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Foreword

Exciting new methods and reagents are being discovered and used everyday in the synthesis
of organic molecules. Knowing the mechanism of these reactions is very important, without
which it is almost impossible to carry out the synthesis of important molecules in the
laboratory or in industry. Thus, the importance of organic reaction mechanisms continues
to increase, and this book is a welcome addition to the available sources on the subject.

While teaching organic synthesis and practicing it in the laboratory, a need is often felt
of a handy book combining organic synthesis and mechanisms of reactions employed in
synthesis instead of large volumes or monograms on synthesis. There are not many such
books covering these two very essential aspects of organic chemistry.

Writing a textbook for any level is always a challenge. However, Dr Parashar deserves
praise for undertaking this project and interlinking these two areas of organic chemistry so
well throughout the book.

The book is designed to provide fundamental aspects of organic chemistry in a flexible
way rather than presenting a traditional approach. The mechanisms and stereochemical
features of common reactions used in organic synthesis are discussed in a qualitative and
quantitative manner. Specific examples are taken from the latest literature.

The contents of the book give a general impression about what is dealt with. The selection
of topics has been done very carefully and judiciously. The material is condensed to a
manageable text of 363 pages and presented in a clear and logical fashion over eight chapters.
This is done by focusing purely on the basics of the subject without going through exhaustive
detail or repetitive examples.

This book would be of immense help to students at the postgraduate level as well as to
research workers because of its contents and the way those have been dealt with. I sincerely
hope that the book will go a long way to satisfy the long-felt need of students and teachers
who inspire the students to take up synthetic organic chemistry as their research topic and
career.

I hope practitioners and professionals will be benefited from the experience of learning
reaction mechanisms of important synthetic reactions.

I am happy to recommend this book as a self-guide for students and professionals.

Virinder S. Parmar, PhD, FRSC
Professor and Head, Department of Chemistry, and

Chairman of the Board of Research Studies
University of Delhi, India
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Preface

An organic chemist is primarily concerned with (a) the synthesis of organic molecules of
particular interest to the pharmaceutical and agrochemical industries and (b) the way these
molecules interact in biological pathways.

Synthesis involves a careful selection of reactions; new reactions are being developed
everyday. Knowing how structure affects a reaction, a rational sequence of transformations
can be used to synthesize target molecules. An understanding of organic reaction mecha-
nisms is essential without which it is impossible to plan organic synthesis. It is also required
to extend one’s knowledge of different areas related to organic chemical reaction mecha-
nisms. The vital importance of the organic synthesis processes is established by the fact that
many Nobel laureates have been associated with this field.

Beginning with basic introductory course, this book covers all aspects of organic reaction
mechanisms, expands on the foundation acquired in chemistry courses, and enables students
and research workers to understand the mechanisms and then to plan syntheses. This
book will help postgraduate students to write reasonable mechanisms for organic chemical
transformations, which are arranged according to an ascending order of difficulty.

Established reactions are being subjected to both technical improvements and increasing
number of applications. For example, intense efforts are made in industry and university
laboratories to devise innovative ways to speed up reactions, to carry them out in a contin-
uous fashion and to provide for separation of complex mixtures. For example, ultrasound
can dramatically affect the rates of chemical reactions. Microwave-assisted protocols often
result in high yields and time efficiency. Solid-phase synthesis allows for easy separation of
the resulting products while providing for libraries of compounds to be made. Although
these methods have been discussed in special monographs and review articles, there is no
recent single book covering reactions (modern or newer) with latest procedural modifica-
tions and also simultaneously explaining reaction mechanism and covering stereospecificity
and regiospecificity.

The book contains examples from recently published research work to illustrate the
important steps involved in synthesis. The discussion is organized by the conditions under
which the reaction is executed rather than by the types of mechanisms as is the case in most
textbooks at the graduate level.

The author believes that students are well aware of the basic reaction pathways such as
substitutions, additions, eliminations, aromatic substitutions, aliphatic nucleophilic sub-
stitutions and electrophilic substitutions. Students may follow undergraduate books on
reaction mechanisms for basic knowledge of reactive intermediates and oxidation and re-
duction processes. Reaction Mechanisms in Organic Synthesis provides extensive coverage
of various carbon–carbon bond forming reactions such as transition metal catalyzed re-
actions; use of stabilized carbanions, ylides and enamines for the carbon–carbon bond
forming reactions; and advance level use of oxidation and reduction reagents in synthesis.

xiii



xiv Preface

Thus, this book may prove to be an excellent primer for advanced postgraduates in
chemistry. This book will be useful both for instructors and those who are preparing for
examinations.

Following is a brief account of the contents of the eight chapters of this book.
Chapter 1 is devoted to exploring strategies involved in organic synthesis. It seeks to

explain concepts like retrosynthetic analysis, atom economy, umpolung approach, click
chemistry and asymmetric synthesis. On the basis of interesting and relevant examples,
protection and deprotection of different functional groups are explained and the most
probable mechanism is also mentioned for important reactions.

Chapter 2 includes complete discussion on reaction intermediates including carboca-
tions, carbanions, free radicals, carbenes, nitrines and benzynes. The structure, methods of
generation and important reactions of all the intermediates are discussed in this chapter.
The author has emphasized on their applications in the asymmetric synthesis.

Chapter 3 discusses ylides and enamines, and also deals with the extended examples of
carbanions.

Chapter 4 reviews the role of various reagents used in organic synthesis for the formation
of carbon–carbon double bond. Specific examples are included at each stage to illustrate
the mechanism under discussion.

Chapter 5 includes complete coverage of the transition metals-mediated carbon–carbon
bond forming reactions. Pd-, Ni-, Cr-, Zr- and Cu-catalyzed reactions such as Heck, Negishi,
Sonogashira, Suzuki, Hiyama, Stille, Kumada reactions are covered in adequate details
including the applications of these reactions in organic synthesis.

Chapter 6 focuses on selected examples of reduction methods and their mechanisms in
detail. The chapter gives a detailed account of reducing reagents and their applications in
organic synthesis.

The oxidation examples in Chapter 7 are arranged to elucidate key aspects of organic re-
action mechanisms. The importance of oxidation reagents in synthesis and their mechanism
of action have been explained in detail.

Chapter 8 covers extensively pericyclic reactions and also includes the aromatic transi-
tion state theory. Most of the examples are taken from latest literature and are useful for
postgraduate and research students.

As an academic convenience to readers all reaction mechanisms leading to stereospecific
products are highlighted. The book will also serve as an excellent reference book since
references are offered at the end of each chapter.

The book seeks to cover the postgraduate syllabi of almost all the universities. Students
will be spared the tedium of collecting all the information on the subject scattered in various
books and journals. Even though a comprehensive effort was made to gather information
from all sources, it is inevitable that some relevant papers and reviews may be left unscanned.

The author hopes that the book proves to be an easy-to-use general organic chemistry
textbook and finds a place in libraries and personal bookshelves of the academic community.

All comments and suggestions will be received with gratitude.

Rakesh Kumar Parashar
Reader, Chemistry Department

Kirori Mal College
University of Delhi, India
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Chapter 1

Synthetic Strategies

1.1 An introduction to organic synthesis

Organic synthesis is the construction of complex organic compounds from simple starting
compounds by a series of chemical reactions. The compounds synthesized in nature are
called natural products. Nature provides a plethora of organic compounds and many
of these possess interesting chemical and pharmaceutical properties. Examples of natural
products include cholesterol (1.1), a steroid found in most body tissues; limonene (1.2),
a terpene found in lemon and orange oils; caffeine (1.3), a purine found in tea leaves and
coffee beans; and morphine (1.4), an alkaloid found in opium.
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OHHO

HO

H3C H

CH3

CH3

CH3

CH3

H H

N

N
N

N

CH3
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O

CH3

CH3

CH3

1.1 1.2

1.3
1.4

H

The synthesis of organic molecules is the most important aspect of organic chemistry.
There are two main areas of research in the field of organic synthesis, namely total synthesis
and methodology. A total synthesis is the complete chemical synthesis of complex organic
molecules from simple, commercially available or natural precursors. Methodology research
usually involves three main stages, namely discovery, optimization and the study of scope
and limitations. Some research groups may perform a total synthesis to showcase the new
methodology and thereby demonstrate its application for the synthesis of other complex
compounds.

The compound to be synthesized may have a small carbon framework such as vanillin
(1.5) (vanilla flavouring) or have more complex carbon framework such as penicillin G (1.6)
(an antibiotic) and taxol (1.7) (used for the treatment of certain types of cancer). However,
three challenges must be met in devising a synthesis for a specific compound: (1) the carbon
atom framework or skeleton that is found in the desired compound must be assembled;

1



2 Reaction Mechanisms in Organic Synthesis

(2) the functional groups that characterize the desired compound must be introduced or
transformed from other groups at appropriate locations; and (3) if stereogenic centres are
present, they must be fixed in a proper manner.

CH2CNH
O

N

S CH3

CH3

HH

COOH
O

OH
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CHO

1.5 1.6

C6H5 O

NH

OH

OC6H5C
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OO OH

O

OH O

CH3
O

O
C6H5

OH

1.7

C
O

CH3

Thus, in order to understand the synthesis of a complex molecule, we need to under-
stand the carbon–carbon bond forming reactions, functional groups interconversions and
stereochemistry aspects.

Carbon–carbon bond forming reactions are the most important tool for the construction
of organic molecules. The reaction in which one functional group is converted into another is
known as functional group interconversion. The spatial arrangements of the substituents can
have a significant impact on the reactivity and interaction towards other molecules. Many
chiral drugs must be made with high enantiomeric purity because the other enantiomer
may be inactive or has side effects. Thus, there is a need to develop methods to synthesize
organic compounds as one pure enantiomer and the use of these techniques is referred to
as asymmetric synthesis (section 1.5).

Therefore, carbon–carbon bond forming reactions, asymmetric synthesis, the design of
new chiral ligands, environmental-friendly reactions and atom economical syntheses are
the major aims of present-day research.

1.2 Retrosynthetic analysis (disconnection approach)

E. J. Corey1,2 brought a more formal approach to synthesis design, known as retrosynthetic
analysis. The analysis of synthesis in reverse manner is called retrosynthetic analysis or
alternatively a disconnection approach. Retrosynthetic analysis or retrosynthesis is a tech-
nique for solving problems in synthesis planning, especially those presented by complex
structures. In this approach, the synthesis is planned backwards starting from a relatively
complex product to available simpler starting materials (Scheme 1.1). This approach re-
quires construction of a carbon skeleton of the target molecule, placing the functional
groups and appropriate control of stereochemistry.
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Table 1.1 Synthetic versus retrosynthetic analysis

Direction Synthetic Retrosynthetic

Step Reaction Transform or retro-reaction
Arrow used in graphical depiction −→ =⇒
Starting structure Reactant Target
Resulting structure Product Precursor
Substructure required for operation Reacting functionality Retron

The terminology used in synthetic and retrosynthetic analysis is shown in Table 1.1.
A transform in the case of the retrosynthetic counterpart of the Wittig reaction is shown

below:

C C O Ph3P O

Target

transform

Precursors

In a similar manner, the retrosynthetic analysis of the Diels–Alder reaction is represented
below:

H

O O

transform

PrecursorsTarget

Retron

The retrosynthetic step involving the breaking of bond(s) to form two (or more) synthons is
referred to as a disconnection. A synthon is an idealized fragment, usually a cation, anion or
radical, resulting from a disconnection. One must select disconnections which correspond
to the high yielding reactions.

Functional group interconversion is the process of the transformation of one functional
group to another to help synthetic planning and to allow disconnections corresponding
to appropriate reactions. In planning a synthetic strategy, apart from devising means of



4 Reaction Mechanisms in Organic Synthesis

constructing the carbon skeleton with the required functionality, there are other factors
which must be addressed including the control of regiochemistry and stereochemistry.

The above points are explained by discussing retrosynthetic analysis of cyclohexanol:

OH OH

H

Cyclohexanol

The hydroxycarbocation and the hydride ion formed after disconnection of cyclohexanol
are synthons. The synthetic equivalents of hydroxycarbocation and the hydride ion are cy-
clohexanone and sodium borohydride, respectively. Thus, the target molecule cyclohexanol
can be prepared by treating cyclohexanone with sodium borohydride.

O HO H
1. NaBH4

2. H2O

Cyclohexanone Cyclohexanol

The C–C bond of cyclohexanol can also be disconnected as shown below:

HO H

OH

Cyclohexanol

The synthetic equivalent for the cyclohexyl carbocation is cyclohexyl bromide. Thus, cyclo-
hexanol can be prepared by the reaction of cyclohexyl bromide with hydroxide ion.

Br

OH+
–

+

OH

Cyclohexyl
  bromide

Cyclohexanol   Cyclohexene

However, in this case cyclohexene is also formed; thus, this method may not be considered
as effective as the previous one.

A retrosynthetic tree is a directed acyclic graph of several (or all) possible retrosyntheses
of a single target. Retrosynthetic analysis, then, consists of applying transforms to a given
target, thereby generating all precursors from which that target can be made in a single step.
The analysis can be repeated for each precursor, generating a second level of precursors. Each
precursor molecule so generated is in some way simpler than the target from which it was
derived and then considered to be a target and analyzed similarly. The analysis terminates
when precursors are elaborated, which are considered to be relatively simple or readily
available, generating a tree of synthetic intermediates.

The final result is a complete retrosynthetic tree that will contain all possible syntheses of
the given target – reasonable and unreasonable, efficient and cumbersome. Of course, such a
tree would be unmanageably large both for humans and computers, even when the number
of precursor levels is limited. To keep the size of the retrosynthetic tree under control,
examine all possible disconnections – check which are chemically sound (corresponding to
known reactions, reagents, directing effects). The guiding principles for this selection are
called strategies.
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Some guidelines for retrosynthesis are given below:

1. It is better to use convergent approach rather than divergent for many complex
molecules.

2. Use only disconnections corresponding to disconnect C–C bonds and C–X bonds
wherever possible.

3. Disconnect to readily recognizable synthons by using only known reactions (transform).
4. The synthesis must be short.
5. It is better to use those reactions which do not form mixtures.
6. The focus is on the removal of stereocentres under stereocontrol. Stereocontrol can be

achieved through either mechanistic control or substrate control.

The computer-assisted synthetic analysis designated OCSS (organic chemical simulation of
synthesis) and LHASA (logic and heuristics applied to synthetic analysis) were designed to
assist chemists in synthetic analysis by Corey et al.3,4. LHASA generates trees of synthetic
intermediates from a target molecule by analysis in the retrosynthetic direction.

Click chemistry is a modular synthetic approach towards the assembly of new molec-
ular entities. The nature has overall preference for carbon–heteroatom bonds over
carbon–carbon bonds; e.g. all the proteins are created from 20 building blocks that are joined
via reversible heteroatom links. Thus following nature’s lead, the term ‘click chemistry’5

was coined by Kolb, Finn and Sharpless in 2001 for synthesis restricted to molecules that
are easy to make. The click chemistry as defined by Sharpless is reactions that are modular,
wide in scope, high yielding, create only inoffensive products, are stereospecific, simple to
perform and require the use of only benign solvent. Of all the reactions which fall under the
umbrella of click chemistry, the Huisgen 1,3-dipolar cycloaddition of alkynes and azides to
yield 1,2,3-triazoles is undoubtedly the premier example of a click reaction. The reaction is
accelerated under copper(I) catalysis, requires no protecting groups, and almost complete
conversion takes place. The reaction is selective, as only 1,4-disubstituted 1,2,3-triazole is
the only product formed and there is no formation of 1,5-disubstituted triazole, which is
also formed in the thermally induced Huisgen cycloaddition (Scheme 1.2).

R
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R'
N

N N
N

R
R'

N N
N

N N

NR R'

R'

R

1,4-Disubstituted - 1,2,3-triazole

1:1 Mixture of 1,4- and 1,5-
disubstituted 1,2,3-triazoles

Cu(I) c
atalyst

Scheme 1.2

Due to the reliability, specificity and biocompatibility of click chemistry, its application is
found in nearly all areas of modern chemistry from drug discovery to material science.
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1.3 Umpolung strategy

Umpolung is a general class of reactions in which the characteristic reactivity of a group
or an atom is temporarily reversed. The concept of umpolung is helpful especially with
carbonyl groups. But to understand this concept, it is important to understand the normal
reactivity of the carbonyl group. For example, under normal conditions carbonyl carbon is
electrophilic and the �-carbon is nucleophilic because of the resonance, as shown below:

R
C

H

O

R
C

H

O

H3C
C

CH3

O

H3C
C

CH2

O

H3C
C

CH2

OH
base

But if the polarity of a carbonyl compound is reversed, the acyl carbon becomes nucleophilic.
This is achieved by first converting the carbonyl group into dithianes 1.8, and then the carbon
becomes nucleophilic. The strong base can remove the hydrogen adjacent to the sulfur in
the dithiane to give 2-lithio-1,3-dithiane 1.9. The acyl anion equivalent 1.9 generated in this
manner reacts with an alkyl halide to give the alkylated product 1.10. Finally, the carbonyl
group is regenerated by unmasking the dithiane (Scheme 1.3). Thus, this type of inversion
of the normal polarization of a functional group atom is known as umpolung.

n-C5H11

H2O/THF

H

O
SH SH

HCl

S S
H n-C5H11

S S

n-C5H11n-C5H11

n-C5H11 n-C5H11

O HgO

n-BuLi
S S

n-C5H11Li

n-C5H11Br

Hexanal 1.8

(Acyl anion equivalent)

1.9

Dipentyl ketone
1.10

Scheme 1.3 Conversion of hexanal into dipentyl ketone (corey-seebach reaction)

In Scheme 1.3, hexanal on reaction with 1,3-propanedithiol gives the 1,3-dithiane derivative
1.8. A strong base such as n-butyllithium abstracts the proton to give the corresponding
2-lithio-1,3-dithiane 1.9, which reacts with 1-bromopentane to give alkylated product 1.10.
Treatment of 1.10 with HgO and BF3 (boron trifluoride) in aqueous THF (tetrahydrofuran)
yields the dipentyl ketone (the corey-seebach reaction6). Thus, dithianyllithium (2-lithio-
1,3-dithiane) 1.9 is an ‘acyl anion’ synthetic equivalent.

The dithiane anion 1.9 also reacts with acyl halides, ketones and aldehydes to give the
corresponding dioxygenated compounds. Schemes 1.4 and 1.5 show the reaction of dithiane
anions 1.11 and 1.12 with ketones. The most common example of umpolung reactivity of
a carbonyl group is the benzoin condensation (Scheme 1.6).
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A synthetic route for the synthesis of 2-deoxy-C-aryl glycosides using an umpolung strategy
has been reported by Aidhen and co-worker7 (Scheme 1.7). The synthetic endeavour led to
a versatile intermediate aryl ketone 1.13, which has paved the way for two important classes
of C-glycosides, i.e. C-alkyl furanosides 1.14 and methyl 2-deoxy-C-aryl pyranosides 1.15.
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Scheme 1.7 Synthesis of C-aryl glycosides

1.4 Atom economy

The concept of atom economy was developed by B. M. Trost8,9 which deals with chemical
reactions that do not waste atoms. Atom economy describes the conversion efficiency of a
chemical process in terms of all atoms involved. It is widely used to focus on the need to
improve the efficiency of chemical reactions.

A logical extension10 of B. M. Trost’s concept of atom economy is to calculate the
percentage atom economy. This can be done by taking the ratio of the mass of the utilized
atoms to the total mass of the atoms of all the reactants and multiplying by 100.

Percentage atom economy = Mass of atoms in the final product

Mass of atoms in reactants
× 100

R. A. Sheldon11 has developed a similar concept called percentage atom utilization. For
instance, the percentage atom economy and percentage atom utilization calculation for the
oxidation reaction of benzene to maleic anhydride is given below:

O24 × 1/2 O

O

O

2 CO2 2 H2O

Benzene
  (C6H6)
(mass = 78)

Maleic anhydride
   (C4O3H2)

Oxygen
  (O2)

(mass = 98)
(mass = 144)

Carbon dioxide
     (CO2)
(mass = 88)

Water
(H2O)
(mass = 36)


