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Preface to the Fourth Edition

The goal of this text is to build on the foundation of introductory organic chemistry to
provide students and other readers a deeper understanding of structure and mechanism and
the relationships between them. We have provided specific data and examples with which
to illustrate the general principles that are discussed. Our purpose is to solidify the
student’s understanding of the basic concepts, but also to illustrate the way specific
structural changes influence mechanism and reactivity.

The first three chapters discuss fundamental bonding theory, stereochemistry, and
conformation, respectively. Chapter 4 discusses the means of study and description of
reaction mechanisms. Chapter 9 focuses on aromaticity and aromatic stabilization and can
be used at an earlier stage of a course if an instructor desires to do so. The other chapters
discuss specific mechanistic types, including nucleophilic substitution, polar additions and
eliminations, carbon acids and enolates, carbonyl chemistry, aromatic substitution,
concerted reactions, free-radical reactions, and photochemistry.

Both the language of valence bond theory and of molecular orbital theory are used in
discussing structural effects on reactivity and mechanism. Our intent is to illustrate both
approaches to interpretation. A decade has passed since the publication of the Third
Edition. That decade has seen significant developments in areas covered by the text.
Perhaps most noteworthy has been the application of computational methods to a much
wider range of problems of structure and mechanism. We have updated the description of
computational methods and have included examples throughout the text of application of
computational methods to specific reactions.

References to the primary literature are provided for specific issues of structure,
reactivity, and mechanism. These have been chosen to illustrate the topic of discussion and,
of course, cannot be comprehensive. The examples and references chosen do not imply
any priority of concept or publication. References to general reviews which can provide a
broader coverage of the various topics are usually given.

The problems at the end of each chapter represent application of concepts to new
structures and circumstances, rather than review of material explicitly presented in the text.
The level of difficulty is similar to that of earlier editions, and we expect that many will
present a considerable challenge to students. Some new problems have been added in this
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edition. References to the literature material upon which the problems are based are given
at the end of the book.

The companion volume, Part B, has also been revised to reflect the continuing
development of synthetic methodology. Part B emphasizes synthetic application of organic
reactions. We believe that the material in Part A and Part B will provide advanced
undergraduate and beginning graduate students with a background which will permit them
to understand, analyze, and apply the primary and review literature in organic chemistry.
We hope that this new edition will continue to serve students and teachers in fostering both
an understanding of the structural and mechanistic foundations of organic chemistry and a
broad knowledge of the most fundamental reaction types in organic chemistry. We
welcome comments and suggestions which can improve the text or correct errors.

F. A. Carey
R. J. Sundberg
Charlottesville, Virginia
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Chemical Bonding and
Structure

Introduction

Organic chemistry is a broad field which intersects with such diverse areas as biology,
medicine and pharmacology, polymer technology, agriculture, and petroleum engineering.
At the heart of organic chemistry are fundamental concepts of molecular structure and
reactivity of carbon-containing compounds. The purpose of this text is to explore this
central core, which is concerned with how the structures of organic compounds are related
to reactivity. Reactivity, in turn, determines the methods that can be used for synthesis.
Understanding of structure, reactivity, and synthesis can be used within organic chemistry
or applied to other fields, such as those named above, which require contributions from
organic chemistry. Structure includes the description of bonding in organic molecules and
the methods for determining, analyzing, and predicting molecular structure. Dynamic
aspects of structure, such as conformational equilibria, are also included. Stereochemistry
is also a crucial aspect of structure in organic chemistry. Reactivity pertains to the aspects
of a given structure that determine its chemical transformations. Is the molecule electron-
rich or electron-poor? Is it easily reduced or oxidized? What is the distribution of the most
reactive electrons? Which bonds are weakest and therefore most likely to engage in
reactions? Unlike structure, which is an inherent property of the molecule, reactivity
usually describes an interaction with other molecules. Understanding reactivity includes
describing the mechanisms, that is, the stepwise process by which reactions occur.
Reactivity also encompasses the stereochemical aspects of the transformation. Synthesis
encompasses those activities which are directed toward finding methods that convert
existing substances into different compounds. Synthesis involves the control of reactivity
to achieve specified transformations. It involves the choice of reagents, catalysts, and
reaction conditions that will accomplish a given transformation within the required
parameters. In various circumstances, the limiting parameters might include yield,
purity of product, stereochemical control, availability or cost of reagents, or safety and
environmental consequences. Structure, reactivity, and synthesis are all interrelated.
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CHAPTER 1
CHEMICAL BONDING
AND STRUCTURE

Synthesis is built on knowledge of both structure and reactivity, and understanding
reactivity ultimately rests on detailed knowledge about molecular structure. A firm
grounding in the principles of structure and chemical bonding is therefore an essential
starting point for fuller appreciation of reactivity and synthesis. In this first chapter, we will
discuss the ideas that have proven most useful to organic chemists for describing and
organizing facts, concepts, and theories about the structure of organic molecules.

Structural formulas serve as key devices for communication of chemical information,
and it is important to recognize the symbolic relationship between structural formulas and
molecular structure. The current system of structural formulas arose largely as a result of
research done in the last half of the 19th century. Elemental analyses, interrelation of various
compounds, and systematic investigation of the reactivity of various “functional groups”
permitted chemists to correctly deduce much information about molecular structure. For
most molecules, it became possible to draw conclusions as to which atoms were directly
connected (constitution). Lines drawn between atoms were used to represent direct
connections or bonds. It was recognized that the various elements formed a characteristic
numbers of bonds. The capacity of an element to form bonds was called valence, and the
number of bonds a given element could form was called its valence number. These
structural deductions predated modern electronic concepts of atomic and molecular
structure and the nature of the forces that bind atoms together in molecules. Nevertheless,
structural formulas proved to be readily adaptable to description of chemical bonding in
terms of electron-pair bonds since the bonds came to symbolize the shared pair of electrons.

The precise description of molecular structure specifies nuclear positions with respect
to other nuclei in the molecule and the distribution of the electrons associated with the
nuclei. Because chemical properties are primarily determined by the outer shell of valence
electrons, chemists focus attention primarily on these electrons. Spectroscopic methods
and diffraction methods, especially X-ray crystal structure determination, have provided a
large amount of information about atomic positions and bond lengths. Dynamic aspects of
molecular structure involving such issues as alternative molecular shapes arising by bond
rotations (conformations) can also be characterized by spectroscopic methods, especially
nuclear magnetic resonance (NMR) spectroscopy. These experimental methods for
structure determination have been joined by computational methods. Computational
approaches for calculating molecular structures are based on systematic searching for
the most stable arrangement of the atoms having a particular bonding pattern (molecular
connectivity). Computational methods can be based on observed relationships between
energy and structure (molecular mechanics) or on theoretical descriptions of bonding
based on quantum chemistry.

Theories of molecular structure attempt to describe the nature of chemical bonding
both qualitatively and quantitatively. To be useful to chemists, the bonding theories must
provide insight into the properties and reactivity of molecules. The structural theories and
concepts that are most useful in organic chemistry are the subject of this chapter. Our goal
is to be able to relate molecular structure, as depicted by structural formulas and other
types of structural information, such as bond lengths and electronic distributions, to the
chemical reactivity and physical properties of molecules.

1.1. Valence Bond Approach to Chemical Bonding

The idea put forth by G. N. Lewis in 1916 that chemical bonding results from a
sharing of electron pairs between two atoms was a fundamental advance in bonding



theory." The concept of valence is related to the number of electrons available to each atom
and, for the second-row elements, to the “octet rule,” that is, to the stability associated with
four pairs of electrons. Lewis’s proposal was put on the sound ground of quantum
mechanics by Heitler and London’s treatment of the hydrogen molecule in 1927. This
treatment marked the beginning of what we now know as valence bond theory? A central
feature of this theory was the conclusion that most of the binding energy between the two
atoms at the most stable internuclear separation results from sharing of the electrons
between the two nuclei. This conclusion arose in a direct way from the Heitler—London
calculations. If electron 1 were constrained to be associated only with nucleus 1, and
electron 2 with nucleus 2, then the calculated binding energy was only a small fraction of
the experimentally determined bond energy. If this constraint was removed so that the
electrons were indistinguishable and permitted to interact equally with both nuclei, the
calculated potential energy curve exhibited a deep minimum at the equilibrium inter-
nuclear distance. The bonding energy associated with this minimum corresponded quite
well with the experimental bond energy. The covalent bond represented by a line in the
simple notation H—H then takes on more precise meaning. It symbolizes the presence of
two bonding electrons in the region between the two nuclei. The region of space occupied
by an electron is called an orbital. In the H, molecule, the bonding arises from the two
electrons in an orbital formed by overlap of the spherically symmetrical 1s atomic orbital
of each hydrogen atom, as shown in Fig. 1.1. Similarly, the bonding orbitals of other
molecules arise from the atomic orbitals of the constituent atoms.

Application of valence bond theory to more complex molecules involves writing as
many plausible Lewis structures as possible that correspond to the correct molecular
connectivity. Valence bond theory assumes that the actual molecule is a hybrid of these
“canonical forms.” As a simple example, the hydrogen chloride molecule is considered to
be a hybrid of the limiting canonical forms H—Cl, H*Cl~, and H™CI*. In mathematical
terms, the molecule can be represented as the weighted combination of the contributing
structures. Unfortunately, the extension of this approach to larger molecules results in a
large number of canonical structures, which makes both conceptual and computational
interpretation difficult. For example, more than 175 individual structures, most with charge
separation, can be written for benzene.? For this reason, qualitative concepts which arise
from the valence bond treatment of simple molecules are applied to larger molecules. The
key ideas that are used to adapt the concepts of valence bond theory to complex molecules
are hybridization and resonance. In this qualitative form, valence bond theory describes
molecules in terms of orbitals that are mainly localized between two atoms. The shapes of
these orbitals are assumed to be similar to those of orbitals described by more quantitative

Fig. 1.1. Representation of ¢ bond of H, formed by
overlap of 1s orbitals.

1. G. N. Lewis, J. Am. Chem. Soc. 38:762 (1916).

2. W. Heitler and F. London, Z. Phys. 44:455 (1927). For a historical review, see M. Simonetta, in Structural
Chemistry and Molecular Biology, A. Rich and N. Davidson, eds., W. H. Freeman, San Francisco, 1968, pp.
769-782.

3. C. Amovilli, R. D. Harcourt, and R. McWeeny, Chem. Phys. Lett. 187:494 (1991).
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CHAPTER 1
CHEMICAL BONDING
AND STRUCTURE

treatment of simpler molecules. The properties of complex molecules are regarded as
derived from the combination of the properties of the constituent bonds. This conceptual
approach is in accord with a large body of chemical knowledge which indicates that
structure and reactivity of similar bonds and groups are relatively constant in different
molecules.

1.1.1. Orbital Hybridization

The concepts of directed valence and orbital hybridization were developed by Linus
Pauling soon after the description of the hydrogen molecule by the valence bond theory.
These concepts were applied to an issue of specific concern to organic chemistry, the
tetrahedral orientation of the bonds to tetracoordinate carbon.* Pauling reasoned that
because covalent bonds require mutual overlap of orbitals, stronger bonds would result
from better overlap. Orbitals that possess directional properties, such as p orbitals, should
therefore be more effective than spherically symmetric s orbitals.

The electronic configuration of a carbon atom in its ground state is 15%2s22p?, and is
not consistent with a simple rationalization of the tetrahedral bonding at carbon. Pauling
suggested that four atomic orbitals (2s, 2p,, 2p,, 2p,) are replaced by a set of four
equivalent hybrid orbitals, designated sp®. The approximate shapes of these orbitals are
shown in Fig. 1.2. Notice particularly that the probability distribution is highly directional
for the sp® orbitals, with the region of greatest probability concentrated to one side of the
nucleus.

Orbital hybridization has two important consequences. First, four bonds, rather than
two, can be formed to carbon. Second, the highly directional sp® orbitals provide for more
effective overlap and stronger bonds. Thus, although an isolated carbon atom with one
electron in each of four equivalent sp>-hybridized orbitals would be of higher energy than
the ground state, the energy required in a formal sense to promote two electrons from a 2s
orbital to sp® orbitals is more than compensated for by the formation of four bonds rather
than two. In addition, each of the bonds is stronger owing to the directional properties of
the hybrid orbitals. Tetrahedral geometry is predicted by the mathematical description of
hybridization. Methane is found experimentally to be a perfect tetrahedron, with each
H—C—H bond angle equal to 109.5°. The valence bond representation of methane in Fig.
1.3 shows the orbital overlaps that give rise to four equivalent C—H bonds. These bonds, in
which the electron density is cylindrically symmetric about the internuclear axis are called
o bonds.

The hybridization concept can also be applied to molecules containing double and
triple bonds. The descriptive valence bond approach to the bonding in ethylene and
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Fig. 1.2. Cross section of
angular dependence of orbi-
tals.
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