unsaturation in molecules and are often paired with 

substitution reactions in synthesis. 

Oxidation and reduction reactions are indispensable in organic synthesis. 

They allow for the interconversion between alcohols, carbonyls 

(aldehydes, ketones), acids, and hydrocarbons. For example, alcohols can 

be oxidized to ketones or acids using reagents like PCC, KMnO₄, or CrO₃, 

while reductions can be performed using metal hydrides like NaBH₄ and 

LiAlH₄. 

Rearrangement reactions involve the reorganization of atoms within a 

molecule, typically leading to a more stable or desired isomer. Examples 

include the Beckmann rearrangement, Claisen rearrangement, and the 

Pinacol-pinacolone rearrangement. These are used for ring expansion, 

migration of groups, and building complex architectures. 

 

13.4  Important Reagents in Organic Synthesis 

Reagents are the chemical substances that cause specific transformations 

during a reaction. They can be acids, bases, oxidizing or reducing agents, 

nucleophiles, electrophiles, or complex catalysts. Choosing the correct 

reagent is crucial to ensure selectivity, yield, and safety of the synthetic 

process. 

One of the most commonly used reagents is Grignard reagent (RMgX), 

which is used for forming carbon-carbon bonds. Grignard reagents react 

with carbonyl compounds to form alcohols, making them essential in 

alcohol synthesis. Similarly, organolithium reagents (RLi) serve a 
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comparable purpose but are often more reactive and selective under low-

temperature conditions. 

Hydride donors, such as sodium borohydride (NaBH₄) and lithium 

aluminum hydride (LiAlH₄), are used to reduce aldehydes, ketones, esters, 

and carboxylic acids into alcohols. LiAlH₄ is more reactive and can reduce 

a broader range of compounds, whereas NaBH₄ is milder and more 

selective. 

Oxidizing agents, such as chromium-based reagents (e.g., Jones reagent, 

PCC), permanganate (KMnO₄), and peracids (e.g., mCPBA), are widely 

used to convert alcohols to carbonyl compounds, alkenes to epoxides, or 

to carry out oxidative cleavage. These reagents must be used carefully, 

considering their toxicity and the sensitivity of functional groups. 

Protecting group reagents, such as TBDMSCl, BOC anhydride, or benzyl 

groups, are used to temporarily mask reactive groups in multifunctional 

molecules to allow selective reactions at other positions. This is especially 

important in complex multistep syntheses. 

Acid and base reagents like HCl, H₂SO₄, NaOH, KOH, and organic bases 

like triethylamine (Et₃N) or DBU play roles in catalysis, neutralization, or 

deprotonation processes in reactions. Their strength and solubility 

determine their application in various synthetic environments. 

 

13.5 Modern Synthetic Reagents and Catalysts 

The advancement of organic chemistry has led to the development of 

highly specific and efficient reagents, particularly those involved in 

catalysis. Transition metal catalysts such as palladium (Pd), rhodium (Rh), 

nickel (Ni), and copper (Cu) have revolutionized C-C bond formation via 

cross-coupling reactions like Suzuki, Heck, Sonogashira, and Stille 

reactions. These reactions allow for the formation of biaryl compounds, 

alkynes, alkenes, and other motifs essential in pharmaceutical and material 

chemistry. 
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Organocatalysts such as proline, pyrrolidine, and urea-based catalysts 

provide an environmentally friendly alternative to metal-based reagents. 

These reagents facilitate enantioselective transformations like aldol 

reactions and Michael additions, aligning with the goals of green 

chemistry. 

Photoredox catalysts and electrocatalysts represent the new frontier in 

synthetic reagents. These utilize visible light or electric current to activate 

organic molecules in reactions that were previously inaccessible under 

mild conditions. They open up new pathways for radical chemistry, C–H 

activation, and remote functionalization. 

Another innovation is the use of reagents in flow chemistry, where 

reactions are performed in microreactors instead of traditional batch 

setups. This approach enhances safety and reaction control and is 

particularly useful with hazardous reagents like diazomethane, ozone, or 

peracids. 

Phase-transfer catalysts, such as quaternary ammonium salts, are also 

widely used in synthetic reactions involving immiscible reactants. These 

reagents enhance reaction rates by transporting reactive ions into organic 

phases, enabling reactions like alkylation and nucleophilic substitutions to 

occur more efficiently. 

13.6 Summary 

The field of synthetic reactions and reagents continues to evolve rapidly, 

driven by the demand for complex molecule construction, efficiency, and 

sustainability. The combination of classical and modern reagents enables 

chemists to create intricate molecules with precision. The role of green 

chemistry is becoming increasingly important, pushing for the 

development of reagents that are less toxic, more selective, and 

environmentally benign. 

As computational chemistry, machine learning, and automation integrate 

into synthetic chemistry, the future will see the design of tailor-made 
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reagents for specific transformations. This could include catalysts 

programmed to operate in specific molecular environments or reagents that 

respond to stimuli like light or pH. 

Moreover, biocatalysis and enzyme mimics are emerging as sustainable 

alternatives to traditional reagents. Enzymes and their synthetic mimics 

allow for enantioselective and regioselective transformations under mild 

conditions, reducing waste and improving atom economy. 

Ultimately, mastering synthetic reactions and their associated reagents is 

critical for every chemist. It empowers the design of novel materials, life-

saving drugs, and innovative solutions to modern challenges. A deep 

understanding of how and why reagents work, how reactions proceed, and 

how to select optimal conditions for each transformation remains the 

cornerstone of progress in organic chemistry. 

13.7 Excercises 

 Multiple Choice Questions 

1.Which reagent is commonly used for the oxidation of 

primary alcohols to aldehydes? 

a) KMnO₄ 

b) PCC (Pyridinium chlorochromate) 

c) LiAlH₄ 

d) NaBH₄ 

Answer: b) PCC 

2.Grignard reagents (RMgX) react with carbonyl 

compounds to give: 

a) Alcohols 

b) Aldehydes 

c) Ketones 

d) Esters 

Answer: a) Alcohols 
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3.Which reaction is used for the conversion of alkenes to 

epoxides? 

a) Ozonolysis 

b) Sharpless epoxidation 

c) Wolff–Kishner reduction 

d) Friedel–Crafts alkylation 

Answer: b) Sharpless epoxidation 

4.LiAlH₄ selectively reduces: 

a) Ketones only 

b) Esters, acids, and amides 

c) Alkenes 

d) Nitro compounds only 

Answer: b) Esters, acids, and amides 

5.Which of the following is a synthetic application of 

ozonolysis? 

a) Cleavage of alkenes to carbonyl compounds 

b) Hydrogenation of alkenes 

c) Halogenation of alkanes 

d) Oxidation of alcohols to ketones 

Answer: a) Cleavage of alkenes to carbonyl compounds 

 

Short Questions 

1. Define synthetic reagent. Give two examples. 

2. Differentiate between oxidizing agents and reducing agents with 

examples. 

3. Write the role of Grignard reagents in organic synthesis. 

4. What is the difference between PCC and KMnO₄ as oxidizing agents? 

5. Why is LiAlH₄ more reactive than NaBH₄ in reductions? 
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Long Questions 

1. Discuss the role of reducing agents (NaBH₄, LiAlH₄, DIBAL-H) in 

organic synthesis. Provide mechanisms and examples. 

2. Explain the importance of oxidizing agents such as KMnO₄, PCC, 

and Jones reagent in the transformation of alcohols. 

3. Describe the mechanism and synthetic utility of the Grignard 

reaction. Why is it widely used in carbon–carbon bond formation? 

4. Write detailed notes on the use of ozonolysis and epoxidation 

reactions in synthetic organic chemistry. 

5. Discuss the classification of synthetic reagents into electrophiles, 

nucleophiles, oxidizing agents, reducing agents, and catalysts, 

with suitable examples. 

 

13.8  Reference and Suggested Readings 

   

 
Modern Organic Synthesis: An Introduction  (2017)., George S. Zweifel, 

Michael 

 

 

  

 

 

 

 

 

 

 

 

H. Nantz, Peter Somfai  
Wiley-VCH's, Weinheim, Germany

•

Fiesers' Reagents for Organic Synthesis, (2019)., Tse-Lok Ho • Wiley-VCH's,

Weinheim, Germany



 

122 

MATS Centre for Distance and Online Education, MATS University 

 

ORGANIC 

CHEMISTRY  

II 

Unit 14 Comprehensive Study Of Organic Reactions And Synthetic 

Methodologies 
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14.1 Introduction 

14.2 Objectives: 

14.3.Strategies in Synthetic Methodology 

14.4 Modern Synthetic Techniques and Reagents 

14.5Applications and Outlook 

14.6 Summary 

14.7 Excercises 

14.8  Reference and Suggested Readings 

 

14.1 Introduction  

Organic synthesis is the science of constructing complex organic 

compounds from simpler ones through a series of well-planned chemical 

reactions. This field lies at the heart of organic chemistry and finds 

applications in medicinal chemistry, material science, agrochemicals, dye 

manufacturing, and more. The study of organic reactions and synthetic 

methodologies involves understanding how molecules behave, how bonds 

are formed or broken, and how functional groups are interconverted. A 

comprehensive grasp of organic reactions is essential to design efficient, 

selective, and innovative synthetic routes to desired compounds. 

Synthetic methodologies refer to strategic approaches and techniques 

applied to achieve chemical synthesis with maximum efficiency and 

selectivity. These include step-by-step transformations (linear synthesis), 

combining different molecules into a single product (convergent 

synthesis), and methods that provide control over stereochemistry and 
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regiochemistry. The modern chemist aims to carry out these syntheses with 

a focus on atom economy, sustainability, and scalability. 

Types and Mechanisms of Organic Reactions 

Organic reactions are classified into five major categories based on the 

type of transformation: 

1. Addition Reactions – These involve the addition of atoms or groups 

to a molecule, typically across multiple bonds like alkenes and 

alkynes. Common examples include hydrogenation, halogen 

addition, hydrohalogenation, and hydration. These reactions are 

crucial in converting unsaturated compounds to saturated or 

functionalized products. 

2. Substitution Reactions – In these reactions, one atom or group in a 

molecule is replaced by another. These can be nucleophilic (SN1 

and SN2), electrophilic (SEAr for aromatic systems), or radical in 

nature. They are essential for modifying molecular frameworks and 

introducing functional groups. 

3. Elimination Reactions – These reactions remove atoms or groups 

from a molecule, often forming π bonds in the process. The E1 and 

E2 mechanisms are widely studied, with applications in generating 

alkenes and alkynes from saturated precursors. 

4. Rearrangement Reactions – Rearrangements involve the migration 

of atoms or groups within a molecule to yield isomeric products. 

These are often intramolecular and include reactions like the 

Beckmann, Wagner–Meerwein, and Claisen rearrangements. 

Rearrangement reactions are useful for ring expansions, skeletal 

reorganizations, and shifting functional groups. 

5. Redox Reactions (Oxidation and Reduction) – These involve 

electron transfer and changes in the oxidation state of atoms. 

Oxidations typically involve converting alcohols to aldehydes, 

ketones, or acids, while reductions reverse this transformation. 
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Common oxidants include PCC, KMnO₄, and chromates, while 

reductants include NaBH₄, LiAlH₄, and catalytic hydrogenation. 

Mechanistically, reactions may proceed via radical pathways, ionic 

pathways, or concerted mechanisms. Understanding the energy profiles 

and transition states is essential to predict and manipulate these reactions. 

Reaction mechanisms also provide insight into stereochemistry, 

regioselectivity, and kinetic vs thermodynamic control. 

14.2 Objectives: 

To understand the fundamental principles and mechanisms of organic 

reactions, including substitution, addition, elimination, rearrangement, and 

pericyclic processes that form the basis of organic synthesis. 

To integrate reaction knowledge into synthetic design, enabling the 

strategic selection of reagents and methodologies for constructing complex 

organic molecules efficiently and selectively. 

To explore modern synthetic strategies and methodologies, including 

multistep synthesis, green chemistry approaches, and the use of catalysis 

in developing sustainable organic transformations. 

 

 

14.3.Strategies in Synthetic Methodology 

Synthetic methodology encompasses the planning and execution of 

chemical synthesis, balancing the need for yield, selectivity, and 

sustainability. There are several strategies: 

1. Retrosynthetic Analysis 

This is the cornerstone of synthetic planning. Developed by E.J. Corey, it 

involves breaking down the target molecule into simpler precursors 

through a series of disconnections. The idea is to simplify the structure 
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step-by-step until commercially available or easily accessible starting 

materials are reached. The process includes identifying functional group 

interconversions (FGIs), strategic bonds for disconnection, and synthetic 

equivalents. 

2. Functional Group Interconversion (FGI) 

FGIs allow transformation between various functional groups, enabling 

further synthetic steps. For instance, alcohols can be oxidized to aldehydes 

or ketones, or converted to halides, esters, or ethers. These 

interconversions are crucial for flexibility in route design. 

3. Chemoselectivity and Regioselectivity 

Chemoselectivity refers to the preference of a reaction for one functional 

group over others in a molecule, while regioselectivity refers to the 

preference for reaction at one site over another. These principles ensure 

that reactions occur only where desired, minimizing side reactions. Use of 

protecting groups, selective reagents, and controlled conditions help 

achieve these goals. 

4. Stereoselectivity and Stereospecificity 

Modern synthesis often requires controlling the 3D orientation of products, 

particularly in pharmaceuticals. Enantioselective and diastereoselective 

reactions use chiral catalysts, auxiliaries, or reagents to produce specific 

isomers. Asymmetric synthesis is key to preparing biologically active 

compounds with high efficacy. 

5. Convergent vs Linear Synthesis 

In linear synthesis, the product is formed by sequentially adding functional 

groups or fragments in a straight line. In convergent synthesis, multiple 

complex fragments are synthesized separately and then combined in a final 

step. Convergent synthesis often leads to higher overall yields and 

efficiency. 
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14.4 Modern Synthetic Techniques and Reagents 

With advancements in technology and understanding of chemical 

reactivity, synthetic methodologies have become more refined and diverse. 

Transition Metal Catalysis 

Palladium-, copper-, and nickel-catalyzed reactions have revolutionized 

C–C and C–N bond formation. Reactions like Suzuki coupling, Heck 

reaction, and Sonogashira coupling are staples in synthetic organic 

chemistry. These reactions proceed under mild conditions, are often 

tolerant of various functional groups, and offer excellent yields. 

Organocatalysis 

Using small organic molecules such as proline or cinchona alkaloids as 

catalysts, organocatalysis enables enantioselective synthesis without the 

need for metals. It is a greener alternative that aligns with sustainable 

chemistry principles. 

Green Chemistry Methods  

The focus of modern synthesis is on catalytic over stoichiometric 

procedures, atom economy, the use of water or safe solvents, and the 

decrease of dangerous chemicals. Methods including solvent-free 

conditions, ultrasonic processes, and microwave-assisted synthesis are 

becoming more and more common.  

Electrochemical Synthesis and Photoredox  

New synthetic pathways have been made possible by the use of electricity 

and light to drive reactions. These techniques make it possible to produce 

radicals in mild environments and encourage special transformations like 

C-H activation that were previously challenging to achieve with 

conventional techniques. 

Flow Chemistry 
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Instead of batch reactions, flow chemistry uses continuous reactors for 

performing chemical reactions. This allows for better control over reaction 

parameters, higher safety with hazardous reagents, and ease of scale-up. 

 

14.5Applications and Outlook 

Organic synthesis and its methodologies are central to the 

development of drugs, dyes, polymers, and advanced materials. In drug 

discovery, synthetic chemistry enables the creation of novel molecules that 

interact with biological targets. Structure-activity relationships (SAR) and 

lead optimization depend on the ability to modify molecular frameworks 

selectively and efficiently. 

In material science, synthetic routes lead to the formation of polymers, 

liquid crystals, and nanomaterials with tailored properties. Functionalized 

organic molecules serve as components in sensors, LEDs, solar cells, and 

more. 

Automation, AI-driven synthesis planning, and interaction with 

biological systems are anticipated to be the main areas of future 

advancements in synthetic techniques. Today's chemists can anticipate 

effective synthetic paths for complicated compounds because to 

technologies like computer-aided retrosynthesis and machine learning. 

Innovation will be fueled by sustainable chemistry, which will push for 

techniques that use renewable feedstocks and reduce waste.  

 Biocatalysis, or the fusion of synthetic chemistry and biological, is 

also becoming more popular. By fusing the inventiveness of organic 

synthesis with the selectivity of biological systems, enzymes are being 

designed to carry out non-natural processes. 

14.6 Summary 

The comprehensive study of organic reactions and synthetic 

methodologies equips chemists with the tools to design and build complex 

molecules with precision. From foundational reaction types to cutting-
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edge catalysis, synthetic organic chemistry continues to evolve, fueled by 

technological innovation and the growing need for sustainable practices. 

Understanding the principles of reaction mechanisms, reactivity, 

selectivity, and strategic planning is essential for anyone aspiring to 

contribute to the vast and impactful world of chemical synthesis. 

14.7 Excercises 

 Multiple Choice Questions 

1.The Retrosynthetic analysis approach was introduced by: 

a) Linus Pauling 

b) E.J. Corey 

c) Robert Woodward 

d) R.B. Merrifield 

Answer: b) E.J. Corey 

2.The Wittig reaction is mainly used for the synthesis of: 

a) Alcohols 

b) Alkenes 

c) Ketones 

d) Carboxylic acids 

Answer: b) Alkenes 

3.Which of the following is a C–C bond forming reaction? 

a) Aldol condensation 

b) Wolff–Kishner reduction 

c) Clemmensen reduction 

d) Ozonolysis 

Answer: a) Aldol condensation 

4.Which of the following is a green synthetic methodology? 

a) Use of PCC for oxidation 

b) Phase-transfer catalysis 

c) Use of stoichiometric metal hydrides 
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d) Free radical halogenation 

Answer: b) Phase-transfer catalysis 

5.The key advantage of modern synthetic methodologies like 

organocatalysis is: 

a) High toxicity 

b) Use of non-metal, eco-friendly catalysts 

c) Requirement of extreme conditions 

d) Non-selective product formation 

Answer: b) Use of non-metal, eco-friendly catalysts 

 

Short Questions 

1. Define synthetic methodology. Why is it important in organic 

chemistry? 

2. What is retrosynthetic analysis? Give one example. 

3. Write the mechanism of Aldol condensation briefly. 

4. Differentiate between functional group interconversion and 

carbon–carbon bond forming reactions. 

5. Give two examples of green synthetic methodologies. 

 

Long Questions 

1. Discuss the principles of retrosynthetic analysis and its application 

in the synthesis of complex organic molecules. 

2. Explain C–C bond forming reactions such as Aldol condensation, 

Claisen condensation, and Michael addition with mechanisms and 

examples. 

3. Write detailed notes on the role of reagents (oxidizing agents, 

reducing agents, and organometallics) in synthetic methodologies. 
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4. Compare traditional synthetic approaches with modern 

methodologies (organocatalysis, green chemistry, flow chemistry, 

asymmetric synthesis). 

5. Discuss the applications of synthetic methodologies in drug 

discovery, polymer chemistry, and natural product synthesis. 

14.8  Reference and Suggested Readings 

 

Strategic Applications of Named Reactions in Organic Synthesis (2005)., 
 

 

•

    

J. March’s Advanced Organic Chemistry: Reactions, Mechanisms, and 

Structure by Jerry March (and later editions by Michael B. Smith),  (2007).,  

  
Wiley Publication House, Hoboken, New Jersey.

Laszlo Ku rti, Barbara Czako, Elsevier Science, Amsterdam, Netherlands

•
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Unit 15 Hydride Transfer Reagents And Specialized Organic Reagents 

 

Structure 
15.1 Introduction 

15.2 Objectives: 

15.3 Mechanism of Hydride Transfer Reactions 

15.4 Common Hydride Transfer Reagents 

15.5. Specialized Organic Reagents in Synthesis 

15.6 Chemoselectivity, Regioselectivity, and Stereoselectivity in 

Reagent Use 

15.7Applications in Organic Synthesis and Industry 

15.8 Safety, Environmental, and Practical Considerations 

15.9 Summary 

15.10 Exercises 

15.11  Reference and Suggested Readings 

 

15.1 Introduction 

Transferring particular atoms or functional groups with great efficiency 

and selectivity is frequently necessary for organic synthesis. Delivering a 

hydride ion (H⁻) to a substrate, usually by reducing polar functional groups 

such as aldehydes, ketones, esters, and carboxylic acids, is one of the most 

basic reactions.  

In organic synthesis, hydride transfer reagents are essential for 

accomplishing reduction operations under carefully monitored 

circumstances. In a similar vein, specific organic reagents are made or 

chosen to carry out certain transformations that are difficult to do with all-

purpose reagents. These reagents frequently aid in the introduction of 

particular groups, the regulation of stereochemistry, or the facilitation of 

otherwise challenging reactions. 

15.2 Objectives: 
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To understand the principles and mechanisms of hydride transfer reactions, 

focusing on common reagents such as LiAlH₄, NaBH₄, and other selective 

hydride donors used in organic reductions. 

To study the role and design of specialized organic reagents, including 

their reactivity, selectivity, and application in complex synthetic 

transformations for achieving chemo-, regio-, and stereoselectivity. 

 

15.3 Mechanism of Hydride Transfer Reactions 

Hydride transfer involves the delivery of an H⁻ ion to an electrophilic 

center, commonly the carbon of a carbonyl group. The carbon atom in a 

carbonyl compound is electrophilic due to the polarized C=O bond. 

Hydride reagents attack the carbon, breaking the π-bond and forming an 

alkoxide intermediate, which is then protonated to yield the corresponding 

alcohol. 

This process is nucleophilic reduction, and depending on the reducing 

agent used, it can be highly selective for one functional group over others. 

The reactivity and selectivity depend on the strength of the hydride donor, 

steric hindrance, reaction conditions, and the nature of the substrate. 

15.4 Common Hydride Transfer Reagents 

a) Sodium Borohydride (NaBH₄) 

Sodium borohydride is a mild, selective reducing agent that reduces 

aldehydes and ketones but is generally unreactive toward esters, acids, and 

amides. It is soluble in water and alcohols, which makes it easy to use. 

• Reaction scope: Aldehydes, ketones → primary or secondary 

alcohols 

• Advantages: Safe, inexpensive, easy to handle 

• Limitations: Poor reactivity with esters, carboxylic acids 
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b) Lithium Aluminium Hydride (LiAlH₄) 

This is a much more reactive and stronger hydride donor compared to 

NaBH₄. It reduces a broader range of carbonyl compounds including 

esters, carboxylic acids, and amides. 

• Reaction scope: Reduces aldehydes, ketones, esters, acids, nitriles, 

amides 

• Solvent: Must be used in dry ether due to reactivity with water 

• Limitations: Requires anhydrous conditions, reacts violently with 

moisture 

c) Diisobutylaluminium Hydride (DIBAL-H) 

DIBAL-H is a selective reducing agent capable of reducing esters and 

nitriles to aldehydes under controlled conditions. 

• Selectivity: Reduces esters → aldehydes (at low temperatures) 

• Utility: Very useful for stepwise reduction 

• Conditions: Requires careful control of temperature and 

stoichiometry 

d) Red-Al (Sodium bis(2-methoxyethoxy)aluminum hydride) 

This is a soluble and less reactive alternative to LiAlH₄ that can be used 

under milder conditions. It provides a safer reduction profile with 

comparable results. 

 

15.5. Specialized Organic Reagents in Synthesis 

Beyond simple hydride transfer, organic synthesis employs a wide variety 

of specialized reagents tailored to accomplish specific chemical 

transformations. These include reagents for oxidations, electrophilic 

additions, carbon-carbon bond formation, rearrangements, and selective 

protection or deprotection steps. 
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a) Organolithium and Grignard Reagents 

These reagents are nucleophilic organometallic compounds that are widely 

used in carbon-carbon bond-forming reactions. 

• Grignard reagents (RMgX) react with aldehydes, ketones, esters to 

yield alcohols. 

• Organolithium reagents (RLi) are even more reactive and are used 

in a wide range of transformations, including metal-halogen 

exchange and directed ortho-lithiation. 

These reagents are extremely moisture-sensitive and require strict 

anhydrous conditions. 

b) Wittig Reagent 

Used for the conversion of carbonyl compounds to alkenes. It involves the 

reaction of a phosphonium ylide with aldehydes or ketones. 

• Reaction: R₂C=O + Ph₃P=CHR → R₂C=CHR + Ph₃P=O 

• Applications: Synthesis of alkenes with controlled stereochemistry 

• Advantage: Predictable E/Z selectivity 
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c) Reagents for Selective Oxidation 

Some reactions require mild and selective oxidation. Examples include: 

• PCC (Pyridinium chlorochromate): Oxidizes primary alcohols to 

aldehydes without further oxidation to acids. 

• Dess–Martin Periodinane (DMP): A milder alternative to PCC with 

high selectivity. 

• Swern oxidation: A mild method for converting alcohols to 

aldehydes or ketones using DMSO and oxalyl chloride. 

d) Reagents for Functional Group Interconversion 

• Tosyl chloride (TsCl): Converts alcohols to tosylates, making them 

better leaving groups. 

• Thionyl chloride (SOCl₂): Converts alcohols to alkyl chlorides. 

• PBr₃: Used for converting alcohols to alkyl bromides. 

These reagents are used to modify functional groups for further reactions 

or to activate them. 
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15.6 Chemoselectivity, Regioselectivity, and Stereoselectivity in 

Reagent Use 

Specialized reagents are often chosen for their ability to act selectively: 

Chemoselectivity 

For instance, NaBH₄ will selectively reduce aldehydes over esters in a 

compound that contains both functionalities. Similarly, protecting groups 

can be introduced to shield sensitive functionalities during multi-step 

synthesis. 

Regioselectivity 

Certain reagents react at specific positions on a molecule. For example, 

directed ortho-lithiation uses organolithium reagents to lithiate at the ortho 

position of aromatic compounds relative to a directing group. 

Stereoselectivity 

Some reagents are chiral or operate in chiral environments, allowing them 

to deliver products with defined stereochemistry. The use of chiral boron 

hydride reagents in enantioselective reductions is a classic example. 

15.7Applications in Organic Synthesis and Industry 

There are numerous uses for specialized organic reagents and hydride 

transfer reagents in the production of: 

• Pharmaceuticals – Used in the synthesis of APIs (active 

pharmaceutical ingredients), especially in introducing alcohols, 

amines, and stereocenters. 

• Natural Products – Many complex natural products require site-

selective reductions or carbon–carbon bond formations, which 

these reagents facilitate. 
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• Polymers and Advanced Materials – Hydride reagents help control 

polymer backbone reductions and in preparing monomers with 

specific functionalities. 

• Agrochemicals and Dyes – Precise modifications of functional 

groups allow for the design of molecules with desired reactivity 

and environmental behavior. 

 

15.8 Safety, Environmental, and Practical Considerations 

While highly useful, hydride reagents often pose handling and 

environmental challenges. 

⚫ LiAlH₄ interacts aggressively with water and is pyrophoric.  

⚫ Organolithium and DIBAL-H reagents need an inert environment and 

rigorous temperature control.  

⚫ Alternatives based on green chemistry are being developed to replace 

volatile organometallics and harmful oxidants based on chromium. 

⚫ Efforts are ongoing to develop more sustainable, selective, and user-

friendly reagents, such as enzymatic reduction systems, flow-based 

hydride reactions, and photocatalytic reductants. 

Hydride transfer reagents and specialized organic reagents form the 

backbone of modern organic synthesis. Their strategic use allows chemists 

to accomplish challenging reductions, introduce new functionalities, and 

achieve control over stereochemistry and selectivity. As synthetic methods 

advance, so too does the demand for safer, more selective, and more 

sustainable reagents. A deep understanding of these tools enables chemists 

to design efficient synthetic routes that are essential for applications across 

pharmaceuticals, materials, and beyond. 

15.9 Summary: Newer Synthetic Reactions and Reagents 
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Newer synthetic reactions and reagents have revolutionized 

modern organic synthesis by improving efficiency, selectivity, and 

sustainability. 

Cross-coupling reactions like Suzuki, Heck, and 

Sonogashira enable the formation of C–C bonds using palladium 

catalysts. 

Click chemistry, particularly azide-alkyne cycloaddition, 

provides fast, high-yielding, and bioorthogonal reactions. 

Organocatalysis uses small organic molecules as catalysts, 

offering metal-free alternatives in asymmetric synthesis. 

Olefin metathesis allows redistribution of double bonds and 

is widely used in complex molecule construction. 

Photoredox catalysis harnesses light to promote single-

electron transfers for mild and selective transformations. 

Flow chemistry improves reaction control, scalability, and 

safety in industrial and laboratory processes. 

Reagents like Dess–Martin periodinane offer mild oxidation 

conditions for alcohols. 

Hypervalent iodine reagents are eco-friendly alternatives to 

toxic heavy metal oxidants. 

These innovations contribute to green chemistry, drug 

development, and the synthesis of complex natural products. 

15.10 Excercises 

Multiple Choice Questions 

1.Which of the following is the most selective hydride donor 

in reducing carbonyl compounds to alcohols? 

a) LiAlH₄ 

b) NaBH₄ 

c) DIBAL-H 

d) NaH 

Answer: b) NaBH₄ 
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2.Which reagent is best suited for the partial reduction of 

esters to aldehydes? 

a) LiAlH₄ 

b) NaBH₄ 

c) DIBAL-H 

d) LiBH₄ 

Answer: c) DIBAL-H 

3.Which hydride reagent is soluble in organic solvents and 

often used in homogeneous reductions? 

a) LiAlH₄ 

b) Red-Al (sodium bis(2-methoxyethoxy)aluminum hydride) 

c) NaBH₄ 

d) BH₃-THF 

Answer: b) Red-Al 

4.Which of the following specialized organic reagents is used 

for oxidation of primary alcohols to aldehydes under mild 

conditions? 

a) PCC (Pyridinium chlorochromate) 

b) KMnO₄ 

c) Jones reagent 

d) Osmium tetroxide 

Answer: a) PCC 

5.Which hydride transfer reagent is commonly used in 

hydroboration-oxidation reactions? 

a) NaBH₄ 

b) LiAlH₄ 

c) BH₃·THF 

d) DIBAL-H 

Answer: c) BH₃·THF 

Short Questions 
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1. Differentiate between LiAlH₄ and NaBH₄ in terms of reactivity and 

selectivity. 

2. What is the role of DIBAL-H in organic synthesis? 

3. Why is Red-Al preferred over LiAlH₄ in some reductions? 

4. Mention one specialized reagent used for the oxidation of alcohols and 

explain its advantage. 

5. Write the reaction of BH₃·THF with an alkene. 

Long Questions 

1.Discuss the mechanism, scope, and limitations of LiAlH₄ 

and NaBH₄ as hydride transfer reagents in organic synthesis. Give 

suitable examples. 

2.Explain the synthetic applications of DIBAL-H and Red-

Al in the selective reduction of esters, nitriles, and other functional 

groups. 

3.Describe various specialized organic reagents such as 

PCC, Swern reagent, and OsO₄, highlighting their uses in selective 

transformations. 

4.Compare hydride transfer reagents with other reducing 

agents (like catalytic hydrogenation). Which offers more 

selectivity and why? 

5.Write short notes on: 

a) Hydroboration-oxidation 

b) Luche reduction 

c) Meerwein-Ponndorf-Verley (MPV) reduction 

15.11  Reference and Suggested Readings 

Modern Reduction Methods (2008). 

 

Pietro G. Andersson and Irina 
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Glossary 

Free Radical: A highly reactive species with an unpaired electron. 

Initiation: The first step in radical reactions where radicals are generated 

(e.g., homolytic bond cleavage by heat or light). 

Propagation: Chain process where radicals react with stable molecules 

to form new radicals. 

Termination: Two radicals combine to form a stable molecule, ending 

the chain reaction. 

Radical Substitution: Replacement of an atom or group by a radical 

mechanism (e.g., halogenation of alkanes). 

Stability Order: 3° > 2° > 1° > methyl (due to hyperconjugation and 

resonance). 

Radical Inhibitors: Substances that stop radical chain reactions (e.g., 

hydroquinone, oxygen). 

Elimination Reaction: A reaction in which two substituents are removed 

from a molecule, forming a multiple bond. 

β-Elimination: Removal of atoms from adjacent carbon atoms (common 

in E1 and E2 mechanisms). 

E1 Mechanism: Unimolecular elimination; proceeds via carbocation 

intermediate; favored by weak bases and polar solvents. 

E2 Mechanism: Bimolecular elimination; concerted single-step 

mechanism; favored by strong bases. 

Zaitsev’s Rule: The more substituted (stable) alkene is the major 

product. 

Hofmann Product: The less substituted alkene, often favored with bulky 

bases. 

Dehydrohalogenation: Removal of HX from alkyl halides to form 

alkenes. 

Electrophilic Addition: Reaction of electrophiles with alkenes or 

alkynes; follows Markovnikov’s rule (H⁺ adds to the carbon with more 

hydrogens). 

Anti-Markovnikov Addition: Occurs in the presence of peroxides with 

HBr (free radical mechanism). 
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Hydrogenation: Addition of H₂ across C=C or C≡C bonds using metal 

catalysts (Ni, Pt, Pd). 

Halogenation: Addition of X₂ (Cl₂, Br₂) forming dihalides. 

Hydration: Addition of water to form alcohols; acid-catalyzed. 

Carbocation Intermediate: Key reactive species in many electrophilic 

additions. 

Stereochemistry: Additions can be syn or anti depending on reagent and 

mechanism. 

Pericyclic Reaction: A concerted reaction involving cyclic redistribution 

of bonding electrons without intermediates. 

Electrocyclic Reaction: Ring closure or opening involving π and σ bond 

rearrangement (e.g., butadiene → cyclobutene). 

Cycloaddition: Combination of two π-systems to form a ring (e.g., 

Diels–Alder reaction). 

Sigmatropic Rearrangement: Migration of a σ-bond along a π-system 

(e.g., Cope, Claisen rearrangements). 

Woodward–Hoffmann Rules: Orbital symmetry principles that predict 

allowed or forbidden pericyclic reactions. 

Thermal vs Photochemical Control: Reaction outcome depends on 

whether heat or light initiates the process.  

Concerted Mechanism: All bond-making and bond-breaking occur in a 

single, cyclic transition state. 
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